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Deep-level transient spectroscofLTS) was used to investigate how temperature emsitu
photoexcitation affect the creation of radiation-induced defect complexpsSirduring

low-dose ion implantation. Samples pfSi were simultaneously irradiated by Aions accelerated
to 150 keV in doses of 2 10'° cm™ 2 and photoexcited with ultraviolet light at temperatures

of 300 and 600 K. It was found that nonradiative heating of the samples by the implanted

ions increases the total concentration of defect complexes while simultaneously changing the
nature of the dominant complex. In contrast, ultraviolet illumination of the semiconductor
suppresses defect formation. It was observed ithaitu photoexcitation has a progressively
smaller effect on the formation of radiation-induced defect complexes as the target
temperature increases. The dependence of the concentration of secondary defects created as the
accelerated ions are incorporated into fh8i on the UV illumination intensity is found

to be nonmonotonic. The results obtained fle®i were analyzed and compared with previously
known data fom-Si. © 1999 American Institute of Physid$S1063-782609)00108-§

1. INTRODUCTION 2. EXPERIMENTAL CONDITIONS

Erokhin et a and Danilin et af investigated the for- We irradiatedp-Si films (KDB-20, (100) with Ar" ions
mation of defect complexes in Si when the latter was simulat doses of X 10"°cm™?, using an ion current density of
taneously implanted with ions and photoexcited by ultravio-1 NA/en? and ion acceleration energies of 150 keV. During
let light via the semiconductor electronic subsystem. In theséMPlantation, thep-Si targets were held at temperaturgs

studies, the authors saw no features connected with the initial 30(_)”?nd 200 K b% preheatingh in a furnz(wisisiFivr:e rf1eat-
conductivity type of the silicon. It is likely that the lack of ing). The n-Si samples were photoexcited by light from a

correlation between specific propertiesnefandp-Si and the high-pressure lamp. Optical power flux densities at the target

final state of the radiation-induced defect due t thsun‘ace were 4, 10, and 25 mW/ém
inal state of the radiation-induced defects was due to the Capacitance-voltage measurements made on control

high implantation doses used in these studies, for which th@amples showed that the degree of compensation of the Si
concentration of electrically active radiation-induced defectsjiq not exceed 15% after ion implantation. The concentration
was much higher than the concentration of doping impuriof electrically active defects ip—Si, like the analogous
ties. Under these conditions, the electrical properties of thease ofn— Si (Ref. 3, was considerably lower than the con-
Si layer are no longer determined by the starting conductivitycentration of doping impurities.

type of the semiconductor or its level of doping. The only ~ The parameters of the deep levels created by radiation-
time when this should not be so is the very last stage ofnduced defects were determined by deep-level transient
implantation, during which the number of defects drops beSPectroscopyDLTS). In order to make these measurements,
low the impurity concentration. In a previous paper we fo-Schottky barriers were created by vacuum thermal sputtering

cused on this final stage and investigated how effectiirely of Au on the front side of the illuminated samples, while on
. o . . . the back side Ohmic contacts were made. The DLTS spectra
situ photoexcitation oh-Si can affect the behavior of semi-

. . . . were measured at a constant reverse bias2f and a level-
conductor defects, in particular, point defects, at various temﬂlling pulse amplitude of -2V. The DLTS spectra, which we
peratureg. i ) i present later in the text, exhibit the following pealks;

In this paper we discuss the formation of simple defect(Ev+ 0.1eV), H, (E,+0.28¢e\), and H; (E,+0.38eV).
complexes inp-Si implanted with a low dose of ions, in Each of these peaks has been associated with the creation of
particular, those distinctive features associated with temperax specific defect-® According to Ref. 4, the “shallow” hole
ture andin situ photoexcitation of the semiconductor during trap H, is associated with Fe Bg pairs. Peak, is usually

implantation. assigned to the compleX+O+B (Ref. 5, whereV is a
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FIG. 1. DLTS spectra op-Si samples implanted with Arions at a dose of ~ FIG. 2. DLTS spectra of-Si samples implanted with Arions at a dose of
7x10°cm™2 and energy 150 keV &= 300 K (1) and 600 K(2). 7x10%cm™2 with energy 150 keV at temperatur@s= 300 and 600 K
(4—6). LV illumination power densities in mW/cm1,4 — 0; 2 — 4; 3,
5—10;6 — 25.

vacancy. Finally, pealki; corresponds td&-centers {/+O

+C) or complexes (& V,+0), whereV, is a divacancy. i Fig. 2, which correspond to the same photoexcitation con-
ditions but different sample temperatures during the ion
3. EXPERIMENTAL RESULTS AND DISCUSSION bombardment. The ratio of the areas under curand1l is
_ ) almost five times larger than the ratio of areas bounding
~ Figure 1 shows how the DLTS spectrapf Si samples  cyryes5 and 4. This implies that the effectiveness of the
implanted with Ar" ions change when the silicon is heated jjjymination (at least in this cagen generating defects de-
from room temperaturécurve 1) to 600 K (curve2). Itis  creases markedly with increasing target temperature.
clear from Fig. 1 that increasing the sample temperafyre To complete this section, we emphasize our main results.
leads to replacement ¢t3, the dominant peak in the DLTS Fjrst of all, resistive heating op-Si to 600 K during ion
spectrum, byH,. This implies thatK- centers(peakHsz)  jmplantation increases the concentration of secondary de-
form more efficiently at room temperature. fects, while low-intensity UV illumination, conversely, sup-
As the temperature increases, it is primafiy-O+B  presses their formation. Secondly, the effectiveness situ
complexes(_peakHz) that fqrm. In this case the total number photoexcitation of p-Si in generating defect complexes
of defects increaseghe ratio of areas under curvésand2  gecreases markedly with increasing semiconductor tempera-
in Fig. 1is~ 1.3. o R ture. Thirdly, the change in the concentration of radiation-
The effect ofin situ photoexcitation ofp-Si during im-  jnquced defects is nonmonotonic with increasing illumina-

plantation on the generation of radiation-induced defect comyjon intensity(in the range of optical power densities from 0
plexes is shown in Fig. 2. It is clear from this figure that thets 25 mw/cn?).

effects of UV illumination and heating of the silicon during

bombff\rdment with AY ions are independent ina ce_rtaln 4. CONCLUSIONS

sense: whereas the target temperature determines which peak

is highest H3 at 300 K andH, at 600 K), illumination scales In this paper we have investigated how resistive heating

the entire spectrum along the ordinate. In the latter casend in situ photoexcitation of the electron-hole subsystem

increasing the illumination power density first suppresses thaffect the formation of the simple radiation-induced defect

spectral amplitud€a scaling coefficient that is less thain 1 complexes inp-Si when the latter is implanted with low

and then amplifies ita scaling coefficient greater thai In  doses ¢ 10t cm™?2) of Ar™ ions. Our primary results, which

all cases the scaling coefficient is independent of gf&  we summarized at the end of the previous section, reveal the

temperature. As we see from Fig. 2, cu®/bes below curve following contrasting features of these phenomenp-8i as

1, while curve3 lies above it. Curve$ and 6 are located compared ta-Si2

analogously relative to curvé 1) Increasing the temperature and increasing the illumi-
Thus, photoexcitation gb-Si at low light intensities de- nation(at low intensitie of the silicon during implantation

creases the concentration of radiation-induced defect conmare found to have opposite effects on complex formation in

plexes. n- andp-type Si materials: whereas heatingmBi samples
The spectra shown in Fig. 2 allow us to estimate theand UV illumination ofn-Si stimulate defect formation, UV

effectiveness of UV light in generating defects during ionillumination of p-Si and heating oh-Si suppress it. More-

implantation ofp- Si. In fact, let us consider curvésand5  over, in contrast to-Si, increasing the temperature pfSi
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leads to changes in the relative heights of the various peakiss of Solid-State NanostructuregProject 97-1062
in the DLTS spectra, so that one peak replaces another as the
highest. In other words, ip-Si samples with the same initial
content of primary radiation-induced defects, temperaturetyu. N. Erokhin, A. G. Ital'yantsev, and V. N. Mordkovich, Pis'ma Zzh.
determines which complex is formed most efficiently. Zlegh'g:ﬁnliﬁ' 8Y3u5 (’%I%Efzo[fh?x- \T/ecNh 52};;-((')—&&4, ’\?7agltg§&c])mos o
2) With mcreasmg' temperature, photoexcitation of sili- L.. F. Hem}nen-t, Nucl. Instr'um.. Methods Physy. Ré§$258(1995.
con affects the formation of defect complexes more stronglys. vy, Barabanenkov, A. V. Leonov, V. N. Mordkovich, and N. M.
for n-Si and less strongly fop-Si. Omel'yanovskaya, Fiz. Tekh. Poluprovod®, 523 (1998 [Semiconduc-
3) In n-Si, the concentration of all radiation-induced de- 4}_0%3%_ 466|_(199321-J L Benton, Physica 16 207(1983: A. Kan
fect complexes depends monotorically on UV illumination ‘; ¢ KTeta - Berion Pryscalis 20719030 ke,
intensity in the range of optical power densities from 0 to phys. Lett.67, 3930(1995.
25 mW/cnt, and eventually saturates, while gSi this de- 5F. P. Anre and P. M. Mooney, J. Appl. Physb, 984 (1983.
pendence is nonmonotonic, decreasing at low light intensi-'R: L. Wang, Y. S. Lin, G. E. Possin, J. Cerins, and J. Corbett, J. Appl.
ties and increasing at higher optical power densities. Phys.54, 3839(1983.
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This paper describes studies of InGaAs layers grown by molecular-beam epitaxy GtOHP
substrates at temperatures of %80 °C using various arsenic fluxes. It was found that

lowering the epitaxy temperature leads to changes in the growth surface, trapping of excess
arsenic, and an increased lattice parameter of the epitaxial layer. When these low-
temperaturdLT) grown samples are annealed, the lattice parameter relaxes and excess arsenic
clusters form in the InGaAs matrix. For samples grown at 150 °C and annealed at 500 °C,

the concentration of these clusters wa8x 10*°cm™3, with an average cluster size of5 nm.
Assuming that all the excess arsenic is initially trapped in the form of antisite defects, the
magnitude of thee T—grown InGaAs lattice parameter relaxation caused by annealing implies an
excess arsenic concentratioN fs— Nga— Njp)/ (Nas+ Nga+ N,) =0.4 at.%. For layers of

InGaAs grown at 150 °C, a high concentration of free electron$ X 108cm™3) is characteristic.
Annealing such layers at 500 °C decreases the concentration of electrerisxtd0'’ cm™3.

The results obtained here indicate that this change in the free-electron concentration correlates
qualitatively with the change in excess arsenic concentration in the layerd.99®

American Institute of Physic§S1063-7829)00208-7

In recent years the growth of lll-V layers by low- properties of InGaAs layers grown by low-temperature
temperature molecular-beam epitatyIBE) has attracted MBE.
considerable interest? Layers of gallium arsenide grown at
temperatures of 150200 °C (the so-called.T GaAs pos-
sess high structural perfection and interesting electrical andXxPERIMENTAL PROCEDURE
optical propertieghigh resistivity and short charge carrier ) .
lifetimes). Such materials can be used, for example, to make L-@Yers of InGaAs were grown in a two-chamber “Ka-

ultrafast photodetectors in the near-infrared redidme de- tn™ MBE machine on substrates of semi-insulating InP

sire to shift the sensitivity of these photodetectors to theWIth orientation(001). The fluxes of arsenic, gallium, and

wavelength range 1.5—1,2m, which is important from the indium were set by the source temperatures. The In and Ga

fical int of vi h ed int Cin sources were calibrated prior to each cycle of growth experi-
practical point of view, nas sparked interest in IoW- onts pased on the period of oscillation of reflection high-

temperature epitaxial g.rowth of InGaAs solid solutions, no'energy electron diffractiofRHEED) patterns. Pre-epitaxial
tably those that are lattice-matched to InP substrates. preparation of the substrates consisted of two stages: chemi-
The unique properties &fT GaAs arise from trapping of - ¢4 processingetching in a solution of k50, : H,0, : H,0O
a large amoun{up to 1.5 at.% of excess arsenic during ijth proportions 3:1:1 and driving off of the passivating
epitaxial growth, with subsequent redistribution of this ma-oxide by heating of the substrate in the growth temperature
terial in the GaAs lattice after annealing with the formationimmediately before epitaxythe anneal temperature was
of nanosized arsenic clustérs More recently, investiga- 500 °Q. The rate of growth of the films was1um/h. The
tions have shown that low-temperature growth of InGaAsgrowth temperaturd g Was varied from 150 to 480°C and
solid solutions also results in a large excess of arsenithe arsenic vapor pressuRys, was varied from 1.810 ©
trapped in the crystal; however, the propertiet 8finGaAs  to 1.1x 10 ° Torr. Typical film thicknesses were 1um.
differ from those ofLT GaAs>™® After deposition, the samples were removed from the
In this paper we discuss the effect of growth temperaturehamber and cut into two parts. One part was studied imme-
and arsenic vapor pressure on the structure and electricdlately after growth(*as grown” materia), while the other

1063-7826/99/33(8)/6/$15.00 824 © 1999 American Institute of Physics
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was studied after a ten-minute anneal in the growth chambetid not result in any appreciable increase in the density of
at a temperature of 500 °C and an arsenic pressure of 5iBese pits. However, the isometrically shaped pits were now
X108 Torr. accompanied by pits~20% of the total numbemhich were

For all the samples we used RHEE patterns to study thelongated alond110 and which were surrounded by out-
structure of surface layeiis situ. The relief of the growth croppings(Fig. 10.
surface was studied by electron-microscopy, using the After annealing at 500 °C, the surface micromorphology
method of platinum-darkened angular replicas. The internabf films grown at high temperatures was qualitatively un-
structure of the layers was studied by transmission electronhanged. In contrast, at the surface of layers grown at low
microscopy(TEM) using a Philips EM420 machine operated temperatures we see a characteristic streaking which is gen-
with an accelerating voltage of 100 kV. The samples wereerated by a system of parallel depressi@g®oves as long
studied in the planar geometry and in the cross-sectional gexs 150 nm(Fig. 10).
ometry. In the first case, the samples were prepared by
chemical etching in a solution of HBr :4Cr,0; (1:1), inthe  |NVESTIGATION OF INTERNAL STRUCTURE OF THE
second case by sputtering with 4-keV *Aions at glancing LAYERS

incidence. Th r res were al i WO-Cr I . -
cidence e structures were also studied by two-crysta The rocking curves of all the samples exhibited two re-

x-ray diffractometry using CGg, radiation and reflection . T )
(004). The electrical parameters were determined by measup-ectlon peaks—one from the epitaxial layer of InGaAs solid

) . - - . solution and one from the InP substrate. The lattice param-
ing the electrical conductivity and Hall coefficient using the eter mismatch between the substrate and the |
Van der Pauw method.

:(aMGaAS_ a|np)/a|np was (35_ 4)>< 1073 at Tg=200
—480°C, and increased to (56)x 10 % at T;=150°C.
SURFACE INVESTIGATIONS The dependence of the half-width of the diffraction peak

After a pre-growth anneal, the RHEED pattern at the® On growth temperature is shown in Fig. 2. R{=480°C
surface of the InP substrates exhibited a well- defined supefl’® magnitude of) was 24-30 arc-seconds. Decreasing the
structure(2x4)P, indicating the absence of any trace of ox- 9r0Wth temperature increased the magnitudedofto 80—
ide. This superstructure was preserved as the substrate wh&0 arc-seconds &,=150°G, i.e., the structural perfection
cooled to 480 °C. Further reduction of the substrate tempera¥as considerably degraded. . .
ture led to changes in its surface structure. Tyt-200°C We found that varying the arsenic vapor pressure in the

76 75 .
the surface remained atomically smooth, but witilx3) range 1.X107°—1.1x10 > Torr did not-affect the struc-
superstructure. AtT,=150°C this superstructure disap- tural perfection gf the layers S|gn|f|cantly'. at 'aII arsenic pres-
peared from the substrate surface. sures the quantity) was larger at low epitaxial temperature

When the InGaAs layers were grown at temperaturdn@n it was at high temperature. _
T,=300°C, thein situ RHEED patterns exhibited super- Post-growth annealing of the InGaAs layers in the MBE

structure reflections, specular reflection, and Kikuchi lineschamber had only a slight effect on their total structural per-
all of which were evidence of an atomically smooth crystal-f€ction (Fig. 2), but caused large changes in their lattice con-
lization front. For layers grown aT,<200°C, no super- stants. The change in the lattice parameter of the layers

structure reflections were observed during the growth pro{A@=2a;—aan) during annealing depended on the growth
cess, but specular reflection and Kikuchi lines were observefgmperature(Fig. 3. We observed a minimumha~0 at

_ ) H ~ —3
in the RHEED pattern foiPxs,<2.7x 10" ° Torr. This im- ig_ig&g, and a maximum Aa~3x10°A at
. g: .
plies that although the ordered structure of the surface was Electron-microscopy studies showed that the primary de-

washed out at the atomic level, the crystallization front was,f . .
. ects in the structure of the unannealed layers are disloca-
planar as a whole. As the Agressure was increased to .. . i .
tions inherited from the substrate. Figure 4 shows an

5.3x 10 ® Torr and higher, a diffuse background and point . . .
) ) . . ._electron-microscope image of a sample grown at 150 °C and
reflections appeared in RHEED patterns, whose intensity in- . ; :
o annealed at 500 °C. The image shows contrast in the form of
creased with time. It thus follows that the surface develops a

macroprofile (i.e., regions of three-dimensional growth a mass of dark doF$v5 nm in size, with a density-8
; . X 10*cm™3. In addition, light bands elongated along the
which evolves during the growth.

ecton nicroscopy st of e growth surface of U0 (110, €47 9 S0, Eleckoneeseopy St f
GaAs layers agreed with the RHEED data. Layers grown a}:aused b pthe resence of grooves on the surfgce while the
high (480 °Q temperature had planar uniform surfaces over y pres 9 ! :

; . . o dark dots are distributed throughout the volume of the epi-
the entire range of arsenic pressures investigétegl 13, e .
. taxial films. We conclude that the contrast in the form of
whereas the profiles of surface layers grown at low tempera, . L . :
) o dark dots arises primarily from arsenic clusters that form in
tures depended on the arsenic vapor pressuré Atl50 °C

and P, =1.3% 10 % Torr the surface was microscopically the InGaAs matrix.
rough, but without any macrodefects. Increasing the arsenic
vapor pressure to 5:310 ® Torr led to the appearance of a ELECTRICAL PROPERTIES

sizable number (2:53)x10®cm? of large-scale funnel- Measurements of the electrical properties showed that all
shaped pitgwith diameters of~500 nm distributed indi- the layers of InGaAs, both before and after annealing, have
vidually or in groups(Fig. 1b. Additional increases irﬁ’AS4 electronic-type conductivity and rather high concentrations
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FIG. 1. Microphotographs of the surface of InGaAs
layers (a — X60 000, Tg=480°C, P,;,=1.3x10 °
Torr; b — X20000, Tg=150 °C, Py, =5.3<10"°
Torr; ¢ — %20000, Tg=150°C, P, =1.1x107°
Torr; d — X60000, Tg=150°C, Ps;,=1.1x107°
Torr, anneal

of charge carriers, although the materials are undoped during
deposition. Figure 5 shows how the concentration and mo-
bility of electrons in the layers depend on the growth tem-
perature (curves 1). The electron concentration increases 100F
with decreasing growth temperature fromx&0®cm 3
(Tg=480°0 to 1x10%¥cm 3 (T,=150°0, while the mo- '
bility decreases by roughly an order of magnitude. The ar-g 80
senic vapor pressure during epitaxy has only a slight effec
on the electron concentration in the lay€éfig. 6). It is nev- g
ertheless worth noting that the electron concentration in-
creases with increasirl@AS4 for epitaxy at low temperatures. @

As shown in Fig. 6, annealing at 500 °C has only a slight 4
effect on the electrical parameters of layers grown at high
temperature, whereas for layers grown at 150 °C the carrie
concentration is observed to decrease xo1®'" cm™ 2 with a 201 U

corresponding increase in mobility. 7010 2'00 3[]0 4;]0 - (I] ;

Tqg, °C

T
o

b

[
T

”

o2

K

DISCUSSION OF THE RESULTS

From these data it follows that decreasing the epitaxy g, 2. pependence of the half-width of theray diffraction peak on
temperature changes the growth surface and structure of thyeowth temperature for layers befof®) and after(2) annealing at 500 °C.
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FIG. 3. Change in lattice parameter of layers after annealing as a function of
growth temperature.
= 4500

InGaAs layers. The growth front, which is atomically <&
smooth at high temperatures, becomes atomically rough ates J000
T4<<473 K. The defect content of the layer surfaces in- S
creases, and characteristic growth pits appear with submicron J_
dimensions. The half-width of the x-ray diffraction peaks 1500
increases, which is evidence of an increase in the defective-

ness of the layers. The mismatch of lattice parameters be-

tween the InGaAs layers and InP substrate increases. An-
nealing of layers grown at low temperatures leads to
relaxation of the lattice parameter of epitaxial films and the
appearance of a characteristic contrast on the eIectrom:]G 5. Dependence of the electron concentrat@rand their mobility(b)
microscope images, which could be due to the formation 0bn growth temperature for InGaAs layers beféteand after(2) annealing
clusters in the volume of the epitaxial films. The conclusionsat 500 °C.

regarding formation of As clusters in an InGaAs matrix are

in agreement with the results of previous studies.

It should be noted that phenomena similar to those degrowing film in the form of point defects, whose concentra-
scribed above were observed previoﬁsljor low- tions reach 1&cm™3. The authors of Ref. 9 proposed that
temperature epitaxy of GaAs layers. The increase in théhe dominant type of point defect is the antisite defectAs
GaAs lattice parameter during low-temperature epitaxy igioting that the length of the Ag-Asas bonds surrounding
usually associated with trapping of excess arsenic in the

1 A ] 1
200 300 400 500
Ty, °C

707

T
\

cm
T

O~ — — o _ 17
70"k e °
R e Z’
Y e ———— v
70"k T 2 A
- A

Y 705, Torr

FIG. 6. Effect of Ag vapor pressure during epitaxy on the electron concen-
FIG. 4. Electron-microscope image of an InGaAs layer grown at 150 °C andration in InGaAs layers beforg, 2) and after(1’, 2’) annealing at 500 °C.
annealed at 500 °C. Growth temperature, °Ct, 1’ — 150, 2, 2" — 480.
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such a defect is- 8% larger than the normal Ga—As bond of excess arsenic in the epitaxial layers. Annealing of the
length in the GaAs lattice. During annealinglof GaAs, the  material leads to the formation of As clusters in the InGaAs
lattice parameter relaxes to a value close to that of the stanatrix. The trapping of excess arsenic and formation of clus-
ichiometric material, due to the formation of clusters of ex-ters in InGaAs is qualitatively similar to what happens dur-
cess arsenic in the GaAs matrix. ing low-temperature MBE of GaAs followed by annealing.
Let us compare data for InGaAs and GaAs layers growrHowever, the electronic properties b GaAs andLT In-
at 150 °C quantitatively. After annealing of a GaAs layer atGaAs differ significantly. It is knowh®!! that unannealed
500 °C, the change in lattice parameter is 80~ A, which, LT GaAs has a resistivity of 201000()-cm, and that after
according to the calibration of Ref. 9, corresponds to an exannealing at 506600 °C it becomes semi-insulating. In con-
cess arsenic concentrationN{;—Ng2/(Nas+Ng)=0.6  trast, LT InGaAs has a low resistivity due to the high
at.%. In doing such calculations for the solid solution In-(10*¥cm™3) concentration of free electrons. During anneal-
GaAs we must take into account that the lattice parameter dhg, the concentration of free charge carriers decreases; how-
stoichiometric InGaAs is close to the lattice parameter of theever, it remains extremely high (1@m™2) as before. Such
InP substratg5.869 A), and that it is considerably larger a high concentration of electrons cannot be connected with
than the GaAs lattice paramei@&:.653 A). If we use the fact uncontrolled contamination of the sample by background im-
that the As—As bond length for an antisite defect is the sam@urities. Measurements of control samples grown at ordinary
in both materials, then the change in lattice parameter of thtemperatures showed that the concentration of background

InGaAs layer as a result of annealing at 500 °Cis1® 3A  impurities in our samples was only 10™cm 3.

which corresponds to an excess arsenic contBint{ Ng, It is usually assumeédthat the electrical properties aff
—Njp)/(Nas+ Ngat+ Njy) =0.4 at.%. The concentration of an- GaAs are a consequence of the high concentration of antisite
tisite defects in this case comes+d.8x 102%cm 3. Asg, defects, which create deep donor levels near the middle

The high concentration of excess arsenic in InGaAs layof the band gap. Analogously, we may assume that the rea-
ers must lead to formation of clusters during the annealingon for the high concentration of electronsLifi InGaAs is
process. Such clusters are probab|y the same ones we dH(EWiSE the hlgh concentration of antisite defects, but under
serve in TEM. A comparison of TEM images of InGaAs and conditions where they form rather shallow donor levels. Dur-
GaAs layers grown and annealed at the same temperaturtg annealing, the excess arsenic forms clusters and the con-
shows that the concentration and average size of the clusteggntration of antisite defects decreases markedly. This corre-
is somewhat smaller in the first case, which agrees with théates with our observation that the concentration of free
results of an analysis of x-ray diffraction data. It is well €lectrons in InGaAs decreases after annealffigs. 5 and
known that MBE growth of structurally perfect stoichio- 6). The concentration of antisite defects also decreases with
metric GaAs layers is usually done at a temperature ofncreasing epitaxy temperature. The decrease in concentra-
580-600°C, and for InGaAs layers at a temperaturetion of free electrons with increasinf, was also observed
480500 °C. This implies that epitaxy at 150 °C entails aby us experimentallyFig. 5. Thus, a model based on the
stronger departure from stoichiometric growth conditions forelectrical activity of antisite defect Ag will qualitatively
GaAs than for InGaAs. The amount of excess arsenic irflescribe the change in electrical properties of InGaAs layers

InGaAs layers grown at 150 °C is close to the amdtimat is ~ as a function of growth temperature and during annealing.
characteristic of GaAs layers grown at 200 °C. However, the reason for the substantial quantitative differ-

Over a very wide range, Changing the arsenic flux forence between the concentration of antisite defects (08
low-temperature MBE of InGaAs layers has only a slight X 10?°cm™3) determined from x-ray diffraction data and the
effect on the concentration of excess arsenic. Similar weagoncentration of free electrons (x20'®cm™®) measured
dependences were observed previoﬁ%‘]y for low- by the Van der Pauw method remains unclear.
temperature MBE of GaAs in the range of high V/III mo-

Iecular.ﬂux ratios. Note, however, that the V/III molecula}r CONCLUSIONS

flux ratio turns out to have a marked effect on the generation

of defects at the growth surface, and hence on the overall Our studies of InGaAs layers grown by molecular-beam
structural perfection of the epitaxial layer. For an optimumepitaxy on InR100 substrates at temperatures of
choice of this ratio no macrodefects are present at the growth50—-480 °C and various arsenic fluxes show that decreasing
surface, which ensures a rather high level of structural perthe epitaxy temperature leads to a change in the growth sur-
fection of the resulting epitaxial layers, despite the lowface, to trapping of excess arsenic, and to an increase in the
growth temperature of 150 °C and the high concentrations ofattice parameter of the epitaxial layers. Annealing of
excess arsenic. samples grown at low temperature leads to relaxation of the

It is worth noting that annealing &fT InGaAs leads not lattice parameter and formation of arsenic clusters in the In-
only to the formation of clusters in the bulk of the film, but GaAs host. For samples grown at 150 °C and annealed at
also to the appearance of characteristic grooves at the surfab80 °C, the concentration of clusters amounts +8
of the annealed layefsee Fig. 1d and Fig.)4These surface x10%cm™3, with an average size 6f5 nm. Assuming that
defects are probably connected with the formation of layerthe excess arsenic is primarily trapped in the form of antisite
like accumulations of arsenic near the surface. defects, from the values of the lattice parameter relaxation in

Thus, the MBE growth of InGaAs layers on InP sub- LT InGaAs during annealing we can determine the concen-
strates at low temperature leads to trapping of a large amountation of excess arsenic, which turns out to B&{—Nga
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Band-edge photoluminescence spectra of heavily donor-doped samplg&ef IpAs; P,

(x=0.77, y=0.53) were investigated in the temperature range—300) K. A theory of
luminescence that takes into account fluctuations in the band-edge potentials due to

nonuniform distribution of impurities is used to calculate temperature dependences of the
positions and half- widths of peaks in these spectra. Good agreement is obtained between
experimental and calculated curves. For heavily dopg@adn ,As, P, samples with

eitherp- or n-type conductivity, the peak energy of the band-edge PL is observed to shift towards
lower frequencies at low temperatures. This shift is accompanied by broadening of the

spectra and a decrease in the photoluminescence intensity compared to the analogous parameters
for the spectra of undoped material. Possible mechanisms for radiative recombination are
analyzed. ©1999 American Institute of PhysidsS1063-782809)00308-17

In the last two decades, JB& As; P, solid solu- band gap, and can be nonmonotonic in form. Fundamental
tions have been actively investigated and included in practiexpressions that relate the luminescence characteristics of a
cal applications. IgGa _,As; P, heterostructures with op- heavily doped semiconductor to the parameters of the band
tical response at wavelengths longer thaprh are widely  tails were derived in the theoretical papefhis theory was
used for making high-efficiency heterostructure lasers, lightsuccessful in explaning qualitatively many of the peculiari-
emitting diodes, and photodetectors for fiber-optic communities observed in studies of the emission spectra of various
cation lines. However, despite the great interest in this maheavily doped semiconductors. However, quantitative com-
terial, at this time there is almost no data on the electroniparisons of experimental results with this theory were as a

energy spectrum of heavily doped,®&, ,As; P,, al- rule unsuccessful. This was partially due to the incomplete-
though many applications call for rather high concentrationsiess of initial information about the level of doping, com-
of impurities. pensation, concentration of nonequilibrium carriers, and

It is known that heavily doped semiconductors exhibitother parameters, without whose knowledge a rigorous
fluctuations at the edges of the allowed energy bands, causamalysis is impossible. Moreover, in the majority of cases the
by a nonuniform distribution of impurities. These fluctua- complete emission spectra arises from several recombination
tions lead to “tailing” of the density of states into the band channels, whose relative contributions are difficult to deter-
gap! Information about these fluctuation-induced “band- mine. It is worth noting that in several papers the authors
tail” states can be obtained by studying the spectrum ofwere unable to obtain agreement with the theory not only at
band-edge luminescence as a function of temperature artde quantitative but even at the qualitative level, and it was
level of excitation. The mechanisms for interband radiativenecessary for them to turn to other approaches and models of
recombination in heavily doped semiconductors are considthe energy spectra of electronic states in order to describe
erably more complicated and peculiar than in pure or lightlytheir experimental resultsOf all the treatments of the theory
doped semiconductors, where band-edge luminescence is d&- luminescence in heavily doped semiconductors that we
termined only by recombination of free electrons and holesare familiar with, the one with the most convincing concep-
(BB-transition3, and where the spectral intensity energytual basis was given by Korolev and Sidotbwho under-
maximum is close to the width of the band gap in magnitudeook a rather rigorous quantitative analysis of the photolumi-
and tracks the temperature dependence of the latter. Inescence spectra of heavily doped and heavily compensated
heavily doped semiconductors, these fluctuation-induce@&aAs. In contrast, studies of the properties of heavily doped
tails give rise to additional transitions connected with recom-multicomponent solid solutions of binary compounds, in par-
bination of carriers localized in the band-tail states. The conticular, InGa ,As; P, lag significantly behind their
tribution of these quasi-interband recombination channels tpractical applications, as we have noted above. The number
the band-edge luminescence spectra increases with decrea$-papers containing a discussion of the luminescence from
ing temperature, causing the maximum to shift to lower fre-In,Ga _,As, P, compounds with spectral components in
guencies. In addition, its temperature dependence no longéne wavelength ranga>1 um is extremely small. More-
reproduces the temperature dependence of the width of thever, the systems investigated in these papers were primarily

1063-7826/99/33(8)/6/$15.00 830 © 1999 American Institute of Physics
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TABLE . 20 —

Sample Parameters —
Sample  Conductivity Doping Impurity ‘

Y
No. Type Impurity ~ Concentration, 1bcm™2  meV 0 X x PR x x X

1 p Zn 20 29 > — N

2 n Sn 7 19 [

3 n ~1 £ 20
w

al

undoped or lightly doped layers, in which impurity fluctua-
tions are insignificant, and their authors generally restricted
the analysis to room-temperature studies, i.e., the tempera- 60
ture range of practical intereee, e.g., Ref.)5Such studies
naturally miss the peculiarities in the luminescence con-
nected with recombination of localized carriers, which —
should manifest themselves only at lower temperatures. b

In this work we measure the band-edge photolumines- 80 - a
cence spectra of heavily doped,@e _,As; (P, layers
(x=0.77,y=0.53) of p- and n-type conductivity in the A )
temperature rangé= 77-300 K, and analyze them within > 60 [~ a A © x &%
the framework of the luminescence theory of Ref. 2. The g
samples were grown by liquid-phase epitaxy on InP sub- R
strates, and were lattice-matched with InP. The composition 2 40 o°
of the solid solution was designed for an emission wave- <
length of 1.2um at room temperature, and the layer thick-
nesses were 5—Zm. In order to obtain layers witp- and 20
n-type conductivity, the layers were doped with zinc or tin,
respectively, during the epitaxy process. The impurity con- —
centration and degree of compensation were controlled by 0 [ L | | | !
galvanomagnetic measurements. In all the samples the de- 0 100 200 300
gree of compensation did not exceed 0.1. T, K

We will discuss the results for three samples whose pa-
rameters are listed in Table I. Along with the doped sample§lG- 1. Temperature dependences of the energy deficit at the peak of the PL
1 and 2, we measured spectra of nominally undoped Sampﬁgectral intensity § (a) and the spectral half-widthAhy (b) for
3 for comparison, whose conductivity was-type. In In,Ga,_As, P, samples. Samplest—sample 1 -typg), 2—sample 2

. o - . (n-type), 3—sample 3 (-type, undoped

In,Ga,_,As, Py, as in the majority of direct-gap semicon-
ductors withm,>mj,, the strong-doping conditioNa®>> 1
can be satisfied im-type material with a rather low donor made using an MBR-23 monochromator. As a photodetector
concentratiorN4>10cm™ 3, while for p-type material this we used an FD-10G germanium photodiode. The process of
condition is satisfied only at acceptor concentrationaneasuring the spectra was automated by a KAMAK system
N,>10cm 2 (herem, andm, are the effective masses of and a computer.
electrons and holes, ard and a are the concentration and Figure 1 shows the experimental temperature depen-
Bohr radius of an impurity Thus, whereas the strong- dences of the magnitude of the energy defigiand half-
doping condition is well satisfied by the donorsrirtype  width Ahv of the band-edge PL spectrum for the samples
sample 2p-type sample 1 is only lightly doped with regard under study. The concept of an energy defiéithv,,
to acceptors. Moreover, residual donors, whose concentra- Ey (i.e., the difference between the energy position of the
tion is estimated to be-10'"cm™ 3, make it heavily donor- spectral peakv,, and the band-gap width for undoped ma-
doped despite its conductivity type. This so-calledterial Eg,) is usually introduced in order to track
intermediate-doping case is the one most often encountergdmperature-induced changes in the peak energy due only to
in practice? the heavy doping, and to eliminate the temperature depen-

Luminescence was excited by a cw argon laser with alence of the width of the band gap. Agg,(T) we used the
wavelength of 488 nm. The laser light was modulated by @nergy of the peak in the PL spectrum of the undoped sample
mechanical chopper at a frequency of 1000 Hz and focused. It is noteworthy that the width of the spectrum of this
down to a spot on the sample with a diameter-d200um. sample increases with increasing temperature almost linearly
The sample was located in an optical cryostat, allowing us tavith a coefficient of 1.8, in accordance with the theory of
vary the temperature from that of liquid nitrogen to room interband recombination in lightly doped semiconductors, al-
temperature. The excitation power density could be varied inthough the absolute values of the half-widths were 15 to 20
the rangeP=10—10> W/cn?. Spectral measurements were meV larger than predicted from this theory. At low tempera-

IN x 3
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samples at different levels of excitation showed that undoped

= X o 30 XX sample 3 possessed the highest PL efficiency, compared to
o 0o o which the PL efficiency of sample 2 was lower by an order
B 0 of magnitude, and that of sample 1 by almost two orders of
220 - magnitude.

Let us discuss the possible channels for recombination in
these samples. The mean-square amplitudes of Gaussian
-40 fluctuations ) were estimated to be 29 and 19 meV for
L samples 1 and 2, respectively. These estimates were based on
al the expressions from Ref. 2, taking into account that the

4 02 screening mechanisms in samples wihand n-type con-
L A 1 X3 ductivity are different. The conditiom= v, under which the
A aa effect of the fluctuation-induced tail on the luminescence
properties can be analyzed, was satisfied for sample 1 over
' [ ' ! | the full range of temperatures under study up to room tem-
10 107! 10° 10! 102 103 perature, while for sample 2 it was satisfied only at lower
1 temperatures.
According to our estimates, the width of fluctuations in
FIG. 2. Dependence of the energy deficit at the peak of the PL spectrdlondegenerate |Ga ,As; P, with p-type conductivity
intensity 5 on the excitation intensity af=77 K for In,Ga;_,As;_,P, (sample 1 is sufficient to localize the nonequilibrium elec-
samples. Sampled:—sample 1 p-type), 2—sample 2 0-type), 3—sample  rons not only at deep “point” fluctuations but also in
3 (n-type, undopel The arrows indicate points obtained at an excitation . . . - .
intensity of 500 W/crh. Ga_u35|an fluctuations with a gharat_:tensﬂc amplmydé;o—_ _
calized electrons can recombine with holes located on indi-
vidual acceptorsTI- transition$ and in deep states of the
tures, the band-edge PL spectrum of samplavith p-type  valence band tail [ T-transitiong as well as with free holes
conductivity) is considerably broader than that of the un-(TB-transitions. However, theT| mechanism presupposes
doped sample 3, and is shifted to lower frequencies. Théhe presence of a rather deep acceptor level with an ioniza-
absolute value of the deficit increases with decreasing tention energyl .>y. The energy of the acceptor level caused
perature, and at nitrogen-temperatures-i60 meV; more- by zinc in InGa, _,As; P, material with a composition
over, the sign of the deficit is negative in the entire range obptimized for the wavelength 1.2m comes to~ 30 meV
temperatures investigated. A characteristic of this sample i€Ref. 6), i.e., the acceptor level merges with fluctuations of
the presence of a maximum in the temperature dependendiee valence band edge. Furthermore, it is difficult to believe
of the peak half-width. In contrast, with regard to the mag-that TT recombination has a strong effect on the spectral
nitude of its deficit and half-width of its band-edge PL line, characteristics of sample 2, sin€@- transitions, which in-
and the temperature dependences of these quantities, samptdve diagonal tunneling of localized electrons and holes,
2 (with n-type conductivity does not differ much from the can efficiently compete witli B-transitions only at very low
undoped sample 3. The values ®flid not exceed 10 meV, temperatures and excitation levels, or under conditions of
and change sign with increasing temperature. strong compensation when the valueyois especially large.

Figure 2 shows how the energy deficit of the spectral  In degenerate IiGa ,As; P, with n-type conductiv-
peak depends on the level of excitation at liquid-nitrogenity (sample 2, the emission in the neighborhood of the spec-
temperatures. The intensity of the excitation is expressed itral peak at temperaturds<200K is determined by recom-
terms of the PL intensityp, , whose changes reflect changesbination of free electrons with energies near the Fermi level,
in the concentration of nonequilibrium carriers that recom-i.e., deep in the free-carrier band. At the same time, holes,
bine radiatively. Usually this is done in order to comparewhose concentration is low and determined only by the level
samples with different quantum efficiencies, since it elimi-of excitation whenT= v, are located primarily in localized
nates the effect of nonradiative recombination mechanismstates of the valence band tail. Under these conditions, when
on the way the luminescence parameters depend on the eX< 200 K the primary contribution to the emission should
citation intensity. From the figure it is clear that for the come fromBT- transitions. The negative sign @f at low
samples withn-type conductivity(samples 2 and)3chang- temperatures indicates that the decrease in the transition en-
ing the level of excitation over the full available range doesergy caused by fluctuations exceeds the shift of the Fermi
not affect the position of the spectral peak; in contrastlevel into the conduction ban@he Burstein—Moss shijit
sample 1, which ig-type, exhibits a shift in the position of With increasing temperature, the fraction of localized holes
the peak toward higher frequencies starting with a certairdecreases, and the role BB-transitions increases, changing
excitation density. The vertical arrows denote points that corthe sign ofé to positive.
respond to an excitation power densi®=500Wi/cnt, at Hence, in order to describe the experimental results we
which temperature dependences of the PL spectra of all thieegin with the fact that within our range of temperature and
samples were taken. This rather high level of excitation enexcitation density theTB and BT recombination mecha-
sured that a reliable PL signal would be obtained in the entir@isms must play the primary role in generating band-edge PL
temperature range up to room temperature. A comparison dbr samples 1 and 2, respectively. We calculated the spectra

8, meV

PL> arb.units
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for these mechanisms by using the approach and expressions -
from the theory of luminescence of heavily doped semicon-
ductors given in Ref. 2. However, in their theory these au- U
thors focused primarily on the temperature dependence of |
the peak energy of the spectral intensity, and unfortunately

did not discuss the other important parameter of the -20 -
spectrum—the half-width of the line. Moreover, the func- > |
tionshv,(T) obtained in Ref. 2 are correct only over limited g

temperature ranges, where it was possible to represent them « -40 -

in analytic form. This hinders comparison of the experimen-
tal results with theory. Therefore, we addressed the problem
of calculating the spectral intensities fofB- and -60 |-
BT-transitions, and obtained continuous temperature depen-

dences of the peak energy and half-width of the spectra over

the entire range of temperature studied. These calculations -80
are of interest because they can be used both to explain the

PL spectra of the Ga _,As, P, samples and to obtain

more complete information about the influence of impurity 80 —
fluctuations on the luminescence properties of other heavily '
doped semiconductors, in particular, information about the
TB-recombination mechanism, which is the least studied

> 60T
mechanism of all, both experimentally and theoretically. Al- g
though the authors of Ref. 7 derived an expression for the z B
spectral intensity of the emission due T@-recombination, q 4

they did not analyze its temperature dependence, although
they did note that this mechanism can be decisive in nonde-
generate, heavily dopeg;type semiconductors. 20
The spectral intensity of the emission was calculated
from the expression ~
B 0 l i | ] |

|(h1/)=hvf W(Eeg,En)pc(Ee)de(Ee) 0 100 200 300
max{(Ego—hv),0] 7, K

X py(En)an(EpR)dE, FIG. 3. Computed temperature dependences of the energy deficit at the peak
of the PL spectral intensity (a) and half-width of the spectrumhwv (b) for
wherehv=|E.—Ey|; W(E,Ey}) is the probability of radia-  TB-recombination imp-type InGa_,As, _,P, with N,=2x 10¥cm™2 and
tive recombination of an electron with enerfy and a hole  concentrations of nonequilibrium electronsn=1x10" (1), 5x10"
with energyEy; p.(Eo) andp,(E,,) are densities of states (2,2',2"), and 2x 1012 cm’.?’ (3). 2'—calculations without including the de-
for electrons and holes respectively' ME ) andq (E ) per_1dence of the recombination probabiltyon energy2’—calculations in
; v ’ e hi=h _ which we assum&/= const forE.<y andW=W(E,,E,,) for E.>y. The
are the occupation functions for these states. The integratiofbints are experiment for sample 1.
is carried out over minority-carrier energy. The energies for
the TB- and BT-recombination mechanisms were measured
from the bottom of the conduction baiid and the top of the  electron- electron and electron-impurity interactidnaith-
valence bandk, , respectively, with a plus sign for localized out these corrections, we were unable to obtain quantitative
states in the band gap and free carriers in the allowed bandagreement with experiment. For holes localized in states of
The upper limit of integration for each frequency was iden-the band tail, we included the nonequilibrium character of
tified as the point where the function being integrated dethe distribution. For the band-tail densities of states we used
creased by a factor of 16. In this case, for all the samples expressions that were correct in the range of shallow and
the interval of integration did not exceedy@®ver the entire  Gaussian fluctuations and expressions that were correct in
spectral range. The spectra were calculated by numerical irthe range of deeper point-like fluctuations. At the boundary
tegration, allowing us to obtain continuous temperature debetween these ranges the expressions were fitted together by
pendences of the spectral parameters over the entire temperdoosing a pre-exponential factor. We assumed that the den-
ture range, and to make quantitative comparisons witlsities of states in the free-carrier bands followed the usual
experiment. square-root functions. In order to describe the energy depen-
Following Ref. 2, we treated the distributions of free dence of the recombination probability, we used the interpo-
electrons and holes, and also localized electrons, as quasation expressions from Ref. 7.
equilibrium distributions, i.e., we modeled them as Fermi  Our calculations started with prespecified concentrations
functions. However, we used a more rigorous expression tof free carriersn=ny+An, p=py+Ap. Because all the
calculate the Fermi energy in degeneratesamples were weakly compensated, the concentrations of
n-In,Ga,_,As,_,P,, with corrections to take into account majority carriers Qp, po) were set equal to the impurity
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20 F 2% 1071, The points are from experiment using sample 2.
0 | | | | | mum at the temperature dependence of the half-width is ex-
0 100 200 300 plained by the presence of two recombination mechanisms
T, K whose relative contributions change with temperature. From

FIG. 4. Caleul . these calculations it follows that for thEB- recombination
4. ulated temperature dependences of the energy deficit at the peak . .
of the PL spectral intensity (a) and half-width of the spectrumhy (b for ~Mechanism the temperature dependence of the half-width has
TB-recombination inp-type InGa _,As; P, for An=5x10"cm®and @ maximum even in the absence of a second competing
values ofN,, 10®em™*: 1—1, 2—2, 3—3. The points are experiment for mechanism. At the same time, these calculations predict a
sample 1. more abrupt change in the energy deficit at high temperatures
than is observed in experiment. This stems from the use of
the interpolation expression of Ref. 7 for the energy depen-
concentrations. According to our estimates, at the excitatiodlence of the recombination probability, which, in general, is
levels we used the concentrations of nonequilibrium carriergorrect only at rather high electron energies. Our attempt to
An, Ap did not exceed X10%cm 3. Consequently, wholly ignore the dependence of the recombination probabil-
An, Ap<<ng, po, and we could assume that=ngy, p=Ap ity on energy led to a contradiction with the experimental
in n-type material anth=An, p=p, in p-type material. The curves, in particular, to the disappearance of the maximum in
rigorous determination of the nonequilibrium carrier concen-the temperature dependence of the spectral half-w(igidy.
trationsAn and Ap, in general, constitutes a complex self- 3, curves2’). The agreement with experiment can be im-
consistent problem, and requires knowledge of the mechagsroved if in these calculations we assume that the recombi-
nisms for nonradiative recombination in each samplenation probability depends on energy only within the elec-
Therefore, in calculating the spectra foB-transitions the tron energy rang&.= vy (Fig. 3, curves2’).
concentration of nonequilibrium carriers was treated as a fit-  In calculating the curves shown in Fig. 3, we varied the
ting parameter. FoBT-transitions, as we will show below, concentration of nonequilibrium carrietsn, while treating
they can be disregarded. the quantityN, as a constant equal to the acceptor concen-
Figures 3 and 4 show the calculated temperature depettration in sample 1. It is clear that at low temperatures
dences of the position of the spectral peak and half-width foif <120 K the magnitude of the energy deficit and half-width
TB-recombination, and the experimental data fpr  of the spectrum depend on the concentration of nonequilib-
In,Ga,_,As, P, (sample 1. It is clear that the calculations rium carriers. This explains the shift in the peak energy of
reproduce the minimum on the curé€T) and maximum on the band-edge PL spectrum with increasing excitation level
the curveAhp(T) observed in experiment. Usually a maxi- observed in sample 1 at liquid-nitrogen temperatlig. 2).
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The experimental results are closest to the calculated results Thus, our investigations show that at low temperatures

whenAn=5x10""cm™2. This value was used to calculate a T<y, the band-edge PL of heavily doped@e; _,As,; _,P,

family of curves that differ by the concentration of acceptorsis associated with recombination of carriers localized in fluc-

N, (Fig. 4). With increasing values dfl,, the absolute val- tuations of the band-edge potential caused by a nonuniform

ues of 8 grow; the positions of the minimum of the curve distribution of impurities’ The band-edge PL spectra and

S(T) and the maximum of the curv&hy(T) shift towards their temperature dependences are well described within the

higher temperatures. theory of luminescence of heavily doped semiconductors.
We now discuss our computer results for 8i€- recom-  Comparison of calculated and experimental temperature

bination mechanism, the most probable mechanism operatirdependences leads us to conclude thBt and BT-transi-

in degenerate-In,Ga,_,As; P, (sample 2. The quantity tions play a decisive role in creating the band-edge PL spec-

(Ap+6n) enters into our computational expression for thetra of nondegenerat@-In,Ga _,As, (P, and degenerate

spectral intensity when th&T-recombination mechanism n-In,Ga, _,As, P, , respectively.

operates; herd@ is the ratio of coefficients of radiative cap-

ture of electrons and nonradiative capture of holes in local-

ized states of the valence band tail. If we assume that the

quantity @ is bounded by the same limits in

In,Ga,_,As, P, as it is in GaAs, the conditiodp<6n 1\C/6n'\(lj-u§tf:)|<rlsfz\’<lsakjkzn?w ﬁ-scLévffT;%glectronic Properties of Doped Semi-

will be satisfied for our range of e_XC|tat|0n_ power densities, 2 P. Levanyuk and V. V. O’sipOV, Usp. Fiz. Naa3 427 (1981 [Sov.

and hence the quantit¥p can be ignored in these calcula-  ppys ysp24, 187(1981)].

tions. In this case, the theory predicts that the peak energy ofv. A. Virkotskii, D. S. Domanevski S. V. Zhokhovets, and M. V.

the luminescence spectrum will be independent of pump F’roléoiizeviégf-lggkh- Poluprovodh?2, 2192 (1984 [Sov. Phys. Semi-

power, which agrees with experiment. Figure 5 shows the“slc.mL.. K(,)rolev (and4)\]/-. G. Sidorov, Fiz. Tekh. Poluprovod@2, 1359

temperature dependences of the peak energy and half-width19gg [Sov. Phys. Semicon@2, 862 (1988].

of the Iluminescence spectrum, calculated for ®v. P. Evtikhiev, D. Z. Garbuzov, V. A. Agaev, V. B. Khalfin, and V. P.

BT-recombination at various values of the param@l‘,eand Chalyt, Fiz. Tekh. Poluprovodnl?, 1652(1983 [Sov. Phys. Semicond.

exper_imental resulfts for sample 2. It is clear_that we Cann%é?zl.oesezar(;ffo?z. N. Sokolova, and V. B. Khalfin, Zh. Tekh. F3, 315

describe the experimental spectra by chooglng the range (1983 [Sov. Phys. Tech. Phy&8, 193(1983].

10°2-10"' as Levanyuk and Osipov did in Ref. 2 for 7V.V.Osipov, T.I. Soboleva, and M. G. Fgel, Fiz. Tekh. Poluprovodn.

GaAs. The best agreement between theory and experiment ig-3 542 (1979 [Sov. Phys. Semicond.3, 319 (1979].

achieved for6=0.2, which exceeds somewhat the values in-

dicated above for GaAs. Translated by Frank J. Crowne
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Determining the position of antimony impurity atoms in PbS by 195p (119 3n) emission
Mossbauer spectroscopy

V. F. Masterov, F. S. Nasredinov, P. P. Seregin, N. P. Seregin, A. V. Ermolaev,
and S. |. Bondarevski

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted January 19, 1999; accepted for publication January 20) 1999
Fiz. Tekh. Poluprovodr33, 913—915(August 1999

Emission Mssbauer spectroscopy based on the isotofgh(*19"Sn) is used to show that the
location of antimony impurity atoms in the PbS lattice depends on the conductivity type

of the material: inn-type samples the antimony is localized primarily on the anion sublattice,
while in p-type material it is primarily on the cation sublattice. It is noteworthy that

when the''®"Sn center appears in the anion PbS sublatiiee, as an antisite defécafter

radioactive conversion df-%b, its charge state does not depend on the position of the Fermi level.
When the!'®Sb-center is in the cation sublattice of PbS, it acts like an electrically active
substitutional impurity: im-type samples the spectrum corresponds to the neutral state of a donor
center(*1"Sr? "), while in p-type material it corresponds to the doubly ionized state of this
center(1srf*).  © 1999 American Institute of Physid$S1063-78269)00408-1

In recent years much progress has been made in undedissolved in concentrated hydrochloric acid, and Sh@s
standing the nature of impurity states in lead chalcogenidesxtracted using isopropyl alcohol; the preparation was then
formed by group-Ill and group-IV impurities. In particular, purified by anion exchange. The ¥&bauer sources were
resonance scattering of current carriers by group-Ill impuri-made by fusing samples of PbS with the carrier-free prepa-
ties has been observédyhile two-electron centers associ- ration of 1*°SbhCl so that the estimated concentration of im-
ated with group-IV impurities have been identified with purity atoms of antimony did not exceed'1@tomscm™ 3,
negative correlation energyHowever, there are practically
no papers that discuss group-V impuritiés, Sb, and Biin

lead chalcogenides. It is only known that these impurities are a 119%p
donors, although the fraction of electrically active atoms is 119m

: : : 238 keV Sn EC
considerably less than ofelwo explanations can be given S ke
for this fact: either a significant number of impurity atoms

form electrically inactive complexee.g., ShTe;) in the 0 ‘—-‘fé——
n

lattice, or the impurities are distributed between the cation
sublattice(where they are donorsaand the anion sublattice
(where they should be acceptprdt is possible to choose 2
between these alternative models once the positions ofZ
group-V atoms in the lead chalcogenide lattices are deter-
mined. In this paper we make this determination for the case &
of impurity atoms of antimony in lead sulfide PbS by the
method of emission Mssbauer spectroscopy, using the iso-
tope*®Sh(1®"sn). In Fig. 1a we sketch how the Mdsbauer
level 119sn forms, using the parent isotop&Sb (with a
half-life of 38 hour$. If we assume that the recoil energy of
the daughtet'®"Sn atoms arising from electron capture by
1195 atoms with emission of a neutrino does not exceed 1.4
eV, we can conclude that radioactive transmutation does not

a

oun

Relative

lead to a displacement of the tin atoms from the normal sites 4+ 0 2+

. 7 2 Sn” __Sn’ _, Sn
on the crystal lattice. Then the parameters of the emission 1 L 1 4 ! l
M0ssbauer spectra dft°Sh(*'9"Sn) should reflect the va- 0 2 4 6
lence(charge state oft'®"Sn atoms located at sites occupied vV, mm/s

by the antimony atoms. G J N T ission Mesb ‘
. . . A _ FIG. 1. a— ecay scheme , emission Mesbauer spectrum (o)
The radioactive |sotopé19$b was obtained from a cy 119Gy 1S ) At T=80 K for samples of-PbS (b)—and p-PbS (c). The

: H 2 11
C!O.tron via the re_acnor} OSn(p,Zn). %b. In order to pre- positions of the experimental spectra are shown for components correspond-
cipitate out a carrier-free preparation’dfSb, the target was ing to 19"SiP, 11952+, and1 s+

1063-7826/99/33(8)/2/$15.00 836 © 1999 American Institute of Physics
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TABLE |. Parameters of emission Msbauer spectra ¢t°Sh(***"Sn) in PbS at a temperature of 80 K.

Type of Type of Impurity I.S, mm/s I', mm/s S %

Conductivity Spectrum Center

n I g p 2.34 1.34 78
Il g+ 3.73 1.33 22

p I nangp 2.33 1.33 21
I g+ 1.23 1.32 79

Error +0.01 +0.02 *+2

Note: |.S.stands for isomeric shift relative to CaSnQ" is the spectral width at half-heigkfEWHM), andSis
the area under the spectrum.

The initial PbS samples weretype (with an excess of lead assigned td'9"SrP-centers that form front!°Sb atoms lo-
and an electron concentration=5x 10"cm™3) andp-type  cated in the anion sublattice of PbS. The second (&pec-
(with an excess of sulphur and a hole concentratiortrum I11) has an isomeric shift that is characteristic of com-
p=10%¥cm 3). pounds with quadrivalent tin, and so we must assign it to
Mossbauer spectra df%Sh(*®"Sn) were measured on 9Srf*-centers that form frodt®Sb atoms located in the
an industrial SM-2201 spectrometer at 80 K with a CagnO cation sublattice of PbS.
absorber(the surface density with respect to tin was 5mg  Thus, localization of impurity atoms of antimony in the
-cm~2). The spectra of both the absorber and the sourc®bS lattice depends on the character of the loss of stoichi-
Ca 19"snQ; consisted of the same line, with a FWHM ometry of the material: in samples with excess lead the an-
I'=0.79+0.01 mm/s, which we took to be the instrumenttimony is localized predominantly on the anion sublattice,
width of the spectral line. Typical spectra of Pb8%Sb  while in the samples with excess sulphur it localizes pre-
samples are shown in Figs. 1b and 1c, and the results of theitominantly on the cation sublattidgand plays the role of a
analysis are listed in Table . donop. The fraction of antimony atoms that are electrically
The spectrum of an-type sample consists of a superpo- active depends on the distribution of antimony between sub-
sition of two lines. The widths of both lines considerably lattices, but it is always less than unity, so that evep-tgpe
exceed the instrument width, which indicates distortion ofsamples a significant number of antimony atoms are located
the cubic environment of thé&'®"Sn daughter atoms. The on the anion sublattice.
reason for this distortion is unclear—it could be, e.g., a non- It is worth noting that art'®sn center in the anion sub-
central position of the tin ions caused by the large size diflattice of PbS(which corresponds to a tygespectrum is an
ference between a tin ion and the?Pbor S~ ion it re-  antisite defect. It follows from the fact that the isomeric shift
places. One of these linegvhich dominates inn-type  of spectruml is independent of the conductivity type of the
samples, and is referred to as spectrinexhibits an iso- material that the charge state of the antisite defect does not
meric shift that is characteristic of alloys and intermetallicdepend on the position of the Fermi level. In contrast,
compounds with tin, so we must assign itY8"SrP centers  '%"Sn-centers in the cation PbS sublattiGehich corre-
in the anion sublattice of Pb8ead atoms located in the sponds to type-ll and type-lll specjrare isoelectronic sub-
immediate vicinity of these centers interact with them, lead-stitutional impurities. It follows from the data we presented
ing to a tin isomeric shift that is typical of metallic alloys in Ref. 3 that the isoelectronic tin impurity in PbS is an
with tin). It is obvious that*'®"Srf atoms can form from electrically active center, behaving as a two-electron donor
1195h atoms located in the PbS anion sublattice. The secondith negative correlation energy. This explains the observed
line (spectrumll) exhibits an isomeric shift that is charac- dependence of the isomeric shift in the spectra of both cen-
teristic of compounds with divalent tin, and so we shouldters on the conductivity type of the material: mtype
assign it to™9"S?* centers in the cation sublattice of PbS samples the spectrum corresponds to the neutral state of the
(sulfur atoms located in the immediate vicinity of thesedonor center ¥°"Sr?*), while in p-type material it corre-
centers interact with them, leading to a tin isomeric shift thatsponds to the doubly ionized statg{"Sr**).
is close to the isomeric shift in the spectrum?’diSn taken
from the compound SnSlt is obvious that®"S?* atoms
can form from '°Sb atoms located in the PbS cation -
sublattice. . I. Kaidanov, S. A. Nemoyv, an_d Yu. I. Ravich, Fiz. Tekh. Poluprovodn.
26, 201 (1992 [Sov. Phys. Semicon@6, 113(1992].

The spectrum of thep-type sample also consists of a 2y F. Masterov, F. S. Nasredinov, S. A. Nemov, and P. P. Seregin, Fiz.
superposition of two broad lines. One of these lines has pa- Tekh. Poluprovodn31, 327 (1997 [Semiconductor81, 420(1997].

rameters close to those of the typspectrum(although its 3V. F. Masterov, F. S. Nasredinov, S. A Nemov, and P. P. Seregin, Fiz.
. S . . S Tekh. Poluprovodn30, 840(1996 [Semiconductor80, 450 (1996].
intensity inp-type samples is considerably lower than it is in

n-type samples, where it dominate¥his spectrum must be Translated by Frank J. Crowne

ty
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Intrinsic photoconductivity of copper-doped gallium phosphide
N. N. Pribylov, V. A. Buslov, S. |. Rembeza, A. |. Spirin, and S. A. Sushkov

Voronezh State Technical University, 394026 Voronezh, Russia
(Submitted August 5, 1998; accepted for publication February 2,)1999
Fiz. Tekh. Poluprovodr33, 916—920(August 1999

Studies of the intrinsic photoconductivity of copper- doped gallium phosphide reveal that
increasing the light intensity incident on the sample leads to the appearance of an additional
photoconductivity peak in the fundamental absorption band, which can be viewed as
anomalous. It is found that the line shape of this new peak in the photoconductivity spectrum
depends on the photon energy of the additional illumination. These results are explained

by variations in the lifetime of minority carriers over the sample bulk due to reconstruction of
copper centers. An expression, which qualitatively describes the experiment, is derived

for the photoconductivity spectrum. @999 American Institute of Physics.
[S1063-782629)00508-9

Anomalies in the kinetics of intrinsic photoconductivity An important feature of our samples was their long elec-
in GaP:Cu and its infrared quenching have been reportetton lifetimes7,~ 1 s, which correspond to a value of the
previously™? In this paper we derive and discuss new pho-diffusion lengthL,= D, 7= Vi kT7,/e~1 cm(whereD,,
toconductivity spectra which we have observed in compenis the diffusion coefficienty,, is the electron mobility, and
sated samples of this material. is the temperatujethat exceeds all the characteristic dimen-
sions of the sample. Confirmation of this comes from our
ability to record the photoconductivity spectrum of a sample
with thickness~ 1 mm in the intrinsic regime, when it is

Our starting gallium phosphide samples consisted oflluminated with light from the side opposite the side on
1-mm-thick plates cut from a single crystal grown by thewhich the contacts were deposited.

Czochralsky method and doped with tellurium, with an elec-  Increasing the optical flux intensity leads to the appear-
tron concentration of 410 cm 2 and a Hall mobility of ance of an additional peak in the photoconductivity spectrum
130 cnf/(V-s). The samples were diffusion-doped with cop- in the neighborhood of the fundamental transition bands. By
per to saturation in vacuum quartz cells from a layer of metapicking an arbitrary optical wavelength, we can use the data
sputtered onto the sample surface. A doping temperature shown in Fig. 1 to obtain the superlinear lux-ampere charac-
900-910 °C was maintained for 24 hours. At the end of this
diffusive anneal, the samples were quenched by dropping the
cells into water, then processed with abrasive powders, pol- 0.05
ished, and etched in a mixture of hydrofluoric and nitric ac-
ids. Contacts were deposited from a In—Ga eutectic onto the
polished surface of the samples in the form of two parallel  g.g4
strips with width 6-8 mm and a gap between them of 2—3
mm. The primary focus of our interest is that region of the
photocurrent spectrum arising from interband transitions, be- 5=
cause the shape of the spectrum in this range, is a function of<
the light intensity and can be controlled by varying the size o
of the monochromator gap. We measured the photoconduc-
tivity signal in the constant-field regime, using a modulation
method with synchronous detection. The light flux of a
500-W halogen incandescent lamp was focused onto the in-
put gap of an MBR-23 monochromator and modulated after 0.01
it left the gap. Light modulated at a frequency of about 300
Hz passed through an optical filter and was focused onto the
sample surface. Figure 1 shows spectra obtained for uniform It
illumination of the interelectrode gap with normally incident )
light. All the spectra presented in this paper correspond to
the strong-excitation regime, i.e., when the sample was illuf'C: 1. Photocurrent spectré)(of a GaP sample doped with Cu at 900 °C
. . L . as a function of the size of the monochromator gapnm: 1 — 0.5,2 —
minated, the current in the circuit greatly exceeded its valug g 3 07,4 — 0.8,5— 1.1. The solid curves are derived from calcu-
in the dark. lations using Eq(1).

FUNDAMENTAL EXPERIMENTAL RESULTS

0021
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teristic deduced from the results of Ref. 1. The appearance of 1.4
features in the spectral dependence of the photocurrent in the
region of intrinsic absorption of GaP can be regarded as 12
anomalous, since the condition for generation near the sur-

face is satisfied in this region, and saturation of the photo-

conductivity should take plack.We assume that this 1

anomaly arises from the specific behavior of copper, which

sensitizes the intrinsic photoconductivity of gallium phos- 0.8
<C

phide. In order to identify possible reasons for the appear- 3
ance of these spectral features, we measured the photocon-, - ¢
ductivity in the presence of an additional illumination of the

sample surface with monochromatic light, and studied the
influence of contacts on the shape of the spectrum.

We found that in the intrinsic region of the spectrum the
photoconductivity caused by the modulated light increased 0.2
abruptly when an additional source of unmodulated short-
wavelength light from a second source illuminated the
sample surface. The shape of the spectrum in this case is a
strong function of the optical wavelength of the
unmodulated-light flux(Fig. 2). lllumination by intrinsic FIG. 3. Photocurrent spectr&)(of GaP : Cu as a function of the distance

light, which is comparatively weakly absorbed, simply in- from the optically excited region to the contact with negative potential.
creases the value of the photoconductivity over its value remm:1—0,2—0.2,3—1,4—14,5—15,6—16,7—17,8 —1.9,

corded without the illumination. In contrast, shifting the il- 2 — 2

lumination wavelength to the short-wavelength region

(photon energie®ivy= 2.58 eV}, where the absorption co-

efficient of gallium phosphide begins to excee®00 cni*  increase of photocurrent with simultaneous changes in its

(Ref. 4, leads to a qualitative change in the shape of thespectrum(Fig. 3.

spectrum and to the appearance of well-defined structure in In order to clarify the role of contacts in this effect, we

the latter. It is clear from Fig. 2 that the positions of the measured the magnitude of the photocurrent caused by in-

peaks in the observed bands are found to depend on tfiEnsic modulated light with a fixed wavelength. The light

photon energyhv, of the unmodulated illumination. was directed into the gap between electrodes, and unmodu-
The current-voltage characteristics of a sample with conlated light was focused into a bounded region near the posi-

tacts measured at constant current have a nearly linear shafj¢e contact and scanned over the spectrum. Figure 4 clearly

in the dark; however, measurements of the frequency depeﬁhOWS that additional local illumination of the Sample near

dence of the total resistance show that the contacts to tH&€ contact always increases the photocurrent in the circuit in

sample are blocking. The lowest photocurrent is observed foihe same way, independent of the photon enérgy This is

local illumination of the region near the contact with nega-due to the increased concentration of electrons in the con-

tive potential by a strip of modulated light. Shifting the op-

tical probe to the opposite electrode is accompanied by an

0.8
5r 071
q +1 o.61
A3 <é045‘
ol -
<J * 5 A
) ob
I~ L
2 0.3
02f
1
0.1t
% 2.6 . : . 0z . 26 28
hy, eV Ry, , eV

FIG. 2. Shape of the photocurrent spectrum ¢f a GaP : Cu sample with-  FIG. 4. The effect of unmodulated illumination of a contact on the photo-
out illumination (1) and with unmodulated illumination at the following current () caused by photons with various enerdies eV: 1 — 2.58,2 —
photoenergiebvg, eV:2 —2.29,3 — 2.38,4 — 2.53,5— 2.58,6 — 2.88. 2.48,3 — 2.34,4 — 2.29.
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duction band caused by optical excitation, which can only In our case, explaining the observed experimental ex-
happen because the electron lifetime is so long. trema in the spectral dependence of the photocurrent requires
This illumination has little effect on the photoconductiv- that we consider at least a four-layer structure, which is com-
ity current| at the negative contact. In our view, this is a plex enough to provide qualitative agreement with experi-
consequence of the short lifetime of electron-hole pairs therenent. Conditions for observing the extrema are described by

the expression
4
1+ti+1/21tiﬂ. )
=

Rextr,j = 1
There are several possible reasons for the observed regu- tive

larities: an abrupt increase in the rate of surface recombinaﬁ follows from Eq. (2) that a four-layer structure with a

tion of gallium phosphide induced by light within a narrow .
. . . . .._.._monotonic spectral dependencemtan have three extrema
spectral range, a manifestation of the light-induced excitation o e .
) o : ) when the conditions < 7,> 73<7, are satisfied. Since the
of the d-shell of the copper impurities, or nonuniformity of

! . " magnitude of the absorption coefficiemtfor interband tran-
the material caused by impurities. o . .
The first assumption is purely hypothetical in charactersmons varies over a wide range, features of the sort de-
'scribed in Ref. 6 will appear in the photoconductivity spec-

since as far as we know nothing similar has ever been ob-rum

served in samples of GaP. If optical suppression of surface 1) a(\)<a In this case the photoconductivity spec-
recombination were to take place, then the shape of the speg: extrl: . .
rum repeats the trace ofx(\) via the relation Ao

tra in Fig. 4 would repeat the trace of the functions in F'QS-N[a()\)]n_ This is the region of weak absorption, where

1=3, which in fact does not happen. optical generation takes place primarily in the sample bulk

The second assumption can be partially justified by th%layert4) where the constant lifetime of electreq is large.
fact that the energy of the short-wavelength resonances © Ny in what followsi> 1 (Ref. 6

shaped peak, which is 2.7-2.8 eV, is close to the excita- . . _
tion energy of the 8% shell of copper in inorganic . 2) (M)~ e AF t.he point Wherea(_)\)—aextrlapeak
5 . . . B in the photoconductivity appears, while fa@rgy,>a(\)
compounds.In view of the comparatively high solubility of the t f th hot ductivit i .
(f_aextrl e trace of the photoconductivity spectrum is

COpper In _th_e S?"T‘p'es’ this assumptlor_1 IS not so far-f_etc.he mirror-reversed with respect ®(\) via Ac~[a(N)] " In
however, it is difficult to argue that the intracenter excitation_, . . . L A :
this region the illumination is primarily absorbed in laytgr

of an impurity is capable of dominating a band of intrinsic . e
transitions. Moreover, the position of an intracenter excita~" ith a small electron lifetimers.
' ' 3) eyyz™ a(N) > aeyo. The photoconductivity spec-

tion line should not change. trum has the form of the function(\) via Ao~[a(N)]". In

The effect of nonuniformity of the semiconductor mate- , - . . . .
. i . ) . this case, generation takes place in latgewith a long life-
rial on its photosensitivity spectrum was considered in Ref,.
time for electronsr,.

6, wherg |t.wa.s shown for the e_xample of gallium arsenide &) a(\)>aues The spectrum has the formo
that a distribution of recombination parameters and absorp- h . .
. - . ~[a(N\)] " and corresponds to a falloff in photoconductiv-
tion characteristics throughout the sample can result in obi—t in region 2 due to strong absorption of liaht in the skin
servation of additional extrema in the photoconductivity y 9 9 P 9

. layert, with small electron lifetimer,.
spectra beyond the fundamental absorption band edge. This stratification with regard to properties of the recom-
In our case we can use the scheme of Kustov & al.

where eachith layer of the sample is characterized by its bination parameter of a sample illuminated by intrinsic light

o . . can be explained by starting from the description of the be-
own relaxation timer;, but with the same absorption coef- . : : : . .
.pawor of impurity copper-centers given previously in Ref. 2.
Xlthough the spectrum of a compensated GaP :Cu sample
in each layer, and the change in mobiiity from layer to gontalns shgllow energy levels from ionized tellurium inpu-
: rity atoms, its dominant features come from photosensitiz-
layer is small. . _
ing deep A~ levels of copper-center acceptor&=E,

Abscirptlon of light in the sample Ca.” be expressed in the+ 0.51 eV} when the concentration of recombination-induced
form G;=J;[1—exp(—at;)] and, accordingly, the transpar-

ency of a semiconductor layer to the light flux ¥ lonized  copper-centers, le., the donorsB*

_ y . Y 9 1 (Eg=E,+0.7 eV, is relatively low. Let us assume that there
=J,exp(—at;). HereG,; is the absorbed flux of photons in the . . . .
. . L is a reversible conversion of &center to aB-center, which
ith layer, andJ;, J;., are, respectively, the incident

. ; lowers the energy of the crystal. Under equilibrium condi-
iggs'ir-ansmltted photon fluxes through ifte layer of thick tions these centers will be distributed throughout the volume
i

Expressing the photoconductivithe of the entire of the sample almost uniformly, maintaining a concentration
balance with each other.

sample as a sum of additive contributions from each layer, ! . o
we can write Photogenerayon qf electror_l-hole pairs takes plgce within
a layer whose width is determined by the absorption of the
Ao=A{l—exp —aty)+ Oexp(— aty)[1—exp —at,)] excitation light at the wavelength of the latter. Once the in-
trinsic photoconductivity has been sensitized in the material,
+Ozexplat;—aty)[ 1-exp(—aty) ]+ ...}, @ photogenerated holes in this layer are almost all trapped at
whereA=J.eunry, and ;= 7,/ 7. copper centers in th&™ state. Meanwhile, electrons with

DISCUSSION OF EXPERIMENTAL DATA 1 | 01
—In
Oir1—1

was reduced to unit area, the quantum yigldvas constant
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their longer relaxation time diffuse against the field of thedependence of the shape of the spectrum on the excitation

trapped holes into the sample bulk, where they are trappelgvel. If in Eq. (1) we choose fort; the thickness of the

primarily atB* centers. As the intensity of the illumination damaged layer-0.3um, for t, the Debye screening length

increases, thB levels become occupied by electrons, and theLy~3um, for t; the size of the reconstruction region

bulk of the sample acquirestype conductivity. The accu- ~20um, and fort, the thickness of the sample, i.e., 1 mm,

mulation of excess electrons, which continue to diffuse outve can use the known form of the absorption specta(m)

of the region of optical generation, leads to reconstruction ofRef. 4 to calculate the spectral dependence of the photocur-

B centers intoA centers. Since these centers are hole traps irent (Fig. 1). The parameterg;=10 4, 6,=5, ;=10 2,

their ionized state, the photoconductivity is sensitized andd,=3.5, andA=10 2 are selected to obtain agreement be-

the lifetime of electrons in the sample bulk increases. tween the computed dependence and experiment. It is clear
When the light is absorbed strongly and optical generafrom the spectra shown in Fig. 1 that within limited ranges of

tion takes place at the surface of the sample in space-chargéoton energies we can observe both superlinear increase of

regions t; and t,, nonequilibrium holes accumulate in the photocurrent and differential negative photoconductivity.

A-centers beyond these layers due to diffusion and drift. Thish each case this occurs because of changes in the lifetime of

process gives rise to layes, with hole-type conductivity, in  electrons in the different layers of the sample. The experi-

which theA trapping centers are reconstructed iBtoiecom-  mental data we have discussed have certain analogies with

bination centers. Hence, the lifetime of electron-hole pairs irthe previously observed appearance of additional extrema in

layert, will decrease. The illumination therefore “stratifies” the spectrum of intrinsic photoconductivity in germanidim.

the sample with regard to lifetimes of electrons and holesin these experiments recharging of surface states took place

This layering should be enhanced with increasing intensitywvhen a voltage was fed to a cell containing a Ge-electrolyte

of light incident on the surface. Near the surface, in a layercontact, altering the bending of allowed energy bands of the

whose thickness is the Debye screening lengthp semiconductor.

= \Je,e0kT/e?n,, accumulation of holes counters the field of

the surface potential; hence, the copper impurities should be

predominately in theA™ acceptor state even in the absence 1z goigstein and S. S. Periman, Phys. R&48, 715 (1966.

of illumination. The results shown in Fig. 3 suggest this pos-2N. N. Pribylov, S. I. Rembeza, A. I. Spirin, V. A. Buslov, and S. A.

sibility in that the sensitivity of the sample to light increases ffggkfgé Fiz. Tekh. PoluprovodB2, 1165(1998 [Semiconductors?,

r?ea.r the contact W.Ith positive pqtentlal. We thus see that the:‘I. AuE, D.ag;:entsov, and K. GermarRhotoelectric PhenomenéMir,

lifetime of conduction electrons in GaP:Cu samples can vary poscow, 1980

in the direction of propagation of the incident light, passing #v. V. Sobolev, Optical Fundamental Spectra for Group'/8" Com-

through a maximum in the Debye screening layer and aBPDOUT”dSS(ShJi”itSS, ﬁisgi”_e_\é, 1979, 3-3-6 £ Smimo@ptical Spectra of

minimum in neighboring regions where reconstruction of_Tr'an'Siti‘é'rr]'_,\;"e’ial ons ir‘]"rc'rs‘s’glg\'ﬂauk:" M'OS:;'JV'?ON%?TJ_ 13_20 rao

copper centers takes place. In situations where the sample . kustov, V. P. Orlov, V. A. Presnov, and B. S. Azikov, Fiz. Tekh.

excited by two optical fluxes, spatial nonuniformity of the Poluprovodn4, 669 (1970 [Sov. Phys. Semicond, 567 (1970)].

recombination parameter is induced by the unmodulated G: G- Kareva and P. P. Konorov, Fiz. Tekh. Poluprovoir271(1972

light, whereas for a single light flux the nonuniformity is L>°V Pys: Semicond, 233(1972].

ght, whereas for a single lig e nonuniformity is

generated by the same process that leads to the observednslated by Frank J. Crowne
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The purpose of the experiments described here was to determine the energy level spectrum of
elementary primary Frenkel defects in the band gap of silicon, based on whether or not

the rate of direct annihilation of these defects depends on their charge state. The results were
obtained by jointly analyzing the states of the atomic and electronic subsystems of the

crystal under varying conditions of irradiation of the sample with high-energy particles. It was
established that these elementary primary defects have energy leveE .red28 eV,
E.—0.44eV,E.—0.65eV, andE.—0.86eV. © 1999 American Institute of Physics.
[S1063-782629)00608-7

Despite vigorous efforts by investigators over the pastlux) we analyzed the temperatur&<£ 78— 400 K) and dose
several decades in the area of semiconductor research, thejépendences of the concentratiam) (and lifetime () of
remain several fundamental properties and characteristics @harge carriers in the crystals under study by Hall and phase
elementary primary defects— Frenkel pairs and their commeasurements, respectively.
ponent elements, i.e., vacancia$) (and intrinsic interstitial Two types of primary experiments were carried out: 1
atoms ()—that no one has been able to identify with assur-while holding the temperaturg,, of the crystal and the in-
ance, even for such well-studied semiconductor materials aggrated flux® constant, we varied the irradiation intensity

amphoteric defects with migration energies that depend o{arious fixed temperatures within the interval, =100
their charge statt? at present our knowledge of the spec- _35goc.

trum of energy levels of these defects is far from complete,

: ; ; ; 3

as was pointed out in the review article by Emte¢al”The ot pp the so-called coefficients of radiative carrier concen-
purpose of this paper is to d_etermlne the posmon of energy,sion changek .= (no— ny)/® and carrier lifetime change
Igyels of these eIemerjtary primary defects in the banq gap q{T: (1/7—1/r,)/®, and the concentration of nonequilib-
S'L'Cgi'gg?le n—typellgwnh P= tl ?OQ'Cm) dand p-type (wgh th rium carriers in the crystals under various irradiation condi-
p= -cm) sfiicon crystals we used were grown by the ;. , (, Tir). In the experiments with a fixed value @f,
Czochralsky(crucible method and zone melting in vacuum. and fixed values of the irradiation flu®, we replaceck
Elementary primary defects were generated within the CIYSith the  dimensionless parametes, ’=K (T.)IK (T.”
tal volume by irradiating it with high-energy electrong noooom e

=9.8MeV) in the pulse regimet,=1us, off-duty cycle :29 ZSZ’CWh'Ch Is the ratio oK, at a givenT; to K, at
irr— .

~10%. In the control experiments the samples were irradi- our data on the ener trum of elementary primar
ated with®Co gamma rays corresponding to internal irradia- ur data on the energy spectrum ot elememntary primary

tion of silicon by Compton electrons with an average energ)gefeCt levels was obtained by jointly analyzing the states of

E.~0.8MeV. These types of irradiation are used to obtainthe crystal atomic and electronic subsystems as a function of

genetic Frenkel pairs with different average distances bethe irradiat_ion conditionfs_. :
tween the components, i.e., so-called “distant” palfsr Changing the conditions)(and T) under which the

E.=9.8MeV) and “nearby” pairsfor E,=0.8 MeV). The crystal was irradiated led to sh?f.ts in the quasi-Eermi levels
sample temperature was set during irradiation and mainfn andFy in the band gap of silicon. As they shift towards
tained with an accuracy of 1 °C by special instruments. the edges of the band gap with increasihgr towards the
During the irradiation time the system also monitored thecenter of the band gap with increasifig., the quasi-Fermi
nonequilibrium conductivity of the irradiated crystal via a levels can cross energy levels of the elementary primary de-
matched measurement circuit and a memory oscilloscopdects. This results in charging of these defects. Changing the
By analyzing the oscillograms we were able to estimate th€harge state of an elementary primary defect must cause a
concentration and lifetime of nonequilibrium charge carrierschange in its direct annihilation rate, which in turn must
in the crystal under the electron bedmcluding the regime  affect the rates of formation of stable defects in the irradiated
where electrons were sent one at a time, which could berystals? In fact, the authors of Refs. 5 and 6 concluded that
implemented in the accelerajor when silicon is irradiated, efficient direct annihilation of el-

In order to obtain information about the nature of theementary primary defects takes place, and that the observed
radiation-induced defectdkD) and their rates of formation nonmonotonic dependences of the rates of formation of ra-
(7=N/®, whereN is the concentration of RD, anll is the  diation defects of various kinds oh or T;, are primarily

In these experiments we measured the rate of formation

1063-7826/99/33(8)/3/$15.00 842 © 1999 American Institute of Physics
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determined by changes in the annihilation rate.
It thus follows that irradiation of silicon crystals can un-

der certain conditions be accompanied by charging of thes -

elementary primary defects, which for radiation defects of

different kinds should be accompanied by abrupt and uni-
form (“simultaneous™ changes in the partial rates at
which they are introduced. This makes it possible to experi-
mentally record the charging of elementary primary defects
based on these characteristic changeg.in

On the other hand, by monitoring the electronic sub-
system of these crystals during the irradiation process we car
identify those states that record the event, i.e., charging of
the primary radiation-induced defects, and use these states t
determine the position of the elementary primary defect en-
ergy levels in the band gap of silicon.

Analysis of the values ofy obtained when the irradiation
conditions were varied for crystals grown by various meth-
ods led us to conclude that the dependence oh J or T,
had the same form for radiation defects of either type, i.e.,
vacancy A- and E-center$ or interstitial (G—C; com-
plexes. For this reason, it is more convenient to use inte-
grated parameters to characterize the rate of formation of
electrical and recombination-induced active radiation de-
fects. Three parameters that are sensitive to the minimum
concentration of radiation defects are the coefficient of
radiation-induced concentration chanlfg, the ratio 6,,
and the coefficient of carrier lifetime change .

Figure 1 are plots of the radiative change in concentra-
tion of K, and &, and of the carrier lifetim& . as a func-
tion of the intensity and irradiation temperature. In the same
figure we show the positions of the quasi-Fermi levels for
electrons F}) and holes F;) in the crystals under these
conditions, calculated by measuring the nonequilibrium con-
centration of charge carriers and crystal temperature during
the initial stage of irradiatiotiwhenAn/ny<10%).

Analysis of these data, in which we assumed that charg-
ing of the elementary primary defects takes place when the
qguasi-Fermi levels cross their energy levels, shows that the
energy levels of the elementary primary defects are as fol
lows (see Fig. L

E,=E.—(0.28+0.03 eV, E,=E,+(0.24+0.03 eV,
and
E;=E.—(0.44+0.05 eV, E,=E,+(0.45-0.05 eV.

The reliability of these results was confirmed by data from
additional experiments in which the functioks=f(J) and
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FIG. 1. Temperature dependence of the coefficients of radiation-induced
change&(a@): 1— concentratiorK , for zone-melted, “vacuum-grownt-type

Si with ®=8x10"cm2, 2—lifetime K, for crucible-grownn-Si with
®=10"%cm 2, T,,=50°C; b—dependence of the quasi-Fermi levels on
irradiation intensityd: 1—for electronsF}; (J), 2—for hoIesF;(J), and on
irradiation temperature3—F} (T;,), 4—F;§(Ti,r); c—dependence of the
coefficient o, on irradiation temperaturd;, for crucible-grownn-Si at
®=4x10%cm 2, J=5x10"cm2.s7L.

with variable irradiation intensityK,=f(J)] also had no
effect on the final results, and we once more obtained the

S6,= f(T;,) were recorded at other values of the fixed param-same values oE; andE,.

eters T, or J. We established that in the second type
of experiment (trials with fixed irradiation temperature
decreasing the irradiation intensity frond;=5x10'
cm 2.5t to J,=3.85x10%cm 2.5 causes the mini-
mum on the curves,= f(T;,) to shift (Fig. 19 to the tem-
perature regionT;,=190-200°C. However, our calcula-
tions, which took into account the new irradiation conditions,
led to the same positions for the energy levels of elementar
primary defects in the band gap of silicort=s-andE,. On

In interpreting these results we must keep in mind two
possibilities. The first is that the levels we observe could
belong to vacancies and interstitial atoms that enter into the
composition of relatively strongly bound Frenkel pairs. In
this case, in order to find the energy levels\br | defects
we must take into account their interaction enef@ypulomb,
polarization, or strain®
y In our view, however, the second possibility is more
likely, namely, that to first approximation these levels corre-

the other hand, varying the fixed crystal temperature in trialspond to levels of “free” defecty andl. In fact, with in-
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creasing energy of the bombarding electrons, the averagappeargand is chargedafter a nearby Frenkel pair decom-
distance between components of a Frenkel pair increases apdses and then induces a boron atom to move from its lattice
the interaction energy between them decreAddss behav- site to an interstitial position in accordance with the Watkins
ior is attributable to the fact that contributions from flexo- reaction:B+1—B, .8 In fact, the Coulomb interaction be-
electricity and strain to the interaction energy fall off rapidly tween the reacting centers makes the efficiency of this reac-
with increasing intercomponent distancé~r ~3), and can tion depend on the charge statelofince the defecB, is

be important only at distances less than two crystal latticalways negatively charged. In our view, this implies that the
constants. In contrast, the Coulomb contribution to the in- level E,~E,+0.24 eV should most likely be assigned to the
teraction of Frenkel pair components with opposite chargedyee intrinsic interstitial silicon atonh.

even when screening is taken into account, can be “sensed” Differentiating among the levels of elementary primary
at distances of greater than three lattice constants. Additiordefects we have identified:

ally, irradiation of silicon by electrons with energlg _ _

=9.8MeV primarily leads to generation of “distant” Z]e— E1~E.~0.28eV, Eg~E.~044eV,
netic Frenkel pairs with intercomponent distances close to E,~E.—0.65eV, E,~E.—0.86eV

the maximum possible. This is because irradiation of siliconand obtaining information about charge states that distin-
crystals by electrons witk.>10 MeV is well known to re- 9 g

sult in disordered regions, due to the effect of atomic recoil. guish them are subjects for future research, in which we plan

This implies that forE,~10 MeV even the Coulomb inter- to use charge-dependent selective drdinspping centeps

. o for defects of typev and typel.
action energy between components of a Frenkel pair is rela This work was carried out using the experimental facili-

tively small (it probably exceeds the thermal eneigy by ties of the NII for Applied Physics Problems in the State
no more than a few hundredths of an)e¥nd that the com- . . . . .
: University of Belarus(city of Minsk) and the Khar'kov
ponents of the Frenkel pairs that form can reasonably b : . :
. . o hysicotechnical Institute.
treated as quasi-free components. Taking this into account, . . .
. We wish to thank N. I. Maslov for help in measuring the
we must expect that the energy spectra/adind | obtained e L I .
S . : nonequilibrium conductivities and lifetimes of nonequilib-
for Eq~10 MeV are insignificantly perturbed, i.e., they differ . T
4 rium charge carriers in crystals under the electron beam. We
very little from the energy spectra of the free deféc¢isndl. . X
also thank I. I. Kolkovskifor collaboration in measuring the

Further evidence in favor of the second possibility ;. .~ - . - . .

. . lifetimes in the initial and irradiated samples.
comes from results of control experiments usifitfCo
gamma rays, in whiclk, levels are charged by varying the ) . _ _
initial concentration of holep, in p-type silicon. Gamma $‘(~)r'3r-]t‘(’)valtgg‘;°ee" Levels in Semiconductoltsondon—N.Y.~Tokyo—
raYS W'th_ ?nerg'e‘f“y% 1.25MeV Creat? “nearl?Y" Frenkel 2V. A. Panteleev, S. N. Ershov, V. V. Chernikhovskiand S. N.
pairs in silicon, whose large values of interaction energy be- Narodnykh, JETP Let23, 633 (1976.
tween componentéseveral tenths of an eV; see Rej.@&n 3V. V. Emtsev, T. V. Mashovets, and V. V. Mikhnovich, Fiz. Tekh. Polu-

; P ; provodn.26, 20 (1992 [Sov. Phys. Semicon@®6, 12 (1992].
l.ead to energy Ieve!s that in no Way_ coincide with those We4V. V. Emtsev, T. V. Mashovets, and V. V. Mikhnovich, Fiz. Tekh. Polu-
find. However,_ apo increases, there is a rather narrow range provodn.27, 708 (1993 [Semiconductorg7, 390 (1993].
of concentrations(within which E,+0.255 e\>F,>E, 5P. F. Lugakov and V. V. Luk'yanitsa, Fiz. Tekh. Poluprovod®, 345
+0.217 eV, i.e.F, crosses leveE,) from 4x 10" cm 3 to (1984 [Sov. Phys. Semiconds, 215 (1984 ].

6 e .
5 ....—3 Sy . P. F. Lugakov and V. V. Luk'yanitsa, Fiz. Tekh. Poluprovo@d, 742
1.5x 10"%cm 3, where an exponential increase is observed (1986 [Sov. Phys. Semicon@0, 469 (1986,

[from (2—3)x 10 °cm™ ! to 2.5 10" *cm™ '] in the rate of "Physical Processes in Irradiated Semiconductdxgauka, Novosibirsk,
escape of boron atomgg=(N3—Ng)/® from sites at the 1977, p. 153

crystal lattice. This fact is evidence of charging of a defect *G: D- Watkins, Conf. Ser. No. 23, Inst. PhysLttice Defects in Semi-
that interacts with boron. The most likely candidate for such conducters (London-—Bristol, 1575

a defect is the free intrinsic interstitial silicon atdinwhich  Translated by Frank J. Crowne
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indent O pt Local irradiation op-Si andn-Si followed by measurement of the bulk photovoltage
along the sample is used to show that the Coulomb interaction energy between unlike
charged components of Frenkel pairs is negligible compared to energies imparted to a silicon
atom whenn-Si is irradiated with electrons having energies of 6—8 MeV. It is asserted

that whenn-Si is irradiated by 8-MeV electrons, the cascade mechanism for defect formation
prevails over the diffusion mechanism. €999 American Institute of Physics.
[S1063-782629)00708-3

Decisive roles are played in the appearance, stabilizaof the photovoltageU,, increases with dose whem and
tion, and reconstruction of defects by the initial interactionp-type silicon samples are irradiated by electrons with vari-
events involving fast particle@fter which primary radiation ous energies. It is clear from this figufeurves1—3) that an
defects remain, i.e., Frenkel pairs that have avoided annihiexternal electric field applied to a sample8i during the
lation immediately after formationand secondary processes irradiation does not change the value of the bulk photovolt-
in which the interaction of migrating components of Frenkelage. For samples irradiated in the presence of an external
pairs with one another, and also with impurity atoms or ini-electric field =110 V/cm) and in its absenc&E0), the
tial imperfections, give rise to various electrically active curvesU,,=f(®) superimpose on one another for a given
complexes or even regions of bulk chargé.

The most tenable theoretical picture of these events is
one in which irradiation of silicon generates Frenkel pairs, 1073
most of which disappear when their components, i.e., vacan-
cies and interstitial atoms, annihilate with each other imme-
diately after creation, primarily due to Coulomb interaction
forces? This assumption forms the basis for a large body of
contemporary work that explains the various experimental
data, including the data confirming the fact that charged 1073
components of Frenkel pairs in silicon do indeed exist
(unlike-charged components mSi, and like-charged, i.e., >
positive, components ip-Si).>~° 3
In this paper we use local irradiation of a silicon sample
followed by measurement of the bulk-gradient photovoltage 10-*
Upn along the sample to continue our study of the properties
of primary radiation-induced defects. In particular, we seek
to determine the charge states of intrinsic interstitial atoms
and vacancies in silicon crystals, and also to find out how the
phenomenon of annihilation of Frenkel-pair components de-
pends on the energy of incoming electrons and the applica- I

tion of external electric fields during irradiation. This method
was used for the first time in Ref. 5.

In order to conduct these experiments we used single- — L pr T
crystal silicon samples, batch labels BKD-500 and BKEF- 10 p 10°, 10
150, with hole and electron concentrations-e5x 10** and » £

33 : : :

~10"%cm™3, respectively, grown by crucible-free floating- fig. 1. Dependence of the bulk photovoltadg, on irradiation doseb in
zone method. These samples were irradiated with 2, 6, anghmples op-Si (1-3) andn-Si (4- 7) irradiated afT;,, =300 K by electrons
8-MeV electrons at room temperature. The flux density ofwith the following energie€;, , MeV: 1,4,5 —2.2,2,6 —6;3,7 — 8.

electrons in all these experiments was the same:5 All measurements obl ,(®) were made for electric fieldE=0 and ‘110
02em-2.51 Vicm, and no dependencd,(E) was observed4,5— the functions
xX10“cm “-s . ) ] ] ) Upr(®P) for n-Si whenE;,=2.2 MeV, taken from Ref. 5, measured at elec-

The curves plotted in Fig. 1 illustrate how the magnitudetric fields E, V/icm: 4—0; 5-110.

1063-7826/99/33(8)/2/$15.00 845 © 1999 American Institute of Physics
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electron irradiation energy. For samples mtype silicon vacancyV'. Based on our data, we can then assume that
(curves6 and7 in the figure irradiated with 6- and 8-MeV interstitial atoms are also charged positively, and hence
electrons, the situation is analogous to thapdfpe silicon, nearby Frenkel pairs decay into their components immedi-
i.e., an external electric field has no effect on the functionately after appearance. Therefore, it is logice¢ claim that
Upn=Tf(®P). Contrast this with the work of Milevskiand  Frenkel pairs created ip-type silicon irradiated with fast
Garnik? who reported that when a certain voltage is appliedelectrons separate even at very low temperatures, and that
across the sample while it is being irradiated with 2.2-MeVintrinsic interstitial atoms and vacancies interact with
electrons, the resulting electric field shifts the position of theimpurities®
maximum ofU ;= f(®) towards lower dose&ee the figure, When samples of eithgs- or n-type silicon are irradi-
curves4 and5). ated by electrons with energies of 6—8 MeV, the presence or
It is well known that the value of the bulk photovoltage absence of an external electric field within them during the
is directly proportional to the resistivity gradient and the mi-irradiation has no observable effect on the valud&Jgf. To
nority current carrier lifetimer, but in fact the magnitude of explain this fact, we note that when silicon crystals are irra-
U,n is mainly determined by the resistivity gradient becausediated by electrons with these energies, the distance between
7 is only a weak function of the irradiation dode(Ref. 10. Frenkel-pair components is large. Despite the fact that these
Consequently, any increase in the magnitudé)gf is con-  components are oppositely chargeditype silicon crystals,
nected with increases in the resistivity gradient, which inthe Coulomb interaction forces between them immediately
turn increases with decreasing free carrier concentration iafter the appearance is insignificant. Vacancies and intersti-
the irradiated portion of the sample due to formation of sectial atoms have a higher probability of interacting with im-
ondary radiation-induced defects. Starting from this informa-{urity atoms than they do of annihilating each other imme-
tion and the prevailing viewpoint regarding the creation ofdiately after appearance, and if they annihilate, they do so
primary radiation-induced defects, we explain the data wevia annihilation centerslt is notable that for the same irra-
obtained from experiment as follows: when silicon is irradi- diation dose, electrons with energies 6—8 MeV lead to values
ated by fast electrons with various energies, primaryof U, that are an order of magnitude higher than electrons at
defects—Frenkel pairs—are created with differing separatioenergies~2 MeV. Consequently, the functiod ,,=f(®)
distances between their components, depending on hoshifts towards lower irradiation doses for both types of sili-
much the energy transferred to an atom by elastic collisionson.
with the incoming particles exceeds the threshold energy for It is known that the electron enerdy;,,=9 MeV is a
the formation of primary defects. In this case, as noted byhreshold above which regions of disorder can appear in
Corbett in Ref. 4, immediately after their formation the com-silicon!! Consequently, we anticipate that when silicon crys-
ponents of Frenkel pairs in crystals@type silicon are both tals are irradiated by 8-MeV electrons, the cascade mecha-
charged positively, while im-type silicon their signs are nism for defect formation prevails over the diffusion mecha-
opposite—vacancies are charged negatively, while interstinism. This also explains why plots of the functidm,,
tial atoms are charged positively. =f(®) are found to shift toward lower doses with increasing
When the energy of the incoming electrons-ig MeV, irradiation energy.
the probability of forming nearby Frenkel pairs is larger than
the probability of forming free vacancies and interstitial at- *V. S. Vavilov, The Effect of Light on Semiconductdisauka, Moscow,
oms, i.e., separated Frenkel pairs. ,1963. _ _ _ _ _
The subsequent fate of “nearby” Frenkel pairs— spon- Phy5|ca_1l _Processes in Irradiated Semiconducterited by L. S. Smirnov
(Novosibirsk, 1977.
taneous recombination, dissociation into free vacancies andy. v. Emtsev and T. V. Mashovetimpurities and Point Defects in Semi-
interstitial atoms, or persistence in the form of metastable‘lcos\cliugtors(l:lte:;kg, QAOS(E)%N' t19&18 Conductaor .
peirs—depends on the charge states of the components of thd ' Cobeleriaten Sieci b semeonduesearon L
Frenkel pair and the conditions of the experiment, in particu- (1979 [sov. Phys. Semicond:3 801 (1979)].
lar, the presence or absence of an external electric field in thév. v. Emtsev, T. V. Mashovets, and E. Kh. Nazaryan, Fiz. Tekh. Polu-
sample at the time it is irradiated. provodn.16, 687 (1982 [Sov. Phys. Semicond.6, 440(1982].

: : : 7Z. V. Bashelgshvili, T. L. Bzhalava, T. A. Pagava, and V. V. Sanadze,
For all the energies used in our experiments, the pres Repts. Acad. Sci. of the Georgian S3R62), 297 (1984).

ence of an external e|eCtri_C field patype silicon sgmple_s did  sp F Lugakov and V. V. Luk'yanitsa, Fiz. Tekh. Poluprovod, 345
not influence the generation of secondary radiation-induced (1984 [Sov. Phys. Semicond.8, 215(1984].
defects(i.e_’ Uph was unaffected by the presence of an exter- °P. F. Lugakov and V. V. Luk’yanitsa, Electrical Engineering Ser. 6, No. 2,

e SRS 7 p.38(1982.
”f"" .electnc field in the, sample_durlng irradiatjorfror irra 107, v. Bashelgshvili, V. S. Garnyk, V. S. Gorin, and T. A. Pagava, Fiz.
diation by electrons with energies on the order-62 MeV, Tekh. Poluprovodnl8, 1714 (1984 [Sov. Phys. Semicondl8, 1074

this behavior is consistent with vacancies and interstitial at- (1984].

oms that are both charged positively after generation. It isllG. M. Ivanov and N. N. SirotaRadiative Defects in Semiconductors
knowr? that the stable charge statespirsilicon are the de- (Minsk, 1973, p. 56.

fectsV** and VP resulting from the decay of the unstable Translated by Frannk J. Crowne
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The effect of fast neutrons, having the full spectrum of neutrons from a reactor, on the formation
and annealing of radiation defects and on the nuclear-transmutation doping of InSb single
crystals is determined. The character of the change produced in the electrical properties of the
material by irradiation and subsequent heat-treatments is determine@i99@ American

Institute of Physics[S1063-78269)00808-X|

The radiation defectéRDs) in indium antimonide have density ¢;=7x10'*cm™?-s7 1. The irradiation time was
now been studied extensively. The effect of various types othosen so that the fast-neutron flu%{ ranged from 1.8
radiation — electron$; 2 ions*®° protons® and neutrons® % 1016 t0 1.26x 10®cm 2. The use of 1-mm-thick Cd con-

— on the properties of InSb has been studied. It has beeginers prevented nuclear-transmutation doping due to reac-
shown that room-temperature irradiation with low-energytions occurring on thermal neutrons. The contribution of the
(E<5MeV) electrons produces in the material predomi-resonant neutronsE(=1.46 eV, 0=2.2x 10* b) to nuclear-
nantly simple radiation defects in the indium lattice and com-transmutation dopiri'é was eliminated by grinding off at
plexes of such defects with oxygen atoné,(centers with a  |east 50um-thick layer from both sides of the irradiated
level E.—0.05 V) that are acceptors and leachtep con-  sample. In connection with the high induced radioactivity,
version, while irradiation with neutrons, protons, ions, andbefore work commenced the irradiated samples were held in
high-energy electrons produces more complicated radiatiogpecial containers for periods ranging from 3—4 to 10-12
defects — so-called disordered regidbsRs) and clusters of months, depending on the neutron flux. The electrical param-
defects with an average radius 150—200 A which give rise teters were measured by the van-der-Pau method at liquid-
p—n conversion. nitrogen temperature.

Complex RDs continue to be annealed up to the melting  The densityn and mobility . of charge carriers in the
point, and they therefore have a strong effect on the electrinSb samples as a function of the fast-neutron flux are pre-
cal, optical, and structural properties of the material, as welsented in Fig. Zcurvesl’, 1). It is evident that for neutron
as on the operational parameters of devices and parts basfigx 1.8x 10'°cm 2 p—n conversion has already occurred
on it. For this reason it is important to study the mechanismsn the InSb samples, and as the flux continues to icnrease, the
leading to the formation and annealing of RDs in InSb, escarrier density increases linearly and the carrier mobility de-
pecially for the practical implementation of the possible ad-creases linearly for all experimental samples, irrespective of
vantages of nuclear-transmutation doping material. In thishe initial type of conductivity.
connection, our objective in the present work is to determine  This picture differs from some of the published data ob-
the effect of fast neutrons with a reactor spectrum on theained as a result of bombardment by neutrons with a differ-
formation of radiation defects and the nuclear-transmutatioent spectral composition or with initia-InSb samples with
doping of InSb single crystals, as well as to establish thea high charge-carrier densitp 10cm2), where for low
character of the change produced in the electrical propertiaseutron flux <10**cm™?) the charge-carrier density was
of materials by irradiation and subsequent heat-treatments.observed to decrease with increasing flux.

The starting materials consisted 6f40—mm-diam, n- To determine the radiation processes occurring in InSh
and p-type InSb single crystals Czochralski grown in the under irradiation and subsequent heat-treatments we per-
[211] direction and doped with Sn and Zn, respectively, toformed isochronous annealing of irradiated samples for 20
different densities. The properties of the startin samples armin in the temperature range 20-450°C. Curves of the
presented in Table I. charge-carrier density and mobility versus the annealing tem-

Irradiation was conducted in Cd containers at temperaperature in InSb samples irradiated with different fast-
tures no higher than 70°C in the vertical channels of aneutron fluxes are shown in Figs. 2 and 3, respectively. It is
VVR-ts nuclear reactor. The samples 3(sge Table)lwere  evident that the charge-carrier density and mobility increase
irradiated in a core channel with fast-neutronE ( with the annealing temperature. This testifies that the anneal-
>0.1MeV) flux densityp;=5x10"%cm 2.-s 1; all other ing of the radiation defects introduced by irradiation is effec-
samples were irradiated in a peripheral channel with fluxive. Even though the RDs anneal in the entire experimental

1063-7826/99/33(8)/3/$15.00 847 © 1999 American Institute of Physics



848 Semiconductors 33 (8), August 1999 Kolin et al.

TABLE I.
Electrical parameters
Initial values of the after iradiation and annealing at
electrical parameters 400-450°C
Initial Type of Fast neutron flux,
Sample No. n, 108 cm3 w, 10 cm?/(V-s) Dopant conductivity F¢, 10cm 2 n, 10%cm3 w, 10* c?/(V-s)
1 8.72 6.12 Sn n 5.00 1.00 5.60
2 8.72 6.12 Sn n 25.00 4.00 3.40
3 31.00 4.70 Sn n 1.80 0.50-0.60 15.00
4 31.00 4.70 Sn n 12.60 3.00 7.30
5 31.00 4.70 Sn n 126.00 50.06-60.00 1.30
6 40.00 5.00 Sn n 5.00 1.00 6.00
7 40.00 5.00 Sn n 25.00 6.00 5.50
8 5.50 0.01 Zn p 5.00 1.20 4.90
9 5.50 0.01 Zn p 25.00 5.00 8.70

temperature range, two main stages of annealing of radiatiofor irradiation under our conditions a definite density of im-
defects can be distinguished: first stage — 100—200 °C angdurities as products of nuclear reactions on intermediate neu-
second stage — 250—-350 °C. The annealing temperature de&ens is introduced into InSb. The number of such neutrons
pendences aofi and . are of the same character for different in the total flux depends on the type of reactor, the location
neutron fluxes. It should be noted that, just as in GE¥Ake  of the channel, and the apparatus used for irradiation.
temperature at which restoration @fcommences decreases Chemical-spectral analysis showed that after heat-
with increasing neutron flux. treatment the samples contained a stable tin donor impurity,
The substantialby one or two orders of magnitufde whose concentration depends linearly on the neutron flux.
changes inn and p after heat-treatment of the irradiated The dependence of the onset temperature of the restoration
samples shows that the RDs introduced during irradiatiorof u is apparently determined by the different density of the
make a large contribution. It is knoWn® that RDs in  impurity introduced into the material. Generalization of our
neutron-irradiated InSb are annealed in our temperaturexperimental results allows us to use the empirical formula
range, but in our case the charge-carrier densities and mde describe the dependence of the charge-carrier density in
bilities after annealing at 300—400 °C are not restored, buthe InSb samples, irradiated in Cd containers and then an-
rather they saturate at a level that depends linearly on theealed, on the fast-neutron flux:
neutron flux(Fig. 1, curve®’ and2’). The latter testifies that

n(cd)%O.Z:f .
5
70 7018 -
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- o,
5 7L
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FIG. 1. Density , curvesl’—3") and mobility (u, curvesl”, 2") of charge 70" ) ! ! !
carriers in the InSb samples, presented in Table I, as a function of the fast 0 100 200 300 400
neutron flux(the initial values ofn and n are indicated on the axesThe 7, °C
symbol numbers for the experimental points correspond to the sample num-
bers in Table I. The following curves were measuréd:1” — after irra- FIG. 2. Charge carrier densityversus the isochronous annealing tempera-
diation; 2’, 2" — after irradiation and heat-treatment Bt=400—450 °C; ture for InSb sample8-5, presented in Table |, after irradiation with fast

3’ — after irradiation with the full neutron spectrum of the readioo Cd neutron fluxF,, 10cm™2: 1 —1.8,2— 12.6,3 — 126. The initial values
screensand heat-treatment. of n are indicated on the axes.
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5 tor, so that the electrical parameters of the irradiated material
I are determined mainly by the density of the impurign)
introduced, elimination of the effect due to thermal and reso-
nant neutrons makes it possible to study more deeply the
kinetics of the formation and annealing of RDs in a wide
10°F range of flux.

B 2. Under irradiation with the full neutron spectrum of the

i reactor the contribution of intermediate neutrons to the total
- level of nuclear-transmutation doping in each specific case
A depends on the ratio of the thermal and fast neutron flux
densities and reaches 5-10% for the VVR-ts reactor.
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Avalanche light-emitting diodes operating at room temperature based on single-crystal
Si:Ho:O
N. A. Sobolev,* A. M. Emel'yanov, and Yu. A. Nikolaev**

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted April 13, 1999; accepted for publication April 15, 1999
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Electroluminescence of H6 ions has been observed for the first time in diode structures based
on single-crystal silicon doped with holmium and oxygen. The product of the effective
cross-section for excitation of H6 ions and the lifetime of the first excited state was determined
under avalanche breakdown conditions. 1899 American Institute of Physics.
[S1063-782629)00908-4

INTRODUCTION recording the EL, but were scaled in such a way that the EL

jntensity atha =1.6um measured in relative units coincided

We report the first observations of photoluminescencx% . ; o
(PL) and injection electroluminescencEL) in a semicon- or the different photodetectors. A selective amplifier was
used to record the photodetector current.

ductor containing H" ions. In our experiments, direct cur-
rent was passed throughpa- n-junction in a structure based
on Si:Ho: O at temperatures 4.2—150"KElectronic tran-
sitions within the inner #shell of a H3™ ion from the first Figure 1 shows the reverse branch of the I-V character-
excited stat€l ;) to the ground stat€lg) give rise to a line istics of one of the diode structures at two temperatures.
in the luminescence spectrum whose wavelength is close tPhe room-temperature breakdown voltage, obtained by ex-
A=2pum. For both the PL and injection EL spectra in trapolating the linear portion to zero current, amounted to
Si:Ho:O, the peak intensity was recorded\at1.96um.  ~8 V. The breakdown voltage was observed to decrease
In this paper we describe the first observations and studies @fith decreasing temperature. This value of the breakdown
room-temperature EL of H9 ions in diode structures based voltage, and its temperature dependence indicated that ava-

EXPERIMENTAL RESULTS AND DISCUSSION

on Si:Ho: O in the avalanche breakdown regime. lanche breakdown takes place in this diode structure at
300 K. Figure 2 shows the EL spectrum of this reverse-
EXPERIMENTAL CONDITIONS biased diode at 300 K and a current of 300 mA. In addition

Implantation of holmium iongwith energie€€=2.0 and ~ © light in the wavelength rangk=1.85-2.15um with a
1.6 MeV, in doseD =1x 10"cm2) and oxygen E=0.28 ~ Maximum atn~1.96um, causgzd by rad|at|\ie_tran5|t|(_)n_s of
and 0.22 MeV,D=1x10cm?) into n-type silicon films electrons be_tween_Ie\_/efri;7 and®l g of the HG'" ions split in
with resistivities of 50 - cm oriented in the111) plane re- the crystal field, W|_th|n the range of_ transparency of S|I|_c_on
sults in amorphization of the surface layer. Annealing at’Ve 0Pserve a relatively weak emission caused by transitions
temperature/times of 620 °C/14h900°C/0.5 h leads to re- ©f "Not” electrons within the silicon conduction banto-
crystallization of the amorphous layer via the mechanism mcalled hot” EL).* Passage of a forward-bias current of
solid-phase epitaxy and the formation of holmium- 300 mA at 300 K through the structure generated no EL.
containing, optically and electrically active, donor-like cen-
ters in then™-layer. Thep™*—n™ structures are created by
implantation with boron ions E=40 keV, D=5x10% 500 |
cm™2). Defects that form during boron implantation disap-
pear after annealing in the regime 900°C/0.5h. Contacts 400 - 80K 300 K
were made by deposition of aluminum. The mesa diodes had
working areas of 5.3 mfn Electroluminescence was excited
by rectangular current pulses with duration 8 ms at a fre-
quency of 32 Hz. Emission from the diode structures was
focused by a lens system on the input gap of an MDR-23
monochromator. Light at the output of the monochromator 100 -
was recorded by an InGaAs photodetectoovering the
wavelength rangex=1.0—1.6um with 7-nm resolutioh 0 . . . .
and a PbS photodetect¢rovering the wavelength range 2 4 6 &8 M0 12 A4
=1.6—2.4um with 14-nm resolution Measurements of the Voltage, V
EL spectrum made with the PbS photodetector were not COli. 1. Reverse branches of diode 1-V characteristics at temperatures 300
rected for the spectral sensitivity functions of the devicesK and 80 K.

300 |

Current, mA

200
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structure at 300 K. According to Ref. 4, when the collision
mechanism drives the excitation of the rare-earth element
ions, the dependence of the EL intensity,() on current
density () is given by the expression

lel NE¥= (orjlq)(oTjlq+1), (1)

where | f? is the maximum EL intensityq is the electron
charge, 7 is the lifetime of H3" ions in the first excited
state, andr is the effective cross section for excitation of EL

in holmium ions. Curvel in Fig. 3 best approximates the
experimental results whemr~1.5x 10" *°cn?-s. For com-
parison we note that in avalanche diode structures based on
Si:Er:0O the value ofor for EL of EF' ions at
A=1.54um and 300 K comes to 8:710 *°cn?- s (Ref. 5,

FIG. 2. Electroluminescend&L) spectra of a reverse-biased diode at 300K i.e., it is smaller by a factor of~1.7.

and 300 mA.

These results lead us to suggest that the mechanism for ex-
citing EL from the holmium ions is collisions with these hot

carriers.

In Fig. 3 we plot the holmium EL intensity ak
=1.96um and the hot EL intensity at=1.75um versus

CONCLUSION

In summary, diode structures based on Si:Ho: O, oper-
ating in the avalanche breakdown regime at room tempera-
ture, were found to emit hot EL and EL in the wavelength
range A~1.85-2.15um with a peak at\~1.96um as a
result of transitions of Hb" ions from the first excited state

the density of reverse current passing through the diOd?o the ground state. The value @f for holmium EL in these

EL Intensity, abr. units

FIG. 3. Plots of the electroluniescen¢EL) intensity of holmium(1) at
A=1.96 um and light from the same diode ®1.75 um (2) versus current

density.

Current density, Alem’

structures was 110 *°cn?-s.
This work was supported in part by the Russian Fund for
Fundamental Resear¢Brant 99-02-17750
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SEMICONDUCTOR STRUCTURES, INTERFACES AND SURFACES

Conductivity of the insulating  (oxide ) layer on the surface of a semiconductor caused
by electron-ion interaction at the insulator-semiconductor boundary

E. I. Goldman, A. G. Zhdan, and G. V. Chucheva

Institute of Radioengineering and Electronics, Russian Academy of Sciences, 141120 Fryazino, Russia
(Submitted January 12, 1998; accepted for publication December 8) 1998
Fiz. Tekh. Poluprovodr33, 933—939(August 1999

The creation of neutral electron-ion complexes at the boundary between the semiconductor and
its surface insulating layer, the diffusion of these complexes, and their decay in the bulk

of the insulator are discussed. An ion that appears after the decay of one of these complexes either
returns to the semiconductor-insulat&l) boundary or drifts toward the opposite electrode

under the action of the electric field in the insulator layer, depending on the direction of this field.
In the first case, a peculiar ion circulation takes place at the surface of the semiconductor
within a layer whose thickness is of the same order of magnitude as the diffusion length for
electron-ion complexes. This circulation manifests itself in the form of a stationary current
through the insulator that depends only slightly on the electric field. In the second case, the
transient ion current acquires a component that is independent of the magnitude of the

electric field; this component is attributable to the diffusion and decay of the complexes. These
effects are observed in insulating layers on silicon MOS structures19€9 American

Institute of Physicg.S1063-782809)01004-3

The influence of ions, which are present in the insulatingby the ion and its insulating environment, are now possible.
layer that covers most semiconductors, on the electricahs a result, neutral electron-ion complex&C) form in the
properties of the semiconductor-insulator boundaryg., its  insulator. The existence of these complexes requires a new
spectrum of localized electronic states, carrier scattering abibpicture of the ion transport mechanism in the insulator.
ity, etc) is now receiving considerable attention as a topic ofWhen a complex diffuses into the insulator interior, it can
investigation:~®In contrast, there has been almost no discusthermally decay into an ion and an electiine latter departs
sion in the literature of the opposite side of the electron-iorfor the corresponding electrode in a time that is nearly in-
interaction, i.e., how semiconductor electrons affect the iorstantaneous compared to the characteristic ion transport
subsystem in the insulator, in particular, ion migration. Dia-time). Under the action of an electric field, depending on the
metrically opposing opinions have been expres@deast direction of the latter, the newly-formed ion will either return
with regard to the Si/Si@boundary about the possibility of to the boundaryfor a polarizing voltagg or depart for the
an ion being neutralized when it captures an electron fron®pposite contadffor a depolarizing voltage In the first case
the semiconductor in the capture center it creates along witfFig. 18, a peculiar nonattenuating circulation of ions occurs
its insulator environment. In Refs. 9 and 10, Hino, Ya-at the semiconductor surface within a layer whose thickness
mashita, and DiMaria asserted that neutralization does takis of the same order of magnitude as the diffusion length for
place, while in Refs. 3, 11, and 12 Nicollian, Chou, andthe complexesX). This causes a stationary current to flow
Vertoprakhov claim it does not. Resolution of these two op-through the insulator, which is a weak function of electric
posing claims can only come from direct observation of feafield. In the second cag&ig. 1b), the transient ion current is
tures in the electrical conductivity of the insulating layer augmented by a component determined by diffusion and de-
arising from the neutralization effect. cay of complexes, which is also independent of electric field.

In this paper we look for possible evidence of electron-  Let us consider the quantitative consequences of this
ion interactions at the insulator-semiconductor boundary irmodel. Letz=0 be the coordinate of the boundary; the re-
the ionic conductivity of the insulating layer of an MOS gion z<0 consists of semiconductor, while the regior0
structure. We assume that mobile ions are present in thi insulator(Fig. 1). Let us denote the bulk concentrations of
insulator, with an elementary positive charge for definite-ions and complexes in the insulator BlyandM. The system
ness. At sufficiently high temperatures, polarizing figlais-  of equations that describes electron transport in the insulator
pearing when the potential of the field electrodg>0) has the form
gives rise to a quasi-two-dimensional layer of free ions at the
boundary. In principle, tunneling transitions, in which an
electron tunnels from the surface accumulatianversion ‘9_ D—+—4——— =0 (1)
layer of the semiconductor to a localized stétap) created ot 9z2 T T T

1063-7826/99/33(8)/6/$15.00 852 © 1999 American Institute of Physics
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Boundary conditions for the system of equatighsand
(2) are: atz=0, j=0, and D(dM/dz)=0 (the absence
of mass transport through the boundargt z=o we have
M=0 andN=0.

Let us consider the steady-state distribution of ions and
complexes at the boundary in a polarizing fi€ld 0, which
compresses the ions against the boundgig. 13. Assum-
ing that the diffusion lengthh = (D 7)2> §, taking into ac-
count the boundary conditions, we obtain the following ex-
pressions from Eqgl) and(2):

#M M Mo N

FIG. 1. Band diagrams that illustrate the transport of electrons, ions, and (922 )\2 DTi(Z) DTn(Z)

neutral complexes in an insulator at the boundary with a semiconductor for

polarizing(a) and depolarizingb) voltages:z<0 is semiconductoz>0 is oM oN IM

insulator, andE, is the bottom of the conduction band of the semiconductor. j—qD—=quN&—uT——-gqD—=0, 4

The arrows parallel to the bottom of the conduction band of the insulator Iz Iz Iz

indicate the direction of spatial drift of charges and complexes. The hori- . . .

zontal arrows correspond to the direction of tunneling transitions for elecWhereMo=M |,-0- Equation(4) (i.e., the total particle cur-

trons: a—from the semiconductor to the insulatior this case the reverse rent, including ions and complexes, equals zéso0also, in

transition, in which electrons tunnel from a complex to the semiconductorfact, the condition for the circulation of ions at the boundary

also occurs. This is npt shown in the f|gyrb—from the insulator(with ' (Z=O). The repIacemerM—>Mo in the third term of Eq(3)

complexes to the semiconductor. The vertical curves show the conversion'™  ~7° o

of ions to complexes and complexes to ions. is justified by the smallness of the decreasd/invithin the
characteristic length over which(z) changes. The solution

to Eq. (3) has the form

=0, ()

Mo N

N 19f M M N _
7(21)  7n(Z1)

—t——=——- —+—=0 2 M=m(ez“+e‘z“)+Lfz
gt gz T T T, 2 2D Jo

Heret is time, D is the diffusion coefficient of the com- X[z — gz~ gz, | (5)
plexes, 7 is the characteristic time for decay of a complex
connected with the transition of the electron to the conduc
tion band of the insulatorz;(z) is the characteristic ioniza-

From Eq.(5) and the conditiorM|,_..=0 we find the rela-
tion betweenM, andN:

tion time of a complex located a distanzéom the bound- N (> e I N N (= e 2N

ary (z=0) due to escape of its electron into the SJ WdFMo 1+ EJO ﬁdz : (6)
semiconductorr,(z) is the characteristic time for neutraliza- " '

tion of an ion located a distance from the boundary or approximately, becausg<a,

(z=0) due to arrival of an electron from the semiconductor, _ “n

g is the elementary charge, is the ion current density M=Moe %, (58
j=guNE—uTIN/dz, w is the mobility of the ions¢ is the " N (=

electric field in the insulator, and@ is the temperature in —f N7, Y(z)dz=M, 1+—f 7 Y(z)dz|. (6a)
energy units. The probabilities of ionizatiefi *(z) and neu- DJo DJo

tralization 7, *(2) fall off abruptly with increasing. This is The profile of the distribution of ion concentration in

due to the assumed tunneling nature of electron transitiongyfficiently strong fields |£|>4mqNs/x  (where N
from the semiconductor to a positive ion and from a complex= (*Ndzis the surface density of ions ardis the dielectric

to the semiconductor, and, e.g., the shift in electronic levelgermittivity of the insulatoris determined from Eqs4) and
due to hybridization of the wave functions of localizedr-  (54).

tual) states with the wave functions of the allowed band of
the semiconductor. Under conditions where the tunneling ef-
fect predominates, good approximations fqQfz) and 7;(z)

are the exponential functions,(z) = o exp@ ) and 7;(2)

= 1,0 €XpEJ); the characteristic distancé is the effective
tunneling length. The ratio of pre-exponential factors is
Tno! Tio= €XPAAE/T), whereAE is the distance from an elec-
tronic level of the complex to the Fermi level at the boundary N S T o Dno A
(z=0). It thus follows that control of the degree of neutral- M (KJF W)( ) m
ization of ions at the boundary is possible by varying the 0
position of the Fermi level at the phase boundary. Of courseThus, nearly all the ions are neutralizetl&Mg\) in

if the energy level of an electron in a complex is locatedstrong polarizing fields if the decay time of a complexs
sufficiently high above the bottom of the semiconductor con-much longer than the time of flight of an ion over a diffusion
duction band, neutralization is impossible. length\/u|&] and the neutralization time,y, and the ratio

qDM, [efz/)\_efq\s\z/T]
LT (qlENT-1)
From this we haveNg=(NoT/q|&]) + (DMq/u|&]) . Using

Eqg. (58, we find the ratio of surface densities of free ions
and ions bound at the complex:

)

N= Noe_qu/T'f'

o N8 ®
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of the ionization probability to neutralization probability Now lett>t, ; in the layer (0z,) the complexes have

Tno! Tip tUrns out to be considerably smaller thahs. already decayed, while fa>z, their diffusion takes place
The current density through the insulator is determinednore rapidly than their ionization via escape of their elec-

by the rate of bulk generation of electrons as the complexesons into the semiconductor. The transient process is deter-

decay: mined by diffusion of complexes through the insulator under
AMo) the conditionleZ:Z* =0 and their decay in the bulk with a
J= 0 ; (9 characteristic timer. Within the framework of this standard
T

diffusion problem, the expression for the transient current
if Ng<Mg\, then MoA=A/is the total surface density of has the form
particles(ions and complexesand J=qM\/ 7.

Let us now consider the transient process of ion trans- qM JD
port after switching from a polarizing field to a depolarizing J=—"T—e", M,=Mepe =", (13
field (€>0, Fig. 1h. We assume that the drift time of the Vit

ions through the insulating layerg=h/u& (whereh is the
thickness of the dielectric layeis considerably smaller than where M, is the initial concentration of complexes in the
the decay time for a complexand the ionization time;(\) planez=z, . In Eq.(13) we have already taken into account
at a distance on the order of the diffusion lengtmeasured the fact that within the time period (Q,) the concentration
from the SI boundary. Fot>r4 we then can ignore the of complexes decreases by a factor of ¢xpf) due to their
termsdN/dt andN/ 7, in Egs. (1) and(2). decay in the bulk. We note that in this regime>{, ) the
The current density through the insulator is determinedcomplexes diffuse from the insulator bulk to the boundary, in
by the flux of ions at distanceg>\, i.e., J=j|,-= contrast to the steady-state situation considered previously,
=q[oM(l/7+1/m)dz see Eq.(2). Let us introduce the Where the current is determined by diffusion of complexes
time t, at which the decay time for a complex located atfrom the boundary into the bulk of the dielectric.
z=1z, equals the diffusion time of the complex over a dis- These features of the electrical conductivity of the insu-

tancez, , t,'=7 (z,)+ 7 '=(z2/D) 1. Fort<t, (but lator associated with the formation of clusters were observed,
for t>r74, of course diffusion of the complexes can be as predicted, in insulating layers at the Si/Sibundary.
ignored, and the solution of E@l) has the form The experiments were carried out on MOS structures based
A et (2)+ 1] on n-Si(100 using a field electrodgfAl) with an area
M=M;(z)e” ™" ’ S=2.4x10 %cn?. An insulating layer with thickness

whereM;(z) is the initial distribution of complexes. Assum- h=1700A was created by thermal oxidation in dry oxygen
ing in accordance with Eq5a) that M;(z)=Mgexp(-z\),  at 1100°C. At 300 K, the concentration of electronsisi
we obtain an expression for the transient current densitgomes to 1&cm . Immobile ions are not introduced inten-

through the insulator: tionally into the SiQ layer; for these investigations samples
were selected with negative values of the flat-band potential
J=q f”MOe—z/x LJF 1 e tUn@+17 g, (10 |Vip|= 1V. Details of the measurement technique and meth-
0 (2) T ods can be found in Refs. 14 and 15. The most obvious

consequences of ion neutralization and formation of com-

Equatlon(lp) ISI tytplca_l of reilatlons_::adt_ descr_|be t;atr;]smlr}t plexes implied in the analysis given above are the following:
PTOCESSES In €lectronic systems wi ISpersion of e 1itey, o presence of a steady-state ion current in polarizing volt-
times. Under conditions where the decay time of a comple

varies with coordinate much more rapidly than the initial )éges given by Eq9), hyperbolic kinetics for the attenuation

orofile Mi(2) for the complexes, i.e.ld In(Lir+ 1/r)/42] of the depolarizing currentin the regime of isothermal re-

. ) laxation, and the latter’'s independence of electric field, i.e.,
>0 InM;(2)/d2,Y it follows from the theory of relaxation Eq (12? P

spectroscopy for systems with distributed lifetirfiethat Identification of a stationary current under conditions

aMeé where the time-dependent ionic polarization of the oxide ap-
~ T e m" (11) proaches its final stages extremely slotlgives rise to cer-
tain difficulties: it is unclear which current the measurement
Herezy, is the coordinate that separates the region where thgevice is recording—the steady-state or extremely slow re-
complexes have already disappeared due to ionization (jaxation current. This problem was solved by the method of
<z, from the region where decay of the complexes has nothermal-modulation measurements. After being polarized at
yet occurred £>z,). The value ofz, is determined from 3 preset temperature of 423 K, the sample was first cooled
the condition t[7; *(zy)+7 *]=1, from which z, down to a temperature at which the current became unre-
= oIn[tr(r—1)7ol; §= [ 1+ 7i(zy)/ 7] is the effective thick-  cordable, and then heated back to the original temperature.
ness of the transition layer from the region in whikl(z)  Regardless of how the temperature varies, under steady-state
=0 to the region in whichM =M;(z). When condition  conditions the values of current at identical temperat(ires
t<r is satisfied, i.e.7i(zy) <7, Eq. (11) simplifies: cluding the original temperatureshould coincide for arbi-
trarily large numbers of cooling-heating cycles. These asser-
_ (12) tions are superbly reproduced in the experiment: current
1o levels at the same temperatures coincide. Their activation

J

J= qMo5Ti5(;)\
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FIG. 2. Quasistatic C—V characteristics of a silicon MOS structure at 300 K
before (1) and after(2) polarization. Regime of polarization: temperature
400 K, voltage+3 V, time 3 min. The linear sweep rate of the voltaggis
0.025 V/s. The inset shows |-V characteristics for the steady-state ion cur-
rent. Polarizaton regime: temperature 423 K, time 30 min.
_72 -
energyE ., determined from data taken during nine succes-
sive measurement cycles, comes to #0903 eV.
The qualitative changes in the shape of the quasistatic 7 ['7 ; 2 3'

capacitance-voltageCV) characteristic that appear after the log ¢
sample is polarized constitute direct evidence of neutraliza-
tion of ions at the SiQ/ Si boundary. It is clear from Fig. 2 FIG. 3. Kinetics of relaxation of the depolarization current at a temperature

iotin ie cimnifi f 333 K. Depolarization voltagg/y|, V: 1 — 0.77;2 — 1.56;3 — 3.12;
that the CV characteristic is significantly broadened aftelz_ 4.85:5 15.9. Polarization regime: temperature 423 K. voltageV.

transport of the ions to the interphase boundary, and thfr'me 5 min. The initial density of ions at the Sif3i boundary/\=10"?
minimum value of the MOS structure capacitance increasesm 2 (obtained by integrating the depolarization current according to the
significanﬂy_ Most of this broadening of the CV characteris-method of Refs. 14 and 15The initial falloff of the current, which is
tic takes place at voltages for which the silicon surface is stilfgnificant for the relaxation curves whéf,= —0.77 and =156 V, is
. . 9) . .. caused by differentiation of the step in the depolarizing voltage by the
in accumulatior?) This is characteristic of MOS Structures ;oo metric capacitance of the sample.
with localized states at the boundary that are distributeéllJ
within a range of energies concentrated above the Fermi
level of the semiconductor under flat-band conditions. An
estimate of the total number of these states based on thdata, that V=1x10%2cm 2, we find 7= 7, expE./T)
usual method of processing CV characterisficgives a  =3.6x10°s. Using the valu&,=1.19+0.03 eV determined
value ~1.1x 10 cm™2. The closeness of this value to the previously, we obtairry=(1.7—8.7)x 10 !s.
total density of ions X 10t cm™2 (for this trial) indicates a We now turn to analyzing the experimental data derived
high degree of neutralization of the ions. We note that thisrom isothermal relaxation. As before, the samples were po-
electronic charge cannot be localized in wells of the fluctudarized at 423 K. The direction of the field was then switched
ating potential caused by ions, since at 300 K the amplitudeand the time dependence of the depolarizing current was
of this potential is<T. measured for various values of the potential on the field elec-
From the theory we have developed it follows that as therode V, (V4<0). A typical family of these depolarizing
polarizing field increases, the degree of neutralization of iongurves is shown for a temperature of 333 K in Fig. 3. Two
increases as well—see E@®). Therefore, the dc |-V char- features attract our attention.
acteristics of an MOS structure in the polarization regime 1. At the initial stage of the relaxation we observe a
should have the shape of a curve with saturation. The expertypical time-drift effectt” '8 The dependence of the drift time
mental datasee the inset in Fig.)Zompletely confirm this  of the ions7q (points where the transient characteristics are
assertion. The sublinear nature of the current’s field depermaxima on V, follows the classical Iav\a-gl~vg (Fig. 4.
dence excludes the possibility of interpreting it as an electroWhen the mobility of the ions found from the relation
leakage current, for which exponential dependences on voli=h/(74€) is plotted as a function of temperature, it follows
age are typical consequences of most field transpotthe Arrhenius law with activation enerdy,=0.8 eV (Fig.
mechanisms—Frenkel, tunneling, éfc. 5). The pre-exponential factor in the expressigre g
Thus, the observed steady-state current should be re<exp(—E,/T), obtained by extrapolating the straight line
garded as resulting from thermal decay of complexes thah Fig. 5 to high temperaturesT(1—0), is uo=72.5
diffuse away from the boundary into the Si®ulk. Assum-  cn?/(V-s). This value allows us to determing(423K)
ing that MoA=A\and, in agreement with the experimental =2.7x10 8 and (453 K)=1x10""cn?/(V-s). These val-
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times. Therefore, the ionic charge that remains at the
7 SiO,/Si boundary after a lapse of 46 (Fig. 3 is deter-
mined by integrating the curve for the thermal-stimulated
depolarization current. The density of free ions is found by
integrating the relaxation curve from tinhe: 0 to the time at
1.0 F which the time-flight and hyperbolic curves merge; the re-
maining area under the relaxation curve beforel®®s is
added to the area under the thermal-stimulated depolarization
curve, which allows us to determine the value\aflt turned
out that in the polarization state the total ion dengify- 1
X 10*2cm™2, of which 8x10'*cm™2 of them are neutral-
ized. Expressed as in percentage ratios, these data agree with
the results of previous estimates based on CV characteristics.
The slope of the straight line Idg— logt in Fig. 3
equals 1.08, i.e.9/\ =0.08 for the initial spatial distribution
i of complexes at 423 K—see E(12); the quantity\ used
here corresponds to the polarization condition. Setting
5=1 A (Ref. 19, we havex=12.5 A. Consequently, the dif-
' L fusion coefficient for complexes at 423 K B=\?/7=4.3
X 10 8cm?- s 1, which is eight orders of magnitude smaller
than the diffusion coefficient for free ior8.
FIG. 4. Dependence of the inverse drift timg® on the depolarizing volt- The comparison W_e h,ave made of theo_ry and experiment
age|V,| (V4<0) according to the data of Fig. 3. has shown good qualitative and quantitative agreement be-
tween the two, which points directly to a fundamental role
for complexes in electrical transport in insulator layers.
ues, like the valu€,=0.8 eV, are in excellent agreement  The picture we have developed here allows us to explain
with the values determined previously by an independenthe anomalously large widtfup to <50 A) of the region of
method!® u(423K)=25x10% and w(453K)=1.1 the spatial localization of ions near the surface in a natural
X10 "cm?/(V-s), uo=85.5cnt/(V-s), and E,=0.8eV. wayl® In fact, after polarization of the MOS structure at a
They also agree with the most reliable literature data fof Na temperatureT in a field £, the characteristic decay length of
ions? the ion density from the boundary into the depth of the in-
2. After the front of free ions has passed, the depolarizsulator isT/q|£|<\. However, cooling the sample shifts the
ing current first decays, while remaining a function of theequilibrium of the ionization/neutralization processes to-
applied voltagev,. Eventually, however, all the relaxation wards an increased role for ionization, since neutralization
curves are asymptotic to a single straight line independeniequires some thermal activation. As a result, the complexes
of Vg, on which the current follows the hyperbolic law  will decay and the ions that form in this case will appear to
I~t~(1*®) a<1, in exact agreement with the theoretical e “frozen” at the positions of their parent complexes,
expressior(12). At a temperature of 333 KFig. 3) we have  which under polarization conditions are distributed at the
7=2.2x10"s and it is impossible to observe an exponentialboundary over a layer whose thickness is on the order of
region of depolarization kinetics corresponding to diffusionseveral\=12.5A, i.e., on the order of 50 A.
and decay of complexdsee Eq.(13)] in the range of real The model we have considered agrees with previously
known observations of a characteristic asymmetry in the po-
larization and depolarization processes in silicon MOS struc-
tures: when other conditions are kept the same, polarization
takes place much more slowly than depolarizatitt:?°In-
—_ creasing the depolarizing field causes the electron concentra-
G tion at the semiconductor surface to fall off; consequently,
= .
Z the rate of decay of complexes with respect to the rate of
S neutralization increases. The position of the Fermi level in
©
<
S

-1

-1
T, s

%
Vg v

?

“0r the metal(gate is fixed; therefore, the equilibrium of the
ionization-neutralization processes at the SiKde boundary
is unaffected by the polarizing electric field.
We should not identify the experimental valug,
=1.19eV we have found, at leastzt 0, with the distance
215 218 3'0 3'2 from the energy level of an electron in a complex to the
’ ’ 3 4 ’ bottom of the insulator conduction baiBig. 1). Since the
0°k/T, K observed degree of neutralization of the ions is quite high,
FIG. 5. Temperature dependence of the ion mobility determined by thdiS distance should be much larger. This fact could be asso-
time-of-flight method. The polarization regime is the same as in Fig. 3.  ciated either with ionization of the complexes in the bulk of

t

-

-
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the insulator due to transitions of electrons to a band of de- We wish to thank N. F. Kukharskaya for a great variety

localized states in the energy gap of S#?2 or with a  of constructive assistance.

strong reconstruction of thévirtual) electronic state local-

ized on the complex at the phase boundary, for example, as a

result of hybridization of its wave function with wave func- "This inequality is satisfied for;p< 7 and §<X\.

tions of allowed bands of the semiconductor. For the IatteF)ThiShCicijUfmstinig does t”0t allow UStiUfﬁCA?ﬁ”F pgcsiouto Ufe th_e Sti”dazd
ethod of Ref. , 1.e., 1o compare the snhiit In C—-V characteristics base!

reason.’ the passage ofa complex from the surface tc_) the bu”gnn the field electrode voltaghvgpcaused by polarization with the magni-

of the insulator can be contingent on the overcoming of a,4e of the ionic chargaN.S (hereAV,=qN.S/Cs,, WhereCsg, is the

certain energy barrier. However, this barrier iS not mani- capacitance of the dielectric layer. ’

fested in the experiment if the limiting step for steady elec-YThe quantityV'is determined from independent measurements by integrat-

trical transport is diffusion and decay of complexes in ing the depolarization current; see Ref. 15.

the insulator bulk rather than their escape from the phase—

boundary.
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Determination of the valence-band offset and its temperature dependence in isotypic
heterojunctions p-Al ,Ga;_,As/p-Al ;Ga;_,As from C—V measurements
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The isotypic heterojunctiong-Al,Ga, _,As/p-Al,Ga yAs, grown by MOVPE om-GaAs

substrates, have been investigated by the voltage—capacitance method at temperatures ranging from
300 to 100 K. To determine the valence-band off§&, and the built-in charge in the

heterojunction, the Poisson equation was solved numerically on a nonuniform coordinate grid.

The incomplete ionization of the acceptors and the different magnitude of the permittivity

in different layers of the heterostructure were taken into account in the calculation. It was found
that for ap-Alg ,Ga, gAs/p-Al sGa sAs heterojunctiomE,, at room temperature is 39%

(113 meVj of the total gapAE, and decreases monotonically to 35%Tat 120 K. © 1999

American Institute of Physic§S1063-78209)01108-4

1. INTRODUCTION The structures were grown by the MOVPE method on
n-GaAs substrate® The sequence of grown layers for one
The ratio of the valence- and conduction-band offsets istrycture is presented in Fig. 1.
a key parameter that controls the operation of modern de- | asymmetricp—n structures the space-charge region
vices based on heterostructures, specifically, laser he{yas 0.19-0.2Qum wide at zero bias. A quantum well was
erodiodes. Despite the large number of publications on thgycated deep inside the depleted region; this is confirmed by
determination of the band offset in heterojunctions based oS measurement&Fig. 2).° As the reverse bias was in-
AlGaAs and InGaAs solid solutionsee Refs. 1-3 and the creased, the boundary of the space-charge zone shifted into
references cited therethe magnitudes and temperature andthe weakly doped regiop-Al 0..Ga gAs and crossed the iso-
composition dependences of the band offsets in these matgpic heterojunctiorp- Al ,Ga, gAs/p-Al Ga sAS.
rials are still not completely clear. As a rule, in most previ- 7o determine the valence-band offsAE, and the
ous publications»—n type heterojunctions were considered, yilt-in chargeNs, in the heterojunction, numerical simula-
and the effect of incomplete ionization of the impurity was tion of theC— V characteristic was performed by solving the
ignored. In addition, the dopant profile near the heterojuncpne-dimensional Poisson equation neglecting the contribu-
tion has a considerable effect on the results of fitting calcution of the minority charge carriers
lations of the energy parameters of the heterojunctions.
The subject of the present investigation is the accurate
determination of band offsets in AlGaAs and InGaAs hetero- d?¢(x) _
structures. To this end, heterojunctions and quantum wells 8O‘SV:e[NA(X)_p(X)] @
with an active region as in laser diode structures and a con-
trollable dopant density, as well as single quantum wells
with a constant dopant density and quantum wells not dopedith boundary conditions on the potentia(x). In the rela-
deliberately were prepared specially. The present paper ison (1) p(x) is the hole density anl, (x) is the density of
part | of a study of the parameters of isotypic heterojunctionghe ionized part of the dopant.
and simulation of theiC—V characteristics. Part Il will be Since band bending near a heterojunction often causes a
devoted to profiling of the impurity near quantum wells andlevel corresponding to the band edge to cross the Fermi
the self-consistent solution of the Sctimger and Poisson level, degeneracy must be taken into account. Moreover, the
equations. possibility of incomplete ionization of the impurity must be
taken into account in the simulation, since in many solid
solutions the depth of the dopant is appreciatalbout 40
meV for zinc in ALGa,_,As’) and impurity centers are not
2. EXPERIMENTAL RESULTS completely ionized even at room temperature. Taking these
circumstances into account, the mobile charge carriers and
We measured th€ —V characteristics of laser hetero- the ionized part of the impurity were calculated according to
structures AlGa, _,As containing a quantum wellQW). the equations

1063-7826/99/33(8)/4/$15.00 858 © 1999 American Institute of Physics
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p- GaAs a. 75}1m
o] P ALy sGag sAs 0.87um
//// p- ALy, 6aggAs 0.15
/ Ga As 0.015um
InGzAs- QW 7 nm
// G As 0.015 pm
0] n-Alg .Gy g As 0.75lum
n-AlgsGaggAs 1.27 pm
n-GxAs 0.3 pm
n- GeAs
substrate

|

FIG. 1. Layer sequence in the heterostructussmple No. 020100 The
space-charge regions with;=0 V (wall areg andU=—9 V (larger arep
are hatched.
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2 Ev—Er—eq(X)
PO =Ny =Fud —— 7. @
N (x)= Na 3
AX)= RETIIR 3
1+gp ex kT

where F/, is the Fermi—Dirac integral with index 1/Ref.
8), g is the degeneracy factor of the acceptor level with
energyE,, and all other notation is standard.

We then linearized Eq.l); accordingly, we represented
the potential as a sum:

©(X)=@o(X)+Ap(X), (4)

whereg is the initial approximation, and¢ is a correction
(Ap<<ggp). As usual, the initial approximation was obtained
by solving the Poisson equation in an approximation with a
space-charge region with sharp boundaries.

Expanding the Fermi-Dirac integral in a series and
dropping the nonlinear terms, we can write the Poisson equa-
tion as follows:

d?eo(x)  d*Ae(X)
T dx?
A
:e{N;(x)p(x) 1+ i(?)e}. )

This equation, which is linear in the correctidrp, was
solved by the finite-difference method on a nonuniform co-
ordinate grid. A nonuniform grid must be introduced because
of the nearly exponential dependence of the charge-carrier
density on the potential in the expressi@).

FIG. 2. Results of SIMS measure-
ments of the dopant composition and
profile in the laser heterostructure
Al,Ga, _,As (sample No. 020100
The width of the space-charge region
with reverse biased =0 and—9 V is
shown.
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FIG. 3. Measured and computed hole density profiles near the z.or
p-Alg ,Ga As/p-Aly sGa sAs heterojunction:l — experiment aflf =300
K, 2 — calculation withAE,,=40 meV and partial ionizatior — calcu- 1.5
lation with complete ionization.
1.0
Discretization of the linearized Poisson equation gives a d
system of linear equations with a tridiagonal matrix. The z.51 A
system was solved by the elimination method. Iterations 2ok
were repeated until the correctiahgp(x) became compa- :
rable to machine accuracy=(10 1°V). The iteration process 15k
based on Eq(4) converges superlinearly near the solution, '
so that four or five iterations suffice to find the potential 70k
distribution. : ! . - L —
To obtain the potential distribution in a structure con- 018 020 02z O}f"‘ 0.26 0.26
taining a heterojunction, the Poisson equat{®h must be T, p
solved for each layer of the material and boundary conditions , . L
f the form FIG. 4. Experimental hole density profiles in thp-Alg,Ga gAs/
0 p-Al,Ga _,As heterojunction(dots and computed curvegsolid lineg at
eq (X)) =e@s X))+ AE, (6) temperatured, K: a — 120, b — 150, ¢ — 190, and d — 290.
j SuUb 2| i
d‘PI(Xj) . d@sub(xj) 7
B08I gy E0fsb gy T O (7 In the numerical calculations the derivative was again re-

placed by a difference relation calculated on the basis of the

must be satisfied at the heterojunction. HAHg; is the total | o5uits of the two preceding iterations:

difference in the band gaps of the layers, anid the built-in

surface charge density. The subsctipgfers to one layer and i de(x)

“sub” refers to the other layer. Thus, the iteration processde| dx

consists of solving the Poisson equation for each layer of the

semiconductor, with allowance for the boundary conditions Sl(dﬁDi—l . (dfpi—l) _Sl(%) +& (%)

on the potential, and then correcting the solution to ensure dx °| dx dx °| dx 9
that the boundary conditions on the first derivative of the Qi1 @i - O

potential are satisfied. The coordinate grid was constructed on a logarithmic

A modified Newton’s method was used to match the : , ; :
scale. This saved time and increased the computational ac-

solutions in individual layers. Numerical experiments show . L
. . .cpracy substantially. Ordinarily, we chose a voltage step of
that the iteration process converges stably when the potenUB 1V and 200 points along the coordinate axis. The corre-

on the heterojunction is initially set equal to the valuigin . . -
the interior volume of the semiconductor. To start the itera—Spondlng values of the direct and indirect band gaps and of

tion process Poisson’s equations were solved for both la erthe other parameters of Aba, _,As solid solutions, required
with F:he otential differer?ckT/e in the heterojunction Yo the calculations, were taken from Refs. 1 and 7. The
P ) ' calculations showed that the incomplete ionization of accep-

Citer=1=Uo,  Piter=2= Piter=1 T KT/€. (80 tors(Zn) in Al,Ga _,As, especially near a heterojunction,
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decreases the depletion and enrichment regions at the hetero- 359}
junction. For this reason, the valence-band offsEt, deter-
mined without regard for this effect is too large. It should be 300
noted that we have observed that this phenomenon depends Afg
on the ratio of the effective hole massag, andm,,. The
effect of AE,, and Ngs on the observed carrier profile was 250
demonstrated in detail. It was found that the effect of these
two quantities is fundamentally different, and the two effects
are weakly correlated. This enabled us to determine sepa-<
rately the contribution of each parameter. 150
The experimentally observethpparent profile, deter- 4E, = oz
mined fromC—V measurements, of the majority charge car- w00 % =
riers (holeg near ap-Alg Ga As/p-AlyGa sAs hetero-
junction for sample No. 020100 is presented in Fig. 3. To 50 . 1 L { L !
construct the profil@(x) we took account of the fact that the 120 160 200 240 280 320
permittivity ¢ is different on each side of the heterojunctfon. T, K

The hole denSIty proflle calculated by solvmg the POISSOrIZIG. 5. Temperature dependence of the valence-band affEgtand the

equation is also shown in Fig. 3. The band offset and thgy,) pand Gap\E, of a p-Al o /Ga, As/p-Al o Gay As heterojunction.
amplitude of the built-in charge at the heterojunction served

as adjustable parameters. The valence-band off&gf at

T=300 K was found to be 113 me¥39% of AEy). We h | fo_v Al /
estimated the built-in charge at the heterojunction as e results of C—V measurements orp-Alg GaygAs

<10 cm 2 The samples possessed a relatively high hold®-AlosGa.sAs heterojunctions in the temperature range
density (>107cm3). For this reason, the calculations 120-300 K are presented. The computational results ob-
showed thatN less than 18cm2 has no effect on the tained taking into _account the incomplete |on|_z§1t!on of ac-
carrier profile near the heterojunction, and fo¥sg ceptors and the different values of the perm|tt|y|ty of the
>10"cm 2 the computed spectrum started to differ sub-layers are presented. _It was found that the relative valence-
stantially from the experimental spectrum. The electric fieldoand offset at 300 K is 39% okE, and decreases mono-
at the heterojunction was approximately 50 kV/cm with zerotonically to 35% at 120 K,
bias.

The isotypic heterojunction p-Alg,Ga As/ X ,
p-Al, :Ga, sAs was studied in detail in the temperature range = Mail: zubkov@fvieff.etu.spb.ru; Fax812-234-30-16
300—-120 K. The hole distribution, determined from the
C—V measurements, near the heterojunction at various tem-
peratures, is shown in Fig. 4. The amplitude of the signal, _ _ o
from the enriched layer increased by 60% as temperatureNu_merlcal Data ail_q Fun(_:tlonal Relationships in Science and Technplogy

e edited by Landolt-Bmstein, 2291986.

decreased from 290 to 120 K. The results of fitting the com-2properties of Lattice-Matched and Strained Indium Gallium Arseide
puted curves to the experimental dependences are shown irited by P. Bhattachary¢EMIS Datareviews Series, INSPEC, 1993

Fig. 4 for four temperatures. We found that the relative Properties of Aluminium Gallium Arsenide. EMIS Data Reviews Series
g p (INSPEC, 1993

valence-band offset imp-Alg Gay gAs/p-AlgsGay As Was  4F Bugge, G. Erbert, S. Gramlich, I. Rechenberg, U. Zeimer, and
temperature dependent. The offadf,, decreased monotoni- M. Weyers, Inst. Phys. Conf. Ser., No. 145, 18996

cally from 39 to 35%(of AE,) as temperature decreased °F. Bu%ge, u. Ziimeg M. Sato, M. Weyers, and G.'fkie, J. Cryst.

_ Growth 183 511(1998.
from 300 to 120 K The absolute values'of the valence b.andGM. A. Melnik. A N. Pikhtin. A. V. Solomonov, V. 1. Zubkov, and
offset, as shown in Fig. 5, were de_termmed on the basis of £ gygge, inProceedings of the International Symposium “Nanostruc-
the data from Ref. 7. In addition, Fig. 5 shows the tempera- tures: Physics and Technology(St. Petersburg, Russia, 199p. 263.

ture dependence of the total band gs . ’S. Adachi, J. Appl. Phys54, 1844(1983.
8S. M. Sze,Physics of Semiconductor Devic@d/iley, New York, 1969;

2001

E, meV

) ¢/

Mir, Moscow, 1984.
3. CONCLUSIONS V. I. Zubkov, M. A. Mel'nik, and A. V Solomonov, Fiz. Tekh. Polupro-

The capacitance—voltage characteristics were studied in"°" 3% 61 (1998 [Semiconductor§2, 52 (1998].
detail and simulated for specially prepared heterostructureSranslated by M. E. Alferieff
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Langevin-recombination-controlled explosive kinetics of electroluminescence in organic
semiconductors

V. I. Arkhipov and V. R. Nikitenko*’

Moscow State Engineering-Physics Institute (Technical University), 115409 Moscow, Russia
(Submitted December 21, 1998; accepted for publication January 31) 1999
Fiz. Tekh. Poluprovodr33, 945—-947(August 1998

The kinetics of electroluminescence in organic semiconductors is investigated theoretically taking
into account the strong dependence, characteristic of these materials, of the charge-carrier
mobility on the electric field strength. Recombination of electron-hole pairs under the influence

of an external electric field and the electric field due to the Coulomb interaction is

investigated on the basis of the Langevin theory. It is shown that as a result of the nonuniformity
of the field and the field-dependence of the mobility, the recombination kinetics after the

external field is switched off is explosive. @999 American Institute of Physics.
[S1063-782629)01208-9

It is well known that the rate of recombination of of(r,t)
electron-hole pairs in disordered materials is determined by
the convergence time of recombining carriers, i.e., the pro-
cess is diffusion-controlled. Two types of recombination arewherer is the radius vector of the more mobile carrier, mea-
conventionally distinguished:)Igeminal recombination of sured from the position of the lower-mobility carriei(r,t)
an electron and a hole created in the same photoionizatioig the space—time distribution function of the higher-mobility
event and P bimolecular recombination, where there is no carrier (hole); w is the carrier mobility, which, in general,
correlation between the origin and annihilation of the carri-depends on the field; is the permittivity of the materiak
ers. As a rule, the models describing geminal recombinatiois the permittivity of empty space; and is the electron
are based on an analysis of the kinetics of drift and diffusiorcharge. When the transient processes occurring after the ex-
of individual carriers in each individual geminal pait ternal field is switched on have ended, stationary distribu-
Conversely, as a rule, the average electron and hole densitigens of the average electron and hole densities are estab-
are used to study bimolecular recombinatién. lished in the sample. In what follows we assume that the

From the physical standpoint, however, both recombinacharacteristic scale of variation of these densities is much
tion mechanisms mentioned above are similar. At least at thgreater than the average distance between pairs of recombin-
final stage, in both cases one carrier and one recombinatidigd carriers and the size of the pairs themselves. Introducing
center participate in the proce@sost often, this carrier is of @ cylindrical coordinate systemp(z) with the z axis di-
opposite sign and is trapped in a deep tragathematically, rected along the external electric field, we write the boundary
these processes differ On|y by the initial and boundary Concondition for the distribution function of the mobile carriers
ditions for the distribution function of carriers in a pair. as

Previous works have shown that the kinetics of geminal  f(, —w)= const=p,, 2

recombination exhibits a variety of interesting features, for | . .
example, negative nonstationary photoconductivfy This which corresponds to a stationary hole flux directed toward a

gives a basis for expecting that even under the conditions gtationary recombination centéglectron. Making the sub-

bimolecular recombination the kinetics of drift and diffusion stitution
of pairs of recombining carriers in the Coulomb field cou- f(p,2) u[E(p,2)]

+div

Eot f(r,t)|=0, (1)

o’
dmeger

pling them can lead to effects that are not described by mod- ¢(p.2) “o (33

els that operate with the volume-averaged electron and hole

densities. One such effect is studied in the present paper -here

explosive carrier-recombination kinetics in single-layer elec- er

troluminescence structures based on disordered organic ma- E=Ey+ m (3b)
0

terials. The fact that the mobility of the charge carriers in

organic semiconductors depends strongly on the electric fielend u is the mobility in the weak-field limit, the stationary

strength is taken into accouft. problem(1) and(2) for the functione (d¢/dt=0) reduces
The motion of a pair of two charges of opposite sign into a problem with a constaifield-independentmobility

an electric field consisting of a superposition of an appliedand can be easily solved by the method of characteristics. As

field E, and the intrinsic Coulomb field of the charges is a result of the homogeneity of E¢l) and the conditior{2),

described by the continuity equation in the form the solution is a constanbg(p,z) = o= pou(Eg)/ o and,

1063-7826/99/33(8)/3/$15.00 862 © 1999 American Institute of Physics
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correspondingly, the stationary electron distribution is deter- g 4}
mined by the field—dependence of the mobility

We note that for a field-independent mobility the station-  ~
ary distribution function is uniformfg(r)=p,. S

The stationary distribution function must be used as an — 0 4
initial condition in the problem of the temporal evolution of 2
a pair after the external field is switched off. The continuity

. I . . . . 0.2

equation and the initial conditions can be written in a spheri-
cal coordinate system as

do(r,0,0)/9t—Eq(r) u[Eq(r)]de(r,0,0)/r=0,  (5) A T R R T

log (t/¢,)

@(r,0,0)=1s(r,0) u[Eq(r)1/ po, (6)
FIG. 1. Time dependences of EL intensity, scaled to the stationary ligvel
where QD(r 0,1)=1(r.0, t)p,[Eq(I’)]/,uo and q( ) for several values of the paramete=F,/Ey: 1 — 40,2 — 30,3 — 15,
=eldmeeor? is the Coulomb field, and the polar angles 4 s, to= g H(eleF3) Y2

measured from the direction of the fidig). The moment at
which the external field is switched off is taken as the origin
point for measuring time.

From the practical standpoint, the most important char-  1(t)/1o=R(t)/Ry=€%g(a)—g(b)]/Fs?. (12
acteristic of a light-emitting structure is the time-dependenc

%Here we give the notation
of the intensity of electroluminescen¢gL). In what fol- 9

lows, we assume that the intensity of EL is proportional to  g(x)=e€ *(x3+ 3x?+6x+6), (139
the pair recombination rate, which in the Onsager approxi-
mation? as follows from Eq.5), is determined as a(s)=VF+s? b(s)=V|F-s7, (13b
eug (1 F=Ey/Fy and the dimensionless function of tirsés deter-
R(t)=—(d/dt)J’ dr f(r,t)= EJ’ ldU @(0u,t), mined by the equation
0l -
(7) -3 * 4 3
] ) o tltp=s d7rexp—s7)/ T =E(s)/s°, (14
whereu=cosé. Using the system of equatiortS)—(7) it is 1

easy to show that the functidR(t) can be written as toz,ugl(e/4rrssoF8)1’2, andE,(s) is the exponential inte-

ep{Eqlro(t)]} gral.
q—J duffro(t),u], t>0. (8 The time dependences dfl, calculated using Egs.
(12—(14) for several values of the external electric field
Herer, is the distance between the particles that merge adtrengthE, are shown in Fig. 1. The curves possess a maxi-
time t after the field is switched off, i.ero(t) is the recip-  mum. The distance of the maximum above the stationary

R(t)=

rocal of the convergence tintgro) defined as level increases strongly with the field. The physical reason
o for the appearance of such “explosive” kinetics of EL is
t(ro)= fo dr u”HEq(r)]Eg M (r). (9)  easy to understand. Under stationary condititmefore the

external field is switched offholes accumulate in the region
The equation(9) determines the functiomgy(t) implicitly. of weakest fieldE (at locations wheré&e<E, as a result of
We note that in the limitt—0, when ro(t)—0 and the influence of the Coulomb field of the paan account of
w(Eg)/n(E)—1, we obtain from Eqgs(4), (6), and(8) the  the low mobilities in these regions — see E¢. and (11).
passage to the limit of a stationary recombination rate After the field E, is switched off, these carriers rapidly re-
o _ combine, producing a peak in the EL intensity. It is obvious
R(=Ro=en(Eo)po/eeo=KL(Bo)po, 1=<0, (10 e stationary hole density is maximum near the point
whereK is the Langevin recombination constant. A, whereE=0 (behind the electron, looking from the nega-
The system of equation®), (4), and (8)—(10) is the tive side of thez axis), and the convergence timé¢r,) of
analytic solution of the problem of the kinetics of EL for an the carriers from the poinfA with electrons, wherer
arbitrary field dependence of the mobility. We shall now = \Je/4weeoE, [see Eq.(9)], determines the time at which
examine the case, which is important for practical applicathe maximum is reached. As a result of the decreasg, of

tions, where the mobility depends on the field as this time decreases with increasing fi&lg and therefore the
_ T height of the peak increases wily. The relative height of
1(Bo) = o €XP(VEo/Fo), 1D the peak is limited, however, by the fact that the transfer of

which is characteristic for a wide class of organic semicon-charge carriers in the semiconductors under study is of a
ductors®® Substituting the functior{11) into Egs.(4), (8),  hopping character, and the characteristic hopping distance
and(9) gives the following expression for the rati¢t)/1o of ~ must be shorter than the distancg. This condition places
the nonstationary and stationary EL intensities: an upper bound on the range of fields under study:
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Eo<eldmeeqry. (15)  *'Fax (095 324 21 11

Numerically, forr,=1 nm ande =2 the condition(15) leads
to the limit E,<5x 10° V/cm. In the case of the typicaht
room temperatujevalue Eo=10°V/cm (Ref. 9, the latter _ _ _
condition gives an upper bound5 on the relative magni— 1B. S. Yakovlev and G. F. Novikov, Fiz. Tverd. Telaeningrad 17, 3070
tudel /1. of the peak (1989 [Sov. Phys. Solid Stat#7, 2035(1985)].
max’10 . p A . . _2V. 1. Arkhipov, V. R. Nikitenko, and A. I. Rudenko, Fiz. Tekh. Polupro-
The explosive kinetics of EL after the applied field is vodn.21, 1125(1987 [Sov. Phys. Semicon@1, 685 (1987)].
switched off has been observed experimentally in bilayer®A. P. Tyutnev, V. I. Arkhipov, V. R. Nikitenko, and D. N. Sadovnighi
light-emitting structures>*? However, these results cannot 4Eh'|\r/|n'Xg’ﬁg?ﬂgﬁﬁoﬁ;&l’?g&em PhysS, 5026 (1678
b_e e>_<p|a|ned on the basis of the Langevm model O_f recom-sa p, Tyutnev, A. V. Vannikov, and G. S. MingaleRadiation Electro-
bination because)1l ,,,/lo decreases and does not increase physics of Organic DielectricéMoscow, 1989, p. 190.
with increasing external field Strengﬁb and 2 |maX/|0 can V. 1. Arkhipov, Yu. A. Popova, and A.'I. Rudenko, Fiz. Tekh. Polupro-
reach values of the order of 100. The indicated regularities of,/°d"- 17, 1817(1983 [Sov. Phys. Semicond.7, 1159(1983].
. i i K i V. I. Arkhipov, Yu. A. Popova, and A. |. Rudenko, Fiz. Tekh. Polupro-
the_ explosive klnet_lcs of EL in _b|Ia)_/er structures can be ex- yoqn. 21, 1625(1987) [Sov. Phys. Semicon@1, 984 (1987)].
plained on the basis of recombination of electrons and hole$A. Peled and L. B. Schein, Chem. Phys. Lé#53 422 (1988.
which have accumulated near the interface between the ma=®- M. Borsenberger, L. Pautmeier, and H. Baessler, J. Chem. BAys.

: ; : : 447 (199)).
terials forming the bilayer structurd.The observation of 101 Onsager, Phys. Ret4, 554 (1939

explosive EL kinetics in single-layer light-emitting structures ity n. Tak, J. Pommerehne, H. Vestweber, R. Sander, and H. Baessler,
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Formation and thermal stability of contacts based on titanium borides and titanium
nitrides with gallium arsenide
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The formation mechanisms and thermal stability of contacts, fabricated by ion-plasma sputtering
of titanium borides and nitrides on gallium arsenide, are investigated by structural,
secondary-emission, photoluminescence, and electrical methods. A physical model, according to
which the solid solutions B5a _,As and GaNAs;_, are formed in the process of

deposition on the phase boundary, is proposed on the basis of the data obtained. It is shown that
the correlation between the physicochemical interactions at the phase boundaries of the
contacts and their electrical parameters is due to defects that arise in the contact layers of the
semiconductor during the formation of the heterostructures and subsequent treatments. It

is established that the high thermal stability of the experimental objects is due to their bilayer
structure, which sharply decreases interdiffusion processes at the phase boundary.

© 1999 American Institute of PhysidS1063-782809)01308-3

1. INTRODUCTION cence, and electricalcurrent—voltage characteristjameth-

It has now been established that the degradation Ost as well as methods for analyzing the atomic composition
metal—semiconductor structures during operation under e>8{ E_repar%? BOIEJJE\E/C';!‘(?L_JQEF spectrgsco_py combined tW'th
treme conditions(high temperatures, high-power electro- €¢NING WIth S5-ke lons, secondary-lon mass spectrom-
magnetic radiations, radiation field, and so @due to the etry) and atomic-force microscopy was used to study the

characteristics of mass-transfer processes and the characf@?ChamsmS leading to the formation and thermal stability of

of the solid-phase reactions in the contiguous pairs. contact structures.

External perturbations alter the structural-phase states
and the degree of local nonuniformity of a boundary, the3. RESULTS AND DISCUSSION
impurity-defect composition of the contact region of the . . .
semiconductor, and other characteristics, which uItimaterS hOThe electron-diffraction and x-ray-phase analysis data

changegdegradekthe electrical parameters of the contacts. w that the deposited films are in a quasiamorphous state.

Stable perturbation-resistant metal—IlI-V structures can novJ-he ratio of the amorphous and polycrystalline phases

be obtained by selecting metallic alloys and compositionsChangeS with increasing thickness of the deposited films and

that could greatly diminish the diffusion interaction of the the annealing temperature. For example, the ratio is 70:30 for

metal—semiconductor layers. These include alloys based O}{MS;T'_EKJINX ffllg:s. Annear:mg of tgese ft'ITSr:eSU|t6d clinth
titanium borides and nitrides. The present paper is devoted t; redistrioution of the amorphous and crystal phases and the

a comparative analysis of these materials in ormation of.new, larger, and structur'ally more pgrfect
TiB,(TiN,)—GaAs structures. grains. For th.m Iayers<€ 1',u«n'1), characterized by especially
small crystallite sizeggrain size=0.03 wm), the recrystal-

lization process proceeds more intensely.

The structured changes occurring in the deposited layers

Epitaxial GaAs:Te structures witltlayer thickness 1.6— as a result of annealing are accompanied by changes in the
2.5 um and carrier density in the active layer (6.7.1) planar-stressed state of the filfa transition occurs from
X 10'® cm™2 were used to prepare the samples. ,JT@d macrocompression to macrotensioffhese changes can be
TiN, layers were deposited, by magnetron sputtering of powsubstantial. A qualitative confirmation of this process is, for
dered pressed targets in argon or a mixture of argon witexample, the image shown in Fig. 1 of the surface of
nitrogen in the first case and by thermionically active syn-Au—Mo-TiB,—GaAs structures annealed at,=800°C.
thesis in the second case, on the surface of an epitaxial layefhis image was obtained with an atomic-force microscope.
subjected to photonic cooling, at substrate temperaturds one can see, the thermal stresses arising can be so stong
T,=200°C. The metal layers were no more than @th  that the deposited TiBlayers crack.
thick. The contacts were annealed in a hydrogen stream at The Auger-spectroscopy concentration profiles of the de-
temperatures up t®,=800°C for 1 min. posited titanium borid€Fig. 2) and nitride layers over thick-

A combination of methods, including structufalectron  nessd show that besides the main components the layers
diffraction, x-ray phase analysjsoptical (photolumines- contain substantial quantities of oxygen and carbon. Since Ti

2. OBJECTS AND METHODS OF INVESTIGATION

1063-7826/99/33(8)/5/$15.00 865 © 1999 American Institute of Physics
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/x,m.

x 10.000 pm /fdiv
z 2.000 pm/liv

FIG. 1. Morphology of an Au—Mo—-TiB-GaAs structure after annealing at
T,=800°C.

Venger et al.

layers stimulates their further structural-chemical rearrange-
ment, in which the variable-composition phases ONB)
play the dominant role. The structural-phase modification oc-
curring in the deposited layers as a result of anneals does not
result in substantial smearing of the phase boundaries right
up to temperature$,=600 °C. As temperature increases to
T,=800°C, the barrier properties of the deposited layers
sharply degrade, and a substantial mixing of the components
of heteropairs is observed. This mixing is stronger in struc-
tures based on titanium borides. The structural-phase rear-
rangement of the condensed layers results in a transforma-
tion of the impurity-defect composition of the contact
regions of the semiconductor.

Figure 3 shows as an example the photoluminescence
(PL) spectra, measured &t=77 K, from the contact region
of TiB,—GaAs structures. Five bands with energies, .y
=1.54, 1.33, 1.20, 1.01, and 0.765 eV can be distinguished
in the spectra from both structures. The annealing tempera-
ture dependences of the intensiti&of these bands are pre-
sented in Fig. 4. The main features of the PL from the ex-
perimental structures are as follows.

1. The PL spectra contain a large number of wide, over-
lapping bands. This indicates the presence of a large quantity

has a high affinity to oxygen, the presence of oxygen in th@f structural defects in the contact regions of GaAs.

reaction zone at the film formation stage leads to the forma- 2- In the initial state of the structures the strongest band
tion of oxide phases, and the presence of a carbon impuritp the 1.01-eV band, which in the literattris attributed to
(chemically inert impedes completion of the structural radiative capture of a free electron on an isolated acceptor
changes occurring in the deposited layers. Annealing of suchReNter Céa. Apparently, copper is an uncontrollable impu-
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FIG. 2. Atomic profiles of the components of a TiBGaAs contact before
(a) and after(b) a 60-s anneal af,=800°C:1 — Ga,2 — As, 3 — B,
4—Ti,5—0,6—C.

rity in the structures investigated. Another PL band which
we observed witthv,,,;,=1.33 eV is also attributed to cop-
per. Its centers are the compleX€iis, + D), whereD is an
intrinsic (Vas) or impurity (Te, Sn, Si donor? In the initial
state this is most likely Te, since the initial epitaxial layers
are doped with Te.

3. Anneals afl ;=400 °C intensify and redistribute the
intensities of the PL bands. This is especially clearly ex-
pressed in TiB-GaAs structures. This shows that
TiN,—GaAs structures are more stable than ,FiBaAs
structures against thermal perturbations relative to restructur-
ing of the spectra of the defect states. On the other hand,
apparently, the intensification of PL occurs in TiB5aAs
structures in the entire spectral range because of the greater
structural ordering in the contact region and the consequent
weakening of the nonradiative recombination channel.

After annealing aff ;=400 °C, the 1.20-eV band, whose
luminescence centers are the complexés.¢ D)% is inten-
sified more strongly than the other impurity-defect bands in
the contact regions of both types of structures. This could
stem from the enrichment of the contact region with gallium
vacancies because of the fact that in the presence of inter-
phase interactions of metallic layers with a semiconductor,
gallium diffuses from the contact region and possibly from
the interior volume into the metal layer. Taking account of
the isoelectronic similarity of B and Ga, it can also be as-
sumed that in the presence of an excess of Ga vacancies a
B,Ga _,As solid solution can form at the early stages of
growth of a boride film(see below

At T,=600°C the intensities of all impurity—defect
bands in TIB—GaAs structures decrease, with the exception
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FIG. 3. Photoluminescence spectra of the contact layers gf-T#As structures, initial structures and after anneals, at400, 600, and 800 °C. Measure-
ment temperaturef =77 K.

of the 1.33-eV band, which intensifies slightly, probably be-This out-of-phase behavior of the 1.01 and 1.33-eV bands as
cause of the formation dCug,+ Vas) complexes. This con- a result of heat treatment was also observed in, FiBlaAs
clusion is based on the fact that at these temperatures thgructures.

arsenic atoms start to interact effectively with Ti from the Note the analogy in the behavior of the 1.01 and
metallic layer, forming Ti—-As compoundsand the semi- (.765-eV bands in both structures, which shows that they are

conductor is enriched wit',s. The 1.01-eV band weakens rejated. We assume that the 0.765-eV band is due to radia-
because some of the luminescence centers responsible folife intracenter transitions in a &t ion (this center is re-

participate in the formation of the complexes mentionedsponsible for the 1.01-eV bahdwhose unfilled &° shell

splits in the crystal field and as a result of the spin-orbit
interaction, similarly to CdS:Cu.

30r Annealing atT,=800°C results in decomposition of
complexes of centers of 1.20 and 1.33-eV bands; the inten-
25 sities of the bands decreasthe intensity of the 1.01-eV
band increasesand they remain virtually the same as in the
initial state.
20 4. The main feature of the PL spectra of the contact
regions of the structures investigated is the presence of a
% 15 free-exciton emission band withhv,,,=1.54 eV in a
o TiB,—GaAs structure and 1.57 eV in a TiNGaAs structure,
while the band gap in GaAs a@=77 K is 1.51 e\® We
1.04 assume that this is direct evidence that thin layers of the solid
solutions BGa, _,As and GaNAs; , are formed with high
crystalline perfection and corresponding structure at the
0.5 phase boundary. The sharp quenching of the excitonic band
as a result of annealing dt,=800 °C, just as other bands,
0.0 attests to the appearance of a large number of additional

1 1 J
0 400 - 600 800 nonradiative recombination centers.
a The formation of solid solutions at the phase boundary
FIG. 4. Intensities of PL bands withw,a,=1.54(1), 1.33(2), 1.20(3), 1.01 of the structures investigated, just as the possible presence of
(4), 0.765 eV(5) of TiB,—GaAs structures versus the anneal temperature. CU in it, was confirmed by secondary-ion mass spectra ob-
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TABLE I. Mass-spectrometric data for TiNGaAs and TiB—GaAs heterostructures.

Intensity of the ion current in the transitional layer, arb. units

_— T,, °C
Element Mass, initial
Structure compound amu state 400 600 800
TiN 62 1x10* 1x10* 1x10* 1.2x 10
GaN 84 4<10 4x10 3x10 5% 10
TiN,—GaAs GaAsN 159 10 8 5 7
GaAsTi 192 5¢ 10 3% 10 1x10
Cu(TiO) 64 5x 10 8x 10 6x10* 1.2x10
TiB 54 4x10* 1x10° 7x10* 2x 10
BAs 86
TiB,—GaAs GaBAs 155 510 8x 10 8x 10 9x 10
GaAsTi 192 X107 3X10? 3X 10 8x 10?
Gu(Tio) 64 4% 10° 4%x10° 6x10° 4% 10°

tained in the contact regions of the structures investigate@ort through the interface appear in the contact region of the
(see Table)l semiconductor as a result of interphase reactions and me-
The presence of peaks due to ions with masses 84, 158hanical stresses, as well as possible contamination of the
and 155 in the spectra could be an argument in support of theemiconductor surface by uncontrollable impurities from the
conclusion drawn above, just as the appearance of peaks caurrounding fixture$. Judging from the characteristic fea-
responding to clusters with atomic mass 1@®parently, tures of the nucleation and growth of film coatings by mag-
GaAsTi), formed by Ti atoms which are not bound with netron sputtering, a nonuniform distribution of impurities
nitrogen, in the secondary-ion spectra. (for example, Cu, which we discovernednd defects in the
The identification of Cu impurity, whose mass spectracontact GaAs layers should be expected, i.e., the appearance
overlap with the mass spectra of TiO oxides, is less definiteof local regions with high defect density in the space-charge
Apparently, signals from TiO and Cu are superimposed irregion is completely realistic. This chang@e®mpared with
the characteristic spectra measured. The small variations @an ideal contagt the differential slope of the straight
the intensities of the spectral lines observed after annealing
and the intensity ratio of the lines, which is different from
that of a natural composition of Cu isotopes, confirm the
presence of an uncontrollable Cu impurity in the samples. 1072
The results obtained, taken together, indicate that the
electrical parameters of diode structures formed using antid-
iffusion barriers based on TjBand TiN, will shown en-
hanced resistance to thermal perturbations. This conclusi0r<“ —6
has been checked by measurements of the current—voltag™ 10
characteristic$lVCs) on Au-TiB,—GaAs contact structures.
The direct branches of the current—voltage characteris-
tics of diodes before and after annealings are shown in Fig. N S L L
5. 1In Fhe initial structur.es they are nonlmegr in thd Vv 10 0.0 0.2 04 06 0.8 10
coordinates. At small biases there is a section of excess cur v,V
rent, and at high biases the current is virtually independent of
the voltage. For the reverse branch of the |-V characteristic
the current exhibits a power-law dependence on the bias
voltage. Annealing changes the form of the direct branches
of the |-V characteristic. For the reverse branches the power- I
law dependence on the applied bias remains, only the mag-. 18
nitude of the reverse current changes. On the basis of the PL_. [
data it can be inferred that the basic reason for the deviation
of the I-V characteristic from the form characteristic for the 10
simple thermal-emission mechanism of current, which ordi-
narily occurs in GaAs-based diodes with the chosen doping . ol . . o . o o 00 oy oy
level/ is a change in the density and type of defects that 10 0 2 4 6 8
form deep local levels in the band gap in GaAs. It is well v, v
known and has been Shown_ n ,the presgnt work by th_e IDlFIG. 5. Direct(a) and reverséb) branches of the current—voltage charac-
method that when a metal film is deposited on a semicONgristics of Au-TiB—GaAs contacts befor@) and after anneals at tempera-
ductor surface, deep centers that participate in current transsresT,=400(2), 500(3), and 600 °C(4).

107

1078

107 F
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branches of the |-V characteristic (#dInl/dV), i.e., it parently the Cu atoms, which uncontrollably contaminate

leads to the appearance of an additional component in theaAs-based heterostructures, play an important role in the

current and therefore to a decrease in the effective Schottk§fegradation processes.

barrier. Annealings at moderate temperaturés~400 °C) In summary, the investigations performed confirm that

partially remove the defects introduced, including compenantidiffusion barrier-forming compositions based on metal

sating acceptors in the diode base. The structural nonunifoRorides and nitrides are promising for producing surface-

mity of the contact GaAs layers increages is indicated by barrier structures with high thermal stability and indicate the

the PL datj and the current—voltage characteristics ap-need for special methods for prevention of copper contami-

proach the “ideal” curves, as is observed experimentallynation of the fabricated heterostructures.

(see Fig. 5. This work was supported by the Ukrainian Science and
As the anneal temperature increases, additional defectgechnological CentefProject No. 464

appear or existing defects with a different ionization energy,

are restructuredn our samples, the density of the complexes

Cugat+ Vs increases This results in the appearance and

growth of a section of excess currents on the direct branch ofT. N. Morgan, M. Pilkuhn, and H. Rupprecht, Phys. R&®8 1551

the |-V characteristic. However, the thermionic mechanism2(1965- . _ o

of current flow remains dominant. At annealing temperature Té Sl'g%e(rlk;% ES':;\} A;:;?Vé:;?cﬁhgsef;fg'(IFS')ZEE'])T]ekh' Poluprovodn.

T,=800°C the device parameters degrade appreciably. Ing '\ wiliams, Phys. Revi68 922 (1968. '
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Photosensitive structures were produced by heat-treatment of polycrystealiame n-CulnSe
substrates in vacuum and in air at temperatures near 500 °C. The spectral dependences of
the photosensitivity of two types of structures in natural and linearly polarized light were
investigated and analyzed. The photosensitivity of the best structures reached 16 mA/W

at T=300 K. The laws of polarization photosensitivity of such structures were determined and
discussed in relation to the fabrication conditions of the structures. It was concluded that

there is a new possibility of using polarized photoelectric spectroscopy for diagnostics of phase
interactions in complex semiconductors and for optimizing the technology for producing
photoconversion structures. @999 American Institute of PhysidS1063-782809)01408-9

Copper and indium diselenide CulnSeas become one intrinsic donor defects in the lattice — vacancies in the se-
of the most promising photovoltaic materials because of théenium sublattice.
optimal combination of its optical and electric propertiés. A typical stationary current-voltage characterigii¢C)
The technological process has made it possible to increader one such structure is shown in Fig. (¢urve 1). The
the efficiency of CulnSgsolar cells up to 18%3 However, initial section of the direct IVCs is exponential, and it corre-
the behavior of point defects in the lattice in this material issponds to nonideality factgf=3.1-4.4, while in the for-
still not completely understood, and it is obvious that anyward bias rangel>0.7 V, the characteristics follow the
findings in this direction could open up new avenues for'elation
increasing the efficiency of Culngéased structures. Ques-
tions concerning the interaction of CulnSgith various me- I=(U—Uog)/Ro, @
dia are no less important for solving this problérThe
present work is devoted to experimental investigations of thavhere forn—p structures the cutoff voltagé,~0.6 V, and
photoelectric properties of structures arising with heat treatth® residual resistancR,~80-100 () at T=300 K. For
ment of bulk CulnSg crystals in vacuum and air. n’—n structures the corresponding parameterslage-0.1
Polycrystalline CulnSgingots were grown by directed V and Ry=~20—40 (), and the rectification ratio is substan-

crystallization of melt, close to a stoichiometric ternary com—iﬁ"%&%"\’fer ttuan fqrn—p s(;rgctltjre_s ' 1;he treversebtbrangh Otfh
pound, with a vertical arrangement of a quartz crucildlie € or the aniso- and 1Sotypic structures obtained wi

n =~
ameter~10 mm. The ingots were then cut into ringthick- vacuum HT has the forrr—U", wheren~ 1.1 up to voltages

. . ~1 V. The latter could indicate that the leakage currents
ness~3 mm), whose surface was polished mechanically and

. ) affect the flow of reverse current in such structures.
then chemically. Then and p-type crystals were electrically

.’ d qf or densitz0fem-® at Whenn-p andn’—n structures are illuminated, the layer
#T ggg P? nd possessed free-carrier densitg0™cm = & produced by HT is always negatively charged, which corre-

sponds to the direction of rectification. The voltagg) and

To form photosensitive structures the rings were heat'current S)) photosensitivities in these structuresee Table

treated at=500 °C in evacuated quartz cells with astandardD dominate for illumination from the side of the layers

volume (at pressure=10"* Torr) or directly in air. The re-  formed during HT and form narrow bands with total width at
sults of these investigations can be summarized as followspg|f-height 5~40 meV. The energy positiofi gy Of the

1. Heat-treatmentHT) in evacuated cells is usually ac- maximum in the spectrum of the relative quantum photocon-
companied by conversion of thetype conductivity of the  yersion efficiencyz always lies somewhat below the band
crystals, and for HT time$~1 min, n—p junctions can be gap in CulnSg, equal toEg~1.02 e\?~® (Fig. 1, curve2).
obtained. As the heat-treatment time increases to 5-10 mirshe sharp short-wavelength dropoff gf which is typical
conversion becomes of a volume nature and only isotypi¢or such structures and is observed upon exposure to light
n’—n junctions can be prepared from rings of the size indi-from the side of the layers obtained by HT in vacuum, is due
cated above. It is important to underscore that the surface ab an increase in the influence of absorption as the photon
the plates after such HT is visually identical to the initial energy approacheE;. For HT of CulnSe in air, layers
state, and conductivity conversion is due to the formation ofvhose color depended on the holding time in air and whose

1063-7826/99/33(8)/5/$15.00 870 © 1999 American Institute of Physics
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FIG. 1. Stationary current-voltage characteristic afi-ap-CulnSe struc-
ture (curve 1, sample 1D and the spectrum of the relative quantum photo- 1
conversion efficiency for the structurd —n-CulnSe (curve 2, sample 11; 7
illumination from the layer side by unpolarized lighfThe arrow marks
fiwmax- The measurements were performed at300 K. 1
1 ! L I f i PR l
. . . -0.5 0 0.5
conductivity type was the same as in the initial state ap- u, v

peared on the surfaces of the rings.

Figure 2 shows the stationary IVC of one of the iSOtypiCF|G' 2. Stationary current—voltage chargcteristic qn"ap-CuInSg struc-
p’—p structures. It is evident that the HT regimes used mak%ure atT=300 K (sample 1, curvd). The direct branch of the IVC is drawn
it possible to obtain rectifying structurd&ig. 2, curvel),
whose transmission direction always corresponds to positive
polarity of the external bias on the layer. The typical param-
eters of the IVCs of these structures af=3.0—-3.2, tures obtained by HT for~5 min (see Table)l The sign of
Ug~0.5-0.6 V, Ry=120-250 (), and n~1.1, which, in  the photovoltaic effect turned out to be independent of the
general, are quite close to the analogous parameters of struoecation of the light probddiameter~0.2 mm and the in-

tures obtained by heat-treatment of CulpSzrystals in  cident photon energy, and therefore it could be due to the

n a logarithmic scalé2); reverse branck3).

vacuum. formation of an active region as a result of heat-treatment of
2. When isotypig’—p andn’ —n structures obtained by CulnSe in air.
HT of CulnSe crystals in air are illuminated, the layers al- The conversion efficiency spectigfor a number of iso-

ways become positively charged, and this corresponds to thgpic structures produced with different HT times are pre-
transmission direction for such structures. The maximunsented in Fig. 3. The main features appearing in these spectra
photosensitivitieS* and S"® were attained im’ —n struc-  with increasing heat-treatment tinh@re as follows:

TABLE I. Photoelectric properties of Culngbased structures dt=300 K.

Sample| Heat-treatmert t, | Type of | SU®, | S" | fiwmax, S ) P&
No. medium min| structurg  V/W| mA/W eV eV | meV | 7o/ 7max %
6 Air 1 n'—n 0.2 0.04 0.995 46 440 0.34 20
5 " 5 n—n 0.4 16 0.995 46 280 0.21 33
4 " 10 | n'—n 0.1 1 0.995 50 200| 0.12 30
7 ” 40 n'—n 0.3 10 0.995 50 290 0.15 38
3 " 120 | p'-p 0.05 0.1 0.89 80 | 0.0003 25
1 ” 120 p'—p 0.05 0.01 0.90 90 0.001 27
2 " 120 | p'—-p 0.03 0.02| 0.92 80 | 0.0005 18
10 Vacuum 1| n-p 0.2 0.5 0.97 72 40| 0.001 52
11 " 8| n'—n 0.2 1 0.92 53

Note HT — heat treatment, — heat-treatment time.
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light for two different types of CulnSestructures therefore
indicate only an increase in the density of lattice defects in
this ternary semiconductor as a result of selenium diffusion
into the vapor phase. It can be inferred that in the presence of
air this process slows down as a result of the appearance of
an oxide layer on the Culngesurface. This situation prob-
ably accounts for the decrease in the rate of the conversion
processp—n with HT of CulnSe in air.

10°

§ 3. Neither type of structure obtained by illumination
s, with linearly polarized light(LPL) along the normal to the
5§70 illuminated plangthe angle of incidenc®=0°) showed any

= dependence on the spatial orientation of the electric field

vector E of the light wave. This is due to the deliberate
choice of samples with polycrystalline structure for these in-
vestigations, which made it possible to mask the natural pho-

i topleochroism of CulnSe(Ref. 6 and therefore observe
I ‘} only the induced photopleochroisi.
f . . | . The characteristic features of the polarized investigations
T — of the photosensitivity of the two types of CulnSsructures
b, eV are as follows.

In all structures obtained by vacuum HT, the angular
FIG. 3. Spectral curves of the relative quantum photoconversion efficiencyiependences of the short-circuit photocurréﬁtﬁthe vector
of n’—n-CulnSg (sample numbersl — 6,2 — 53 —4, 4 —7) and  E j5 parallel to the plane of inciden¢Bl) of the lighf] andi$
p'—p-CulnSe (curve5, sample 3 structures. The measurements were per- (th torE i dicular to th are | t
formed atT= 300 K in unpolarized lightillumination of the structures from ) € vector 'S. perpendicular to the P re in agreemen
the layer side with the analysis of the passage of a light wave through the
interface between two media (air/Culnpyen the basis of
the Fresnel relatiofi{Fig. 4a, curved and?2). In the entire

a) Intensification of the short-wavelength dropoff of the range of photosensitivity the photocurreiit at first in-

curve n(hw) and creases, reaches a maximum near the pseudo-Brewster re-
b) shift of the long-wavelength photosensitivity edge flection angle(marked by arrows in Fig.)4and only then
into the impurity absorption range. decays, while the currerit® only decreases in the entire

The ratio of 7 at iw=2 eV (7,) to the absolute maxi- range of angle®. The angular dependencg (0) (Fig. 4,
mum quantum photoconversion efficiency.x, i.€.,  curvel), taking into account the results of Ref. 9, indicates a
72/ mmax, SErves as a measure of the short-wavelengtigood enough optical quality of the photodetecting surface,
dropoff of the photosensitivity in Table |. The long- produced by vacuum HT of Culngeand the increase in the
wavelength photosensitivity edge af’—n structures is photocurrent ratia P(55°)/iP(0°)~1.12 near the peaks in
exponential (Fig. 3, curves 1-4), and its slope the » spectrum indicates a decrease of reflection losses of
S=4d(Inn)/d (hw) remains large(see Table )l and corre- LPL.
sponds to direct interband transitions in Culn8&he ob- For structures obtained by heat-treatment of CujniBe
served shift offiw ., into the long-wavelength region with air (Fig. 4b, curve$-8), for ®>0° the photocurrenit®, just
increasing HT time could be due to an increase in the den-asiF, is observed to increase in a certain region of variation
sity of the corresponding lattice defects of Culp3e the  of 0, indicating that reflection losses decrease fordhave
active region of the structures. These features correlate withlso. On the basis of the results obtained in Ref. 10 this
the corresponding levels of lattice defects of CulpySrich  feature can be attributed to the interference of LPL in the
levels have been observed in the photoluminescence a@htrance layer of such structures. As one can see from Fig. 4
CulnSe.” It is also evident from Fig. 3 that the sharp feature (curves3, 9, and10), the angular dependences of the induced
arising in the form of a peak d@tw~0.87 eV on the long- photopleochroism coefficient
wavelength shoulder transforms into an absolute maximum
ast increases to 120 min, while the photosensitivity in the P, =(i"—i%)/(iP+i%), 2
fundamental absorption range of CulpSeecomes negli-
gible. On the whole, the observed evolution of the spegtra in both types of structures follow the same quadratic law
shows that as the HT time for CulnSi air increases, the P,~®2, as indicated by the straight Iinerl’zzf((@) (see
density of lattice defects and correspondingly the contribuFig. 4, curvess, 11, and12).
tion of the long-wavelength sensitivity increase, the width of ~ Figure 5 shows examples of the spectral dependences of
the bands decreases, and the short-wavelength decgy ofthe induced photopleochroism coefficien®at 75° for some
intensifies(see Table)l as a result of the shift of the active structures. The maximum value,=53% (see Table )l is
region of the structures into the interior volume of the sub-characteristic of structures obtained by vacuum HT. This
strates. value of P, corresponds to the theoretical value for the case

The investigations of photosensitivity in unpolarized where the LPL passes through the air/CulnBgerface'!
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FIG. 4. Angular dependences of the photocur-
rents i’(1,5,7) and i5(2,6,8) and the induced
photopleochroism coefficientP, (3,9,10)
VP, (4,11,12)for CulnSe-based structures at
T=300 K (a — sample 11; b — sample).5
lllumination was performed by linearly polar-
ized radiation from the layer side; photon en-
ergy fiw, eV: 1-4 — 0.92;5,6,9,11— 0.955;
15 7,8,10,12— 1.08.

VP, ()72

air/CulnSe interface!! The fact thatP, changes from one
structure to another could itself be due to the formation of
oxides with a complicated composition on the CulpSer-
face, in agreement with the known results of ellipsometric
investigations>!® Specifically, the experimental values of
P, for samples 5 and ig. 5, curve2 and3) yield, on the
basis of the analysis in Ref. 11, the estimate2.1 for the
refractive index, in agreement with the results of Ref. 13. On
the other hand, on the basis of Ref. 10 the character of the
experimental spectral curves Bf and the observed sensitiv-
ity of the induced photopleochroism to the heat-treatment
conditions (medium, timé could be due to interference of
LPL in the oxide layers with variable composition that form
on the CulnSg surface.

In summary, the first comparison of the results of experi-
mental investigations of the photosensitivity of two different
types of CulnSgbased structures opens up new possibilities
for polarized photoelectric spectroscopy in the diagnostics of
phase interaction processes on the surfaces of complex semi-
conductors and therefore for choosing optimal technologies
for producing optical-range photoconverters.

1J. R. Tuttle, E. D. Cole, K. R. Ramanathan, M. Contreras, J. Alleman,

FIG. 5. Spectral curves of the coefficient of induced photopleochroism of J. Keane, and R. Noufi, iRroceedings of the 10th Sunshine Workshop on

CulnSeg-based structures dt=300 K. The curves correspond to the fol-
lowing samples in Table 1 — 11,2 —7,3—5,4—6,5—3,6 —1,
7—2;0=75°

Thin Film Solar Cells(Tokyo, Japan, Nov. 8—9, 1986p. 139.
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Investigation of the effect of surface treatment of a semiconductor on the characteristics
of 6 H-SIC Schottky diodes

A. A. Lebedev, D. V. Davydov, V. V. Zelenin, and M. L. Korogodski

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted February 8, 1999; accepted for publication February 15,1999
Fiz. Tekh. Poluprovodr33, 959-961(August 1999

Capacitance methods are used to investigate Schottky diodes formed on the basis of epitaxial
n—type 8H-SiC layers grown by vapor-phase epitaxy. It is found that the height of the
potential barrier and its dependence on the work function of the metal strongly depend on the
method used for surface treatment of the semiconductor19@9 American Institute of
Physics[S1063-782809)01508-3

1. INTRODUCTION grown on the(000)) face of the Si substrate ofB8SiC. Prior
to deposition of the metal, the samples were washed with

I 'S well known that the pregrowth surface treatment 0fdeionized water. The surface of the epitaxial layers was
a semiconductor substrate strongly affects the quality of th?reated as follows: grqu 1 — etching in SE plasma

epitaxial layer. The surface treatment of a pregrown layersamples 3 and)4 grotp 2 — conventional cleaning using
largely determines the parameters of the surface—barrief;rganic solvents{samples 2 and)5 growp 3 — etching in
structureqSchottky diodegsfabricated on its basis. KOH (sample 1

. Invg stlgatlons of Sgh ottky d'Ode@D.Q bgsed on B- Before the barrier was created, the samples were an-
SIC epitaxial layers Obtam?d by the subllma_non mgtr@ﬁ) nealed in a 10* Pa vacuum at 500 °C for 1—-1.5 min. Depo-
have rgvea!ed that the height of the potential ba”@ s sition was conducted at sample temperature 100 °C. The met-
essentially independent of the type of metal deposited and 1S5 were deposited by the resistariée, Al, Cr) or electron-
determined primarily by the density of surface stdték.has beam(Mo) method P
also been found that various treatments have virtually no '
effect ongy,. At the same time, investigations of SDs based
on epitaxial SiC layers obtained by vapor-phase epitaxy: EXPERIMENT
(CVD) have shown a strongnore than three orders of mag- The uncompensated donor impurity densityyEN,)
nitude) variation in the reverse currents, depending on the,ng the heightpy, of the potential barrier were determined by
methods used to treat the semiconductor before deposition @fe method of capacitance—voltage characteristics. The ca-
the m_etaf_? In previous studies we performed comparativepacitive cutoff voltage (,) is determined by extrapolating
investigations of the spectra of deep centems-tgpe epitax-  ihe linear curveC—2—U to C~2=0, whereC is the differ-
ial Iayerssgrown by vapor-phase and sublimination epitaxyentia| capacitance of the SD, andlis the voltage on the
methods’® It was found that the same deep background censycture. The barrier height, is related to the capacitive
ters exist in epitaxial layers of both types, but their density isy 1o voltageU, by the relationg,=U,—A®+ é+kT/e,
two or three orders of magnitude lower in the samples obyhereAd is the decrease of the barrier as a result of image
tained by vapor-phase epitaxy. The results obtained were eXgyces k is Boltzmann’s constant, is the absolute tempera-
plained by the fact that the lower growth temperatures in th,re ande s the electron charg&=kT- In(n/N.), wheren is

case of CVD epitaxy did not create the conditions for theye glectron density in the conduction band, amdis the
formation of deep centers, and the stresses arising duringensity of states in the conduction band.

growth relaxed as a result of the formation of dislocations |+ was found that theC— U characteristics constructed

whose density is much higher in layers of this type. Thefor the experimental structures in the coordina@%s-U

present study is a continuation of the comparative investigagere linear in the experimental voltage range. The typical
tions initiated in Refs. 4 and 5 of the spectra of CVD and SEc_ |y characteristics are shown in Fig. 1. The quanity

epitaxial layers oh—type &4-SiC by capacitance methods. _n_for all epitaxial layers investigated fell into the range
(1-3)x10*%cm™ 3.

The measurements ap, for samples in groups 1-3
showed that this quantity depends strongly on the surface
6H-SiC epitaxial layers grown by the CVD method at treatment method and is-1.2—-1.4 eV for group 1,

the CREE Comparfy(USA) and at A. F. loffe Physicotech- ~0.7-0.8 eV for group 2, and~0.4 eV for group 3. The
nical Institute of the Russian Academy of Scierlc&aTl) dependence of,, on the work function of the metals used
were investigated. Silicon carbide substrates, grown by th€Ti, Al, Au, Mo) (see Figs. 1 and)Zecomes weaker as the
Leighly method(PTI) or a modified Leighly methodLM) average value ofe, decreases. It should be noted that
(CREE Co) were used for epitaxy. All epitaxial layers were Schottky diodes based on the CVD epitaxial layers grown on

2. SAMPLES

1063-7826/99/33(8)/2/$15.00 875 © 1999 American Institute of Physics
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FIG. 2. Height of the potential barrier of the experimental samples versus
the work function of the metal for various forms of surface treatmgnrt:

after etching in KOH2, 5 — without special treatmen8, 4 — after plasma
etching.

grown by sublimation epitaxy. In addition, a high dislocation
density could lead to lower mechanical and chemical
strength in SiC layers prepared by the CVD methd@e-
FIG. 1. Capacitance—voltage characteristics of sample 4 in the case @ause of the lower strength of the CVD films, the density of
Schottky diodes formed using various metals. surface states changes when different forms of chemical
treatment of the surface are used. As a result, the Schottky
Leighly substrates at the PTI possess essentially the sani@rrier height depends strongly on the method used to treat
characteristics as diodes produced on the basis of epitaxi&iC surfaces.
layers grown at CREE on ML substratesamples 5 and 2,
respectively. This indicates that the growth technology cho-
sen has a stronger effect on the properties of epitaxial layers We have shown here that the height of the potential bar-

5. CONCLUSIONS

than the type of substrate employed. riers in Schottky diodes based on CVD epitaxial SiC layers
strongly depends on the method of surface treatment of the
4. DISCUSSION semiconductor before deposition of the metal. The observed
X-Ray investigations of Si—n structures prepared by dependence is most likely determined by the structure of the
various technological methods have sh8wiat the mini- layer and not by the type of substrate employkeelighly or

mum half-width of the x-ray diffraction peaks was observegmodified Leighly.
primarily in structures with the maximum intensity of “de- i
fect” electroluminescencédEL) (high density ofi centers. A. L. Syrkin, A. N. Andreev, A. A. Lebedev, M. G. Rastegaeva, and V. E.
- ) ) g ? Yy ) " Chelnokov, Mater. Sci. Eng9, 198(1995.

It was inferred in this work that the activation centers of 2a. M. Stelchuk and M. G. Rastegaeva, Mater. Sci. E4).379 (1997).
DEL were formed during the relaxation of the stresses aris-*M. Frischholz, K. Rottner, A. Schoner, T. Dalibor, and G. Pensl, Diamond
ing during the growth of the epitaxial layer. It was also ,Relat Mater6, 1396(1997.

hg du 9 t € |g or\:\/t f? the ep t.a a | ?ye ;[_] as ahfc’oh 4A. A. Lebedev, D. V. Davydov, and K. I. Ignat'ev, Fiz. Tekh. Polupro-
shown previously that the CVD e_pzltaxla ayers have a high 4, 30, 1865(1995 [Semiconductorg0, 975 (1995].
dislocation density £ 10°—10*cm™?), i.e., one or two or-  5A. A. Lebedev and D. V. Davydor, Fiz. Tekh. Poluprovodt, 1049

ders of magnitude higher than in epitaxial layers obtained by (1997 [Semiconductor$1, 896 (1997].
sublimination epitaxﬁ 6J. W. Palmor, J. A. Edmond, H. S. Kong, and C. H. Carter Jr., Physica B

X 185 461(1993.
The CVD SiC layers were grown at lower temperaturesy v zelenin, A. A. Lebedev, S. M. Starobinets, and V. E. Chelnokov,

than the sublimation layers+1500 and~2000 °C, respec-  Mater. Sci. Eng., B46, 300 (1997.

tively. Therefore it can be assumed that for vapor-phase ep§é_- A-ZlL(ig;fdfgy(l'\gé;-[ihcﬁegﬁvv afdttgi\gsic(ﬂigg? Pis'ma Zh. Tekh.
|tax'y the tempe_rature IS tOO. |0W. for stresses in th? C,ryStalgAI.ZA. Lebédev, M. P. TrichjbovflA.eA. élagovskii, M.. P. Scheglov, and
lattice to relax via the formation afcenters or other similar v . chelnokov, inAbstracts E-MRS Conferendtrasburg, France,
defects of an acceptor nature. In this case relaxation occurs1996, p. A-15.

via the formation of dislocations. This tentatively explains '°YU- A. Vodakov and E. N. Mokhov, Inst. Phys. Conf. Se87 (1994,
the low density of deep acceptor centers and the high densityChap' 3.p. 197

of dislocations in CVD SiC layers as compared with layersTranslated by M. E. Alferieff
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Free ion transport in the insulator layer and electron—ion exchange at an
insulator—semiconductor phase boundary produced as a result of thermally stimulated
ionic depolarization of silicon MOS structures

E. I. Gol'dman, A. G. Zhdan, and G. V. Chucheva

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 141120 Fryazino, Russia
(Submitted January 25, 1999; accepted for publication February 18) 1999
Fiz. Tekh. Poluprovodr33, 962—968(August 1999

The nature of thermally stimulated depolarization currents in silicon MOS structures is
investigated. The analysis is based on the experimentally established fact that the activation energy
of the depolarization current in the initial section of growth is independent of the magnitude

of the depolarizing voltage and on the previously discovered phenomenon of the formation of
neutral associates ioft electron at the insulator—semiconductor interface. Transport of free

ions in the insulator layefthe transit time is of a thermal activation characind electron—ion
exchange processes at the Si—Spbase boundary, which include tunneling ionization

(decay of neutral associates, are studied. The ion transfer in &igers, found from the thermally
stimulated depolarization curves using the developed theory, agrees well with data from
independent experiments. @999 American Institute of Physid$$1063-7829)01608-7

The advancement of MIS electronics into the submicrorreason for the variance ifi,, must be sought in differences
region is sharply toughening the requirements for ion conin the properties, which are correspondingly manifested in
tamination levels of the insulator. It is currently thought thatthe TSD mechanisms, of the oxide films investigated. Two
the level of such contamination in field-effect transistorssystems of views were developed concerning such mecha-
with gate length less than 0.&m should not exceed 5 nisms.
x10° cm 2 (Refs. 1 and 2 which is at least an order of 1. The TSD currents in tha peaks(Na") are due to
magnitude less than the level achieved to daféiese cir- depopulation of discrete ion trafsvith activation energy
cumstances are stimulating special interest in studying th&;=0.87+0.03 eV}® or energy-distributed ion trapén the
mechanisms of ion generation and migration, as well as imand AE;=0.75-1.50 e\}*° concentrated at the SiI5i
developing reliable methods for investigating ion transport ininterface. The energy parameters of the traps for ikns
the subgate oxide of silicon MOS structures and in refining(peak b) have not been determined by the TSD method.
the interpretation of known experimental d4&t4One of the  Moreover, in Ref. 12 peal(T,,=573 K) is associated to not
most direct methods for investigating ion processes in insuk ™ ions but rather N& ions, thermally activated from deep
lators is observation of the thermally stimulated depolariza-‘ionic” states formed at the Si@Si interface by chlorine
tion (TSD) currents, and the results of such observationsintroduced into the SiQlayers in amounts up te-5x 10'°
are, naturally, quite widely reportéd!® As a rule, samples cm 2. The process leading to trapping of ions in such states
with alkali metal impurities(Na, K) artificially introduced is thermally activatedthe activation energy is 0.870.15
into the SiQ layer are investigated. However, irrespectiveeV) and is completed by neutralization of the states as a
of the method used to introduce the impuriti®aCl depo-  result of charge exchange with the Si substrate. Thus, in Ref.
sition on the oxide surfacktreatment of Si@ in NaCl 12 the two main peaks of TSD are attributed exclusively to
solutionst®~1214 KCI solutions’®'* and Nal solutions, the presence of sodium in Si¢Y which is localized at the
Ref. 14Y the use of oxides with natural ionic SiO.,/Si phase boundary in the ionizédeaka, “shallow”
contaminatio®*1j, two wide, sometimes merging, cur- traps,E;=0.75 eV} and neutralizedpeakb, “deep” traps,
rent peaks are almost always observed on the TSD curves |B,=1.5 eV) states. The valu&;=0.87+0.03 eV (Ref. §
the temperature range=200-675 K — alow-temperature seems justified, since it was obtained by the standard method
peak(a) and a high-temperature peél), which are associ- of analyzing the ascending branches of the TSD curves on
ated with thermally stimulated transport of Naand K" the basis of molecular relaxation kinetic3his approach in
ions, respectively, from the SyI5i interface(IF) toward the  principle makes it possible to do without an analysis of the
gate electrod®. The localization temperatures of the current high-temperature shoulder of the peak, though in so doing
peaks exhibit a substantial variandg;=312—450 K (peak information about the type of TSD kinetics is lost. In the
a) andT,,=533— 600 K (peakb).2~1* Apparently, this vari- apparatus, developed in detail, for analyzing thermally
ance cannot be explained, on the basis of the general laws sfimulated electronic phenomeha?® the broadening and
TSD,” simply by a difference in the experimental conditions symmetrization of the peaks of “deexcitation curves” are
(the values of the initial ion densitij, at the IF¥ rates of  attributed to retrapping, i.e., to bimolecular effects. This cir-
heating of the sample, and depolarizing figldherefore the cumstance was disregarded in all studies concerned with de-

1063-7826/99/33(8)/6/$15.00 877 © 1999 American Institute of Physics
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veloping a quantitative interpretation of the experimentalwas first established and confirmed by independent experi-
data on TSB*1112gpecifically, in Refs. 9 and 12 the broad- ments.
ening of the current peaksandb is explained by the pres- 2. A different, “transport,” concept of the origin of
ence of an energy distribution for boundary ionic traps. Theonic TSD currents, which is developed in Ref. 11, is based
only argument in favor of such a conclusion is the possibilityon computer simulation of ion transport in the interior vol-
of fitting quite accurately the computed TSD curves to theume of the oxide, with allowance for the diffusion and drift
experimental curves by varying the spectral density of trap®f ions in the space-charge field, which varies during thermal
with a prescribed, energy-independent, frequency factor o$timulation and is produced by the uncompensated positive
their distributionw~10'* s~*. However, as shown in Ref. ions (Na"). Only the low-temperature peak arising as a
20, such a procedure, which evidently is always realizablgesult of ion hops along the system of potential wells of
for TSD curves of any form, is incorrect for nonmonoener-depthE;, was analyzed. The lifetime of an ion in the well is
getic traps, so that additional information at least with re-7=® ' expE /kT), where » is a frequency factork is
spect to the spatial distribution of the ions pinned by theBoltzmann’s constant, anflis the temperature. Even though
polarizing field to the SiQ/Si interface is required in order to three adjustable parameters &, », and| (the distance
establish the physical nature of the TSD currents reliablyPetween neighboring wells— are used, a good description
The formation of neutral associates when Cl atoms trap Na Of the experimental dependences of the current on the tem-
ions, i.e., when the latter are localized in deep surfac@erature, the depolarizing voltage, aNg, could not be at-
traps*? implies the presence of tunneling electron exchangdainéd. Most importantly, the simulation results approach
in the semiconductor—insulator systerfother forms of ex- closest to the elxperlmental Qata for physically gnreahspc
change are hardly possible because of the large height of tﬁé@;?elsl‘”” 1&6) S[d b((a)gfttgee 2";‘;'; g; tt:]‘s é?]zd:lt‘;?_nf_'g;rheodng‘n
; (/S .11, shou r isti

;(r)ntact barrier, 3.4.e‘(/Ref. 21, at the SiQ/Si phase bpund frequency. i.e., of the order of 10- 10 s * (Ref. 12. It i

y). lons at the Si surface are not concentrated in a two: ) X , ,
dimensional layer, but rather they are distributed along thdt€resting that if the computed straight line logE; pre-
normal to the IF in a region ranging in width from 5 (Ref. sented in Ref. 11 'Soe’itf”ged o reasonab!e values @or
22) up to 50 A(Ref. 23 and even 200 ARef. 12. Therefore example,w=3X 109 s7%,” then one obtains Nnd;=0.5
even for monoenergetic traps the TSD peaks should bSV’ as in Ref. 11, but rathdy;=0.87 eV, i.e., a value which

. IS very close to that observed in Refs. 8, 9, and 12 and
broadened as a result of the exponential dependence of tun: .
. . . o obtained by independent methoésee, for example, Ref.
neling exchange on the tunneling distance, distributed ran: . o
. . 15). Nonetheless, to describe TSD of MOS structures it is

domly over the surface of the IF and giving rise thereby to a

dispersion of contact conditiofisThis circumstance, just as oooooay to take account of the possibility of volume prop-
P - . . . e, L erties of the oxide being manifested. This is indicated, spe-
the possibility of dispersive ion transport in the interior vol-

Y . . cifically, by the results of isothermal time-of-flight
ume of the oxidé if they are disregarded when analyzing experiment&:15

the TSD curves, will be manifested in the form of an appar- Thus, as far as the experimental results are concerned,

ent spectral distribution of ion traps. Therefore, in the ab'the systematic features of TSD of Si-based MOS structures

sence of information about the spatial distribution of ions atyre assumed to be known. The characteristics of the current

the IF, it is impossible to establish the existence of noNMoy645 and their dependence on the conditions of polarization

noenergetic traps. This information is not so difficult to ob- (field, temperature, and timand depolarizatioridepolariz-
tain, since the apparatus for finding the coordinates of th?ng voltage and heating ratéave been established. At the
centroid of the spatial localization of charge trapped in thesame time, information about the nature of the TSD peaks is
region of the IF of MIS structures is quite well gite sparse and contradictory; experimental investigations

5,26 i i . o
develop_ec?. The laws of TSD of an insulator containing paye peen performed predominantly at the qualitative level;
volume ion traps were analyzed in Ref. 27. It was shown tha&uantitative data are few and ambiguous.

depending on the polarization regime of the MIS structure | this connection, in the present paper new ideas about
and the magnitude of the depolarizing field, the TSD currenthe mechanism of TSD, which follow from the model of
can describe from one to three of the strongly asymmetri¢sothermal ionic depolarization of an insuldt@nd permit
peaks (with smoothly increasing and sharply decreasingexplaining the basic experimental data, are developed on the
branchej the positions of whose maxima are determined byhasis of detailed investigations of TSD of Sityers on Si.

the initial conditions of polarizatiofby the polarizing field  The measurements were performed on silicon MOS struc-
and by the depolarization conditions. However, TSD peaksures, identical to the structures investigated previofidy:

of this form have not yet been observed experimentally. Al (gate electrode with are®=2.4x 102 cn?)/SiO, (ther-

It is evident from this brief analysis that Refs. 8, 9, andmal oxide with thicknessi=1700 A)/Si (100 (free electron
12-14 do not present sufficiently convincing arguments indensity at 300 kn=1x 10'® cm™%). The measuring system
favor of the limiting stage of TSD processes being thermallydescribed in Ref. 4 and the traditional method for observing
activated ejection of ions from boundary traps, and the naTSD were used.The structure was polarized at temperature
ture of the boundary traps, just as the mechanism of surface=423 K in the prescribed timg, with positive potentials
neutralization of ions, has not been identifigde latter, in- Vg (V4,>0) on the gate electrode; the mobile positive ions
cidentally, is also valid for Ref. 10, where, apparently, thein the SiQ layer shifted to the layer/Si interface. Next, the
fact that neutralization of ions occurs at the g interface  sample was cooled to temperatufg=263 K, V4 abruptly
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conductivity log(/[Vyd), scaled to the same valig,=4.5x 101° cm2, for
regions of initial current growthTe<T=<T,,) for depolarization voltages
|ng|, V:1—06,2—1,3—15,4—25,5-5,6— 11.2. Polarization
regimeT=423 K, Vg,=5 V, t,=5 min, Vg4=Vgq+ V., V=0.4 V.

FIG. 1. Typical curves of TSD afi-Si-based MOS structures with depolar-
ization voltages/gq=—1 (1) and—11.2 V(2). The structure was polarized
atT=423 K,Vg4,=5 V, t,=5 min. 3 — Calculation in the monomolecular
kinetics approximation with a fit according to the current levels to the ex-
perimental data 1 in the region of initial grow#h— Data from Ref. 95 —
Thermally stimulated polarization current for the investigated structure with
Vgp=15V. at the same point, which is a natural consequence of the
fitting procedure employed, the curvésand 3 diverge sub-
stantially: The experimental curve is much less steep than the
computed curve, especially in the region where the current
drops off. Quantitative estimates made of the activation en-
ergy using the standard formulas of thermally stimulated
conductivity’® for temperatures of the maximum and the
half-heights of the peak giv&=0.62 and 0.31 eV. For
$nonomolecular kinetics of depopulation of ion traps, these
values ofE should be the same, within the limits of experi-
Mhental error, as the value & found from the Arrhenius
straight line. Apparently, the large broadening and the shape

‘ e th % and 2 with 4 | of the TSD peaks are responsible for their interpretation on
or example, the curves and2 with curve4) are very close the basis of the idea of energy-distributed surface ion

8-14 H
to those known for the TSD peak™™ For this reason, the traps>'? However, such an interpretation contradicts a num-

changed its sign\(;4<<0), and in the process of heating at
constant rate8r=0.4degs ! the currentl =S flowing in
the external circuit  is the current densijyand due to de-
polarization of SiQ (i.e., the motion of ions from the
SiO,/Si interface to the Al electrodevas recorded. The typi-
cal TSD curves are presented in Fig. 1 for two values of th
depolarizing voltagé/,y. The character of the curves, their
temperature localization range, the displacement of the te
peratureT ,, of the current maximum with increasilh\jgd| to
low temperatures, and even the TSD current le(@snpare,

subsequent discussion will be qwt_e general. ... ber of experimentally observed results. For traps with a

The temperature ch_aractenstlcs of the depolanzatlogmooth energy distribution, #ng| increases, it can be ex-
current ganqot be Qescrlbed by the equations of mqnom%ected that, firstT,, will increase and, second, the apparent
Iecular'klnetlc's. This becomes clear when the expenment ctivation energy will increase because increasingly deeper
curvesj(T) (Fig. 1, curvesl and .2) are compared with the trapping centers will be drawn into the TSD current genera-
depe_nde_ncécu_rve 3) computed in the monomolecular ap- tion process. Even in the region of initial current growth
proximation using the formula <l (I, is the current at the maximum of the TSD pg#ie

o E o (T _ciras curves log—T 1, generally speaking, should be nonlinear

J=lo®R — 77 5~ L e = dT . (1) Ref. 20® Experimentally, howeverT,, decreases with in-

0 creasing V| (Fig. 1; see also Ref.)8the activation energy
The parameters required to calcula(d) — the activation  E does not depend diVy4|, and its value, averaged over the
energyE, the preexponential factofp, and the frequency slopes of the six straight lines log T~* obtained in a wide
factor « — were obtained by analyzing the region of the range of values 0fVgql (0.6<|Vy4q/=<11.2 eV}, has a small
initial growth of the experimental curvel [j=jo  variance and is 0.870.05 eV. Moreover, the dependences
X exp(—E/KT), T,,>T=T,]:” E=0.90 eV — according to (oglVel-T?  (Voy=Veg+Ve, V. is the gate—
. . . . . gdl gd gd [oR] c

the slope. of the §tra|ght line plotted in the Arrhenius coordi-gemiconductor contact potential differepdescribe a single
nates log—T g Jo= qNspw=1.6x 10* Alem?® — from the straight line(Fig. 2). On the descending branches of the TSD
equation; gx(T)=jo €xp(—0.90KT), wherej,, is the current  curves there is a region where the current is independent of
density measured for any temperatidtgiven in the region the temperature, of the magnitude of the depolarizing voltage
of linearity of the plot log—T %, w=j,/qNg=1%x10"s"1  and of the rate8; of heating of the sample, and is only a
(g is the elementary charje— according to the values ¢f  function of the timet measured from the momety at which
andNg=1X 102 cm™2 (the latter was found by integrating the current reaches its maximum val(fig. 3. Thus, the
the experimental curvé in Fig. 1 over time. After starting  experimental data presented are close to the known results of
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sented in Fig. 2 For this reason, the small-charge drift re-
gime should occur under the conditions of the present experi-
ments. Then, in accordance with Ref. 35,

i qNZy  aN&Vgemo exp(—E, /kT)
h2

: @

70

so that in the time-of-flight regime at the initial stages of
TSD current growth, irrespective of the value %gd, the
Arrhenius plots in the coordinates [88{4)— T * should be

a single straight line whose slope is determined by the value
of E,. The corresponding dependence presented in Fig. 2
agrees very well with these ideas. The quantty deter-
mined from the slope of the straight line using the least-
squares method is 0.870.05 eV, and the value qi, found

by extrapolating to theT " '=0 axis is ~3.2 cnf/(V-9).
These values o, and u, agree well with the published

FIG. 3. Quasihyperbolic region of TSD current decay for depolarizationyalue$®23637and with the values which we obtained pre-

voltages|Vyq|, V: 1 — 0.6,2 — 1.5,3 — 2.5, 4 — 11.2. Polarization
regimeT=423 K, Vy,=5 V, t,=5 min.

viously by independent method§.Hence it follows that the
initial stages of TSD current growth are due to thermal acti-
vation of the time-of-flight of free ions.

The model developed and deduced theoretically and ex-

similar investigations and, just as these results, do not agregerimentally in Ref. 6 can be used to interpret the laws of
with the presence of discrete ion traps or ion traps distributedtariation of the TSD current following the time-of-flight

over energy at the SIS interface.

stage. According to Ref. 6, a reversible electron-ion reaction

Turning now to the interpretation of the experiments, weoccurs at the insulator—semiconductor interface: In polariz-
note that in virtually all studies devoted to isothermal obser4ing fields (positive ions are localized at this interfacas a

vations of ion transport through a dielectric g&p°and the
dynamics of the shift of the flat-band volté§elue to ion
drift, the initial stages of depolarization of SjGre attrib-

uted to the transit of free ions. Therefore it it logical to con-

result of tunneling transitions of electrons from the semicon-
ductor to traps produced by ions and their dielectric environ-
ment, almost complete neutralization of the boundary ion
charge occurs and is accompanied by the formation of the

clude that even the initial stages of TSD current growth cameutral associate€NAs) ion + electron? in depolarizing

be determined by the time-of-flight effect.

fields — in the isothermal relaxation and TSD regimes —

Charge carriers can pass through a dielectric gap in ththe depolarization kinetics is determined by drift not of the

regimes of drift of small or large chard@The first regime
occurs for 4rq N30/K5ioz<vgd/h and the second regime oc-
curs for the opposite inequalit),k(;io2 is the permittivity of
the oxide. Let us estimate #q NsOIKSioz- The value ofNg,

neutralized part of the ions but by tunneling ionizati@le-

cay) of NAs. Since the decay rate of NAs is independent of
the magnitude of the depolarizing field and the temperature,
the relaxation signal should be a unique function of time.
(This fact was established in Ref. 6 on the basis of observa-

appearing in the inequality should be identified with theiions of the isothermal relaxation.

value N, for completely free ions. This quantity can be
found approximately from the relation

T
NZ=(1/q87) JT I(T)dT,

where the temperaturE* corresponds to the moment of ar-

In accordance with these ideas, tunneling ionization of
NAs located directly at the insulator—semiconductor inter-
face should accompany TSD even during the transit of trans-
mission of the leading edge of the initially free ions. Since
the electron lifetime on a NA increases exponentially with
increasing distance between the NA and the interface, while
7o decreases rapidly with temperature, NAs initially decay in
a time shorter tham, and then the process starts to lag. This

rival of the leading edge of the ion packet at the gate elecresults in a decrease of the growth rgj€T) deviates from

trode: 7o=t* = (T* — Ty)/B1. The quantityT* can be taken

the Arrhenius law; compare curvdsand 3 in Fig. 1] fol-

as the temperature at which the TSD current no longer foliowed by the appearance of a maximum, after which the

lows the Arrhenius law. Estimates givBl¥=4.5x 10

cm?, 4mNLy/ ksi0,=2% 10" Viem (xsio,=3.9), and as
can be easily checked, f¢v,4|=1 V the depolarizing field
is greater than #qNZ%,/ Ksio, (the valueV,=0.4 V required

TSD current decays. At the stage whergbecomes much
less than the tunneling ionization time of NAs, the TSD cur-
rentj ceases to depend on the depolarizing field, the tempera-
ture, and therefore the temperature sweep fateand, ac-

for these estimates was calculated, according to Ref. 21, fgiording to Ref. 6, is determined by the relation

carrier densityn=1x 10" cm™3 and temperatur&=300 K,

corresponding to the midpoint of the temperature range pre-

j~T-@ram

()
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TABLE I. Summary data on the characteristics of ionic conduction in oxide layers on a silicon surface.

o, CP/(V-s) E,, ev Determination method References
85.5 0.80:0.05 Dynamic IVCs Ref. 5
- 0.75-1.5 TSD Refs. 9, 12
3.2 0.87:0.05 TSD Our work
- 0.87+0.03 TSD Ref. 8
72.5 0.80-0.05 Time-of-flight Ref. 6
1.05 0.66 Time of flight Ref. 32
0.40 0.73 Time of flight Ref. 31
3.5x10°4—46 0.81:0.15 Result of averaging Refs. 8, 12, 31, 32, 37-42

the published data

for Na* ions

wheret is the time measured from the moment of arrival attransition from a regime of thermally activated transit of free
the given stagéunder the present experimental conditions,ions with gradual depletion of their reservoir in the oxide
as one can see from Fig. 3, this time essentially coincidelyer bounding the silicon to a regime of thermotunneling
with the timet,, at which the current reaches its maximum decay of NAs, accompanied by drift of newly formed free
value, ¢ is the effective tunneling length, andis the dif-  ions to the gate electrode. This gives rise to a shape of the
fusion length of NAs that corresponds to the polarizationpeaks of the thermally stimulated relaxation signals that is
conditions, i.e., the initial spatial distribution of NAs in the characteristic of systems with distributed paraméfers the
insulator: the concentratiorrexp(—z/\), z is the coordinate  slope of the ascending branches of the TSD current is much
measured from the interface into the interior volume of thegreater than the slope of the descending branches.
insulator. The “dispersion” character of the relatié8) is It is interesting that the thermally stimulated polarization
due to two circumstances — the widexponential distribu- (TSP of silicon MOS structures under otherwise equal con-
tion of tunneling ionization times, on the one hand, and thejitions occurs at much higher temperatures than T&in-
exponential dropoff of the initia(“frozen” after polariza- pare curvesl, 2, and4 with curve5 in Fig. 1). If it is as-

tion) concentration of NAs with characteristic length on  symed, in accordance with the ideas considered above, that
the other. the initial stages of growth of the TSP current are also asso-

The quasihyperbolic depolarization |a@) is clearly  gjated with thermal stimulation of the time of flight of free
manifested in the experiment: The descending branches i then in order to remain within the model of Ref. 6 it is

the T?D current cqnstructeq in t'he 'coord'inateslle.lg)g(t necessary to ascertain that the degree of neutralization of
—ty) " describe a single straight lir€ig. 3) irespective of ions in the metalgate electrodeis much higher than at the

the magnitude of the depolarizing voltage. The exponent deg, qary with silicon. The stage of tunneling ionization of
termined from the slope of this line is+16/A =1.28+0.04. y ' g g

The investigations of isothermal depolarization performed b
the method of Ref. 6 in the temperature range 333—453

NA following the time-of-flight stage occurs only with sharp
ylglectron depletion of the semiconductor surface, which oc-
iurs due to switching of the field in the insulator from polar-

show that as the temperature is raised, the exponent . . .
. izing to depolarizing. The picture at the insulator—metal con-
+ 6/\ increases from 1.08 te-1.3. In the model developed o . -
tact is different. For any realistic value, the electric field

in Ref. 6, which assumes dispersion of the tunneling ioniza- t alter th i fthe Fermi level of the elect .
tion times of the NAs, it was not assumed that the paramete annot after the position ot the =ermi level ot the €lectrons in

SI\ is a function of temperature. Therefore, the experimen:[he rget?jl- a} its ;r)]hase .t|>.ct))u.ndaryf with  the Irr_sulgtor Sz‘d
tally observed dependence 6f\ on T can be regarded as "€'€PY displace the equilibrium of ion neutralization—I
being due to thermal tunneling decay of NAs, i&= &(T) ionization tunneling processes. Hence follows the obvious
The parameters of ion conductivity found on the basis ofconclusion, in agreement with existing experimental data,
the present and previous worKsare compared in Table | that the process leading to the polarization of the insulator in
with the most reliable average published data characterizinf!!S strklé:tures is much slower than the depolarization
the transport of N4 ions in SiQ, layers. It is evident from proces_% (see also Fig. J1 In this connection, it is of inter-
this table that the basic characteristics of ion conduction oSt t0 investigate structures with a strongly doped semicon-
SiO, layers, determined from the results of three physicallyductor, -Whgre definite “symmetrization” of poIar|zat|pn—
independent experimentslynamic current—voltage charac- depolarization processes can be expected, as wet3is
teristics — IVCs, isothermal relaxation, and TSagree based MOS structures, which thus far have not been studied
very well within the limits of experimental error with one from this point of view. Specifically, polarization—
another and with the results of independent measurementsdepolarization experiments on such structures should make it
In summary, the initial stages of TSD current growth possible to identify directly the presence of mobile negative
must be attributed to thermal activation of the time of flightions in the oxide. Lacking data from such experiments, at
of free ions, and the descending branches to tunndlimg present it is impossible to rule out with certainty either the
thermotunneling ionization of NAs. Correspondingly, it is “trap” nature of TSP currenfs®12or the model of elec-
natural to interpret the regions of the extrema as regions of #ochemical reactions at the gate electfd&accompanied
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A metal—oxide—silicon structure was converted into a double-barrier nanostructure by decreasing
the thickness of the insulator and the extent of the depleted space-charge regitypef

Si to nanometers. Room-temperature resonant electron tunneling through a miniband of a quantum
well of the surface depleted region of silicon was obtained; this was indicated by the

measured current—voltage characteristics. The number of features reached 10 because of the
large depthimore than 1.1 eYof the quantum well. The maximum peak-to-valley current ratio is
500. © 1999 American Institute of Physids$$1063-782629)01708-]

Resonance-tunneling semiconductor nanostructures witfFig. 1). In addition, this quantum well lies between two
artificial periodicity and a low-dimensional electron gas havetunneling—transparent barriers, one of whigft-hand bar-
now been studied extensively for the last two decdd®s. rier) is the barrier of the depleted SCR pfSi, while the
These structures are produced by varying the compositionther (right-hand barrieris the oxide barrier. Therefore the
and doping of the constituent components. The most interresult is a double barrier which, as a rule, is asymmetric. The
esting qualities of the structures are their high-speed requantum well is deefits depth is greater thaB;=1.1 eV)
sponse time, the possibility of controlling the energy struc-and its dimensions are quite smédif the order of nanom-
ture with the resultant control of their properties, theeters. These circumstances give a quite latgeich greater
negative differential resistance, and charge phenomena. ThbeankT) energy splitting between the neighboring quantum
drawbacks of the structures are due to structural complexityminibands, making it possible to observe resonance tunnel-
complex technologies and methods are required to fabricatég at room temperature.
and monitor them. No mention has been made of metal- Let us examine the operation of a structure with an ex-
oxide—silicon(MOS) structures in their simplest structural ternal voltage polarity such that Si is negative with respect to
variant as resonance-tunneling structures. At the same tim#)e metal(Fig. 18. As one can see from the figure, as the
MOS structures are some of the most important elements iapplied voltage increases, the quantum minibands of the
modern electronics, and their sizes continue to decrease & R line up successively, one after another, with the Fermi
modern electronics advances. When the nanometer limit ilevel in the interior volume op-Si and resonance tunneling
overcome, MOS structures can be qualitatively altered and
converted into resonance-tunneling structures. As a result, it

is possible to solve another pressing problem of producing a b
guantum dots on a silicon surface. The present paper is de-
: . : 8,|wW| 8,
voted to a discussion of these issues.
To convert a MOS structure into an artificially periodic

thickness of the oxide grown and the extent of the space- ——L_|-4,
charge regioSCR of p-Si (Ref. 7) were decreased to the £

nanometer range without complicating the construction by _E—A§ 0

nanostructure, specifically, a double-barrier structure, the £
C
U
F

adding layers or inclusions, as done in Refs. 4 and 5. The
method used to produce the oxide provides a possibility for
estimating its thicknessThe thickness of the oxide was also
estimated using capacitive and ellipsometric measurements.
To ensure a nanometer-size SCR, Si strongly doped with 51 0 M si 0 M

boron was chosen. KDB-0.07, KDB-0.01, and KDB-0.005

with (100 or (111) surface orientation were investigated. FIG. 1. Energy diagrams of a metal—oxigeSi nanostructure: a — For a

With such doping of Si, its depleted SCR can be regarded a%egative bias above the threshold valué/y,, b — for a positive bias
’ applied to a structure that is initially under a negative bias with magnitude

a tunneling—transparent. barrier, (_:OnneCted in Serie$ With freater tharVy, As a result, an electron charge accumulates in quasi-zero-
guantum well possessing a series of quantum minibanddimensional quantum wells.

1063-7826/99/33(8)/3/$15.00 883 © 1999 American Institute of Physics
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from silicon into the metal via a miniband of the SCR be- after the transition into the quantum range as a result of

comes possible when the voltage exceeds the vallg, —  crossing the boundary Vy,, where a qualitative change in
the threshold voltage at which the lowest minibdfillines  the behavior of the characteristics occurs. Roe —Vy,
up with the Fermi level in the interior volume of Si. As =—1.2 V the current increases sharply, forming a step on

previous investigations of the capacitance—voltage charactethe IVC, attesting to switching of the structure into a more
istics of such structures have shofvwo characteristic volt-  highly conducting state, which remains even when the volt-
age ranges, the classical and the quantum range, where thge crosses 0 and increase¥te +0.16 V (Fig. 29. At this
behavior of the structures is qualitatively different, can bevoltage the IVC, having demonstrated a peak with peak-to-
singled out. In the classical range there are no conditions fovalley current ratio 200, returns to the initi@ashegl curve,
resonance tunneling and the capacitance—voltage charactevhich is again abandoned when the negative voltage exceeds
istics, which are featureless, are identical to those calculated V;, and then restored with a corresponding positive
in Ref. 9 with allowance for the structural parameters em-oltage.
ployed. In the quantum range the characteristics exhibited Current—voltage characteristics, similar to those shown
resonance-tunneling features — steps and peaks. in Fig. 2a, have been observed in Ref. 10 for a structure
Similarly to the above-described behavior of the consisting of a bank of resonance-tunneling columnar diodes
capacitance-voltage characteristics, the current-voltagéased on a structurally highly complex AlAs/GaAs hetero-
characteristic¢IVCs) are featureless in the classical range,structure(artificially multilayered and columnar at the same
where the conditions for resonance tunneling are not satisfiegime). In Ref. 10 only one step and one peak were observed
(see dashed curves in Fig).2The classical range corre- on the IVC, while the IVC of the resonance-tunneling MOS
sponds to the initial state of the structure and, taking intostructure under discussion can demonstrate more features.
account this fact, it includes the entire range of positive voltA\n/hen the applied voltage increases to values sufficient to
ages and the range of negative voltages from 6-%,. In |ine up the next miniband in the quantum well with the Fermi
the classical range, the smoothness of the IVC is independefvel in the interior volume of the semiconductdig. 18,
of the voltage sweep program. Such a dependence appegesonance tunneling via this miniband gives rise to the sec-
ond step on the IVC at a negative volta@ég. 2b and to a
corresponding additional peak at positive voltage. The pro-
cess of increasing the number of resonance-tunneling fea-
tures can be continued and can lead, for example, to the
characteristic shown in Fig. 2b. The decrease in the range of
< voltages between neighboring steps as the voltage increases
3 is a natural reflection of the fact that, according to the shape
A of the quantum well, the energy splittings between succes-

15

10

sive minibands decrease from deeper to shallower mini-
Vin bands.
ar ’*—t—:—‘—— =T In the quantum range, the shape of the IVC depends on
7.5 <10 -0.5 0.2 04 the voltage sweep program. At positive voltage the number
v of peaks increases with increasing negative voltage with re-
spect to—Vy, and hence increasing number of stépsm-
1077 b pare Figs. 2a and 2bBased on the observed hysteresis of
the IVC, on the whole, the negative and positive voltages
have opposite effects. Negative voltages cause the character-
istics to deviate from their initial state, which is described by
the dashed curve, while positive biases facilitate the structure
to return to its initial state, and when these voltages reach the
required magnitude, the structure completely returns to its
initial state, which is represented by the dashed line in Fig. 2.
However, when the negative bias exceed¥y,, the initial
state can be abandoned repeatedly, and in turn it can be
restored by a corresponding positive bias. Such hysteresis
cycles with a different number of resonance-tunneling fea-
tures can be repeated many times.
\ We emphasize that a negative voltage in the quantum
70'33‘0 _z'v = 5% a7 72 range, i.e., a voltage greater thanV,, gives rise to the
v,V described hysteresis of IVCs, which can be explained by
charge effects that accompany resonance tunneling in the
FIG. 2. Typical current-voltage characteristics of a metal-oxed8- asymmetric double barrier which we are studying. Since in

[KDB-0.01(100)] structure, measured at room temperature with a sweep o P : e
about 10 V/min. The solid curve in Fig. 2a in the voltage range from 0 tof':he majority of cases the second part of the barrier, specifi

~0.9 V is vertically separated from the dashed curve, but in reality bothCally, the insulator, is less P?netrable than the ﬁrSt(_G_ami'
characteristics are the same. conductoy, favorable conditions are created for filling the
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guantum well with electrons by resonance tunneling fromresonance tunneling from the metal into the semiconductor is
silicon into the metal. As the negative bias increases abovaccompanied by erasure of the electron charges stored be-
the value—Vy,, the quantum wells cross the Fermi level oneforehand and the structure is characterized by multistability
after another, and their state changes from an unfilled state nd can be used as a system with long-time memory.
one that is filled with electrons. We note that in all figures ~ We have established that a metal—oxigeSi structure
the dashed curves correspond to unfilled states, while thig converted into a resonance-tunneling nanostructure with
solid curves correspond to filled states. As follows from thequasi-zero-dimensional quantized states. First of all, a double
results obtained by us, the electrons filling a quantum well abarrier capable of realizing resonance tunneling of electrons
negative voltages remain in the well even when the voltagesan be created only by decreasing to nanometer sizes the
that cause the quantum well to fill are removed. The asymthickness of the insulator and the length of the depleted re-
metry of the double barrier mentioned above and the nonunigion of the space charge. Fluctuations of the potential caused
formity of the barrier along the surface facilitate electronby the nonuniformity of the structure in directions along the
conservation in the quantum well. We are dealing here withsurface lead to an additional decrease of the dimensionality
the naturally occurring nonuniformities, such as surfaceof the electron gas to quasi-zero-dimension. As a result,
states. Nonuniformities give rise to fluctuations of the potenquantum dots, whose size parameters in a direction normal to
tial in directions parallel to the surface, and they facilitatethe surface can be monitored and controlled, are organized
quasi-zero-dimensional occurrence of the quantized statesh the silicon in MOS nanostructure. The room-temperature
that operate in resonance tunneling. In this manner, quantugurrent—voltage characteristics demonstrate resonance-
dots can be produced on the silicon surface in MOS structunneling features: peaks and steps, whose number can reach
tures. Their sizes in directions along the surface are detert0. The maximum peak-to-valley current ratio is 500. The
mined by the sizes and distribution of the nonuniformities.observed hysteresis of the current—voltage characteristics,
The size parameters in a direction normal to the surface oéxplained by charging of quantum dots as a result of reso-
the structure are determined by the size parameters of theance tunneling from the semiconductor into the metal and
double-barrier, and therefore they are controlled by the dopdischarging of quantum dots that accompany resonance tun-
ing level N, in silicon, the thicknessl of the insulator, and neling from the metal into the semiconductor, shows that the
the applied voltag&/ and can be easily controlled. structure with long-time memory and the ability to write and
Because of the electron charge stored in the quanturgrase charges is multistable.
dots, the band diagram of the structure in the absence of an
applied voltage changes in such a way that minibands appear
below the Fermi level. These changes, which are produced
by the stored charge, must be taken into account in order to
understand the band diagram in Fig. 1tAs one can see *E-mail: apver@onti.niif.spb.su; Fa812428 7240.
from Fig. 1, for positive voltages there is now a possibility of DA structure subjected to a negative voltage greater than the valig
resonance tunneling occurring from the metal into the semi-Passes into a stgte Whpse structure is diffe_rent from that in.the' initial state
. L . and is characterized, in particular, by a different charge distribution. An
conductor \_”a a m'_mband of the qua.nFum We_“’ when I.n the excess negative charge appears in the quantum well, and compensation of
process of increasing voltage one miniband lines up with thethe action of this charge by application of a negative voltage produces an
energy gap between the Fermi level and the valence-bandexcess negative charge in the semiconductor. This built-in charged region
top. This possibility is vividly revealed in the peaks of the remains even after th_e external voltage is removed;‘this‘ results in the
measured IVCs in Fig. 2. The different form of the appearance of a negatlve c.hfa.rge/aio on the metal, which is an excess
. . . ... _charge compared with the initial state of the structure. The band diagram,
resonance-tunneling features with opposite voltage polaritieSshown in Fig. 1b, is constructed in this manner.
arises naturally as a result of the difference in the energy
band diagrams in these cases, especially the difference in the
energy diagram of the collector. Another difference between
the two polarities of the applied voltage occurs for oppositely
directed charge processes in quantum dots. For positive volt-
ages, as the voltage increases in magnitude, quantum dots a¥g L. Chang, L. Esaki, and R. Tsu, Appl. Phys. Leti, 593 (1974.
discharged as a result of successive emptying of quantumF. Capasso, K. Mohammed, and A. Y. Cho, IEEE J. Quant. Electron.
minibands as they cross the Fermi level, instead of charging QF-22 1853(1986.
. . . L. Esaki, IEEE J. Quant. ElectroQE-22, 1611(1986.
of quantum dots with the reverse motion of their quantu_m 4S L. Wu, C. L. Lee, and T. E. Lei, Appl. Phys. Le@3, 24 (1993.
minibands with respect to the Fermi level as the negativesg. H. Nicollian and R. Tsu, J. Appl. Phy24, 4020(1993.
voltage increases. When the required positive charge iSF. Capasso, S. Sen, and F. Beltrarigh-Speed Semiconductor Devices
reached, all minibands are emptied and the structure returng/nterscience Publishers, New York, 1990
to its initial state, where it stays until the next negative volt- 8G' G- Kareva, Russian Federation Patent No. 20621293
’ G. G. Kareva, Zh. Tekh. Fi23, 71(1997 [Tech. Phys23, 157(1997)].
age exceeds-Vy, and the structure starts to pass through s, M. sze,Physics of Semiconductor DevicB#/iley, New York; Mir,
various quasistable states with different magnitude of the Moscow, 1984
charge stored in the quantum wells. Thus, resonance tunnefB. W- Alphenaar, Z. A. K. Durrani, A. P. Heberie, and M. Wagner, Appl.
ing from the semiconductor into the metal is accompanied by Phys. Lett.66, 1234(1995.
writing electron charges in the MOS nanostructure, whileTranslated by M. E. Alferieff
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It is shown that an array of two-dimensional islands is formed during the growth of ultrathin
(~1.5 monolayersInSb layers on a GaS{@d.00) surface by molecular beam epitaxy.

After the deposition of several InSb layers separated by narrow barriers, islands of subsequent
rows are formed on top of islands of the first r@wertical correlation effegt The

formation of islands is confirmed by analysis of the photoluminescence spectra99@

American Institute of Physic§S1063-78209)01808-9

1. INTRODUCTION clusters are already formed after the depositior-8fML of
Major progress has been made to date in the preparatianSh, resulting in catastrophic degradation of the optical

and investigation of the properties of quantum @@D) het-  properties. After the deposition ef1.7 ML of InSb islands

erostructures. Of utmost interest are arrays of QDs forimed are formed with lateral dimensions30 nm(Ref. 11). In this

situ during the growth of thin strained layers in paper we investigate the formation of an array of 2D InSb

heteroepitaxy.The phenomenon of self-organization of QDs islands in a GaSb host with the deposition of several InSb

can be exploited to obtain ordered arrays of threedayers having an effective thicknessl.5 ML in each depo-

dimensional(3D), coherent, nanosize islands with low dis- sition cycle.

persion in size. Today the greatest process has been achieved

in the preparation ofin,GaAs/(Al,Ga)As quantum doté®

There is interest both in studies of the fundamental physicat. EXPERIMENTAL

properties of QD structures and in the creation of optoelec- . .
. : L . The investigated structures were grown by molecular

tronic devices utilizing QDs. For example, lasers incorporat-

ing QDs have been constructed, exhibiting temperature step-eam epitaxy on a Riber-32 MBE machine. We have grown

= . . ; samples with one, three, and five InSb layers deposited on a
bility of the threshold current and high material g&h. GaSFl:)) host. The effective thickness of e;/ch InSE layer was
Another intriguing prospect in addition to 3D QDs, how- |

. . : . . . ~1.5 ML. In multilayer deposition the InSb layers were
ever, is the formation of two-dimensional islands in the !

o ) : . . separated by 5-ML GaSb barriers. The temperature of
deposition of a strained layer with an effective thickness

. e .. growth of the active zone was 420 °C for all the samples.
smallert_han one monolay(ah'/IL)_. In this case a high-density The InSb-containing region was bounded on both sides by
array of islands is formed. Owing to the marked homogene

ey : . ) short-period 20 A GaSb-20 A AISb superlattices to prevent
ity in height of such islands, the photoluminescence line as-: o .
. . . ; : the transport of nonequilibrium carriers to the sample surface
sociated with them is characterized by small inhomogeneous . .
. . . ) ) .-and to the interface with the substrate.
broadening. This feature, along with the high exciton oscil-

. . Transmission electron microsco€EM) examinations
lator strength, produces a pronounced resonance increase in . . . .
R N : were made in a Philips EM 420 electron microscope with an
the refractive index and the possibility of the formation of an

. ) . 4 : accelerating voltage of 100 kV. Photoluminescence was ex-
exciton waveguide, which holds considerable promise for the. — o ;
. S cited by an AP laser (\=514.5 nm, excitation density
construction of injection lasers based on such systems. The
. ! ~100mV/cnt) and was detected by a cooled InSb photo-
formation of arrays of 2D nanoislands has been demondiode
strated for 11-VI (CdSe/ZnSSe; Ref.)8and IlI-V [InAs/ '
(Al,Ga)As; Refs. 9 and 1Psystems.

In earlier papers we have shown that when thin InSh
layers are deposited on a G4$®0) surface, the shape and
dimensions of the resulting islands depend very strongly on  Figure 1 shows TEM images for samples with one and
the effective thickness of the deposited InSb layer. Whereathree InSb layersin-plane and cross-sectional imagés is
the formation of QDs takes place in a fairly broad interval ofevident from these images that 3D clusters containing dislo-
InAs layer thicknesse@ip to four monolayepsfor a strained cations are not formed. The formation of 2D islands with

InAs/GaAs system, in the case of an InSh/GaSb system 3[ateral dimensions of approximately 50 nm is evident from

3. RESULTS AND DISCUSSION

1063-7826/99/33(8)/3/$15.00 886 © 1999 American Institute of Physics
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FIG. 1. TEM images obtained in the growth plane and in the cross section for structures with one and three InSb layers.

imaging in the growth plane and in the cross section. It isdue to tunneling interaction between adjacent InSb planes.
evident from the image of the cross section of a structurd-igure 3 shows the optical transition energies calculated on
with three InSb layers that islands of the top layers areghe assumption that an InGaSb solid solution is formed in the
formed above islands of the first layérertical correlation investigated structuré$.The average composition of the so-
effect. lution has been determined from the effective thickness of
Figure 2 shows the photoluminescence spectra of théhe InSb in each deposition cycle; this thickness was as-
indicated samples. Clearly, an increase in the number of InSbumed to be either 1.5ML or 2ML. It is evident that for
layers causes the optical transition energy to drop signifisamples with one and three InSb layers the experimental op-
cantly, owing to an increase in carrier localization energytical transition energy is close to the calculated value ob-
tained as a result of approximating the solid solution by a
sequence of InSb layers of thickness 2 ML. We can therefore
assume that when three InSbh layers are deposited, the result-
ing 2D layer of thickness 1 ML is accompanied in each depo-
T=10K sition cycle by the formation of local zones having a greater
thickness(2D islandg. The overlap of the islands in the
growth direction leads to electronic interaction between them
and an increase in the localization energy. An increase in the
degree of localization is also indicated by the increase in the

one InSb plane
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0.60 065 070 075 080 085 0.90 FIG. 3. Experimental values of the position of the maximum and width of
Photon Energy, eV the photoluminescence line and calculated values of the optical transition

energy with the layers approximated by an InGaSb solid solution. For the
FIG. 2. Photoluminescence spectra of structure with different numbers ofletermination of the composition of the solid solution the thickness of the
InSh layers. InSb layers was assumed to be equal to 1.5 Ml or 2 ML.



888 Semiconductors 33 (8), August 1999 Tsatsul'nikov et al.

This work has received support from the Russian Fund
50r for Fundamental Resear¢RFFI Grant 97-02-18175
> sl a one InSb plane
g e three InSb planes
tﬁ
;.,E; 30r
2 L. Goldstein, F. Glas, J. Y. Marzin, M. N. Charasse, and G. Le Roux,
5201 Appl. Phys. Lett47, 1099(1985.
S 2p. M. Petroff and S. P. DenBaars, Superlattices Microstrigt. 15
0k (1994.
3Q. Xie, A. Madhukar, P. Chen, and N. Kobayashi, Phys. Rev. [7&t.
o N . l 2542(1995.
0 50 100 150 200 4J. M. Moison, F. Houzay, F. Barthe, L. Leprince, E. Andre, and O. Vatel,
Temperature , K Appl. Phys. Lett.64, 196 (1994).

SN. N. Ledentsov, M. Grundmann, N. Kirstaedter, O. Schmidt, R. Heitz,
FIG. 4. Temperature dependence of the shift of the maximum of the pho- J. Buhrer, D. Bimberg, V. M. Ustinov, V. A. Shchukin, P. S. Kop'ev, Zh.
toluminescence line for structures with one and three InSb layers. I. Alferov, S. S. Ruvimov, A. O. Kosogov, P. Werner, U. Richter, U.

Gosele, and J. Heydenreich, Solid-State Electd).785(1996.

67h. I. Alferov, N. A. Bert, A. Yu. Egorov, A. E. Zhukov, P. S. Kop'ev,
width of the photoluminescence line as the InSb deposition A. O. Kosogov, I. L. Krestnikov, N. N. Ledentsov, A. V. Lunev, M. V.

cycles are increasedrig. 3). Maksimov, A. V. Sakharov, V. M. Ustinov, A. F. Tsatsul'nikov, Yu. M.
The formation of islands in the structure with three InSb Shemyakov, and D. Bimberg, Fiz. Tekh. Poluprovo8, 351 (1996

. . Semiconductor§0, 194 (1996)].
layers |_3, also Conflrmeq by the temperature .dependenc.e O’1£D. Bimberg, N. Kirstaedter, N. N. Ledentsov, Zh. I. Alferov, P. S. Kop’ev,
the position of the maximum of the photoluminescence line ,nqv. M. Ustinov, IEEE J. Sel. Top. Quantum Electr8(®), 196(1997).

(Fig. 4. As the temperature is raised, the photoluminescencém. Sirassburg, V. Kutzer, U. W. Pohl, A. Hoffmann, I. Broser, N. N.
band is observed to shift more abruptly into the low-energy Ledentsov, D. Bimberg, A. Rosenauer, U. Fischer, D. Gerthsen, I. L.
range as a result of thermal ejection of carriers from islands Krestnikov, M. V. Maximov, P. S. Kop'ev, and Zh. I. Alferov, Appl.
having a smaller localization energy, which are associated,”Vs: Lett72 942(1998.

. . V. Bressler-Hill, A. Lorke, S. Varma, P. M. Petroff, K. Pond, and W. H.
with the short-wavelength branch of the photoluminescence Weinberg, Phys. Rev. B0, 8479(1994.
line. This temperature behavior of the photoluminescence’g. v. volovik, A. Yu. Egorov, P. S. Kopev, A. R. Kovsh, I. E. Kozin,
line is typical of QD structure&® For a sample with one InSb 1. L. Krestnikov, M. V. Maximov, A. V. Sakharov, A. F. Tsatsul'nikov,
layer the temperature shift of the photoluminescence is muchV- M. Ustinov, A. E. Zhukov, Zh. I. Alferov, N. N. Ledentsov, M. Strass-
smaller, indicating the weaker influence of carrier localiza- Pu'9; A- Hoffmann, D. Bimberg, 1. P. Soshnikov, and P. WerneRio-

ti in the island th h f th hotolumi ceedings of the International Conference on Physics of Semiconductors
lfon In the islands on the shape of the photoluMINESCENCE -pgy4) Jerusalem, 1998Vorld Scientific, 1998
ne.

A, F. Tsatsulnikov, S. V. Ivanov, P. S. Kop’ev, A. K. Kryganovskii,
N. N. Ledentsov, M. V. Maximov, B. Ya. Mel'tser, P. V. Nekludov, A. A.
4. CONCLUSION Suvorova, A. N. Titkov, B. V. Volovik, M. Grundmann, D. Bimberg, and

. . . . Zh. . Alferov, J. Electron. Mater27, 414 (1998.
We have investigated the properties of structures with2y. p. c. M. Krijn, Semicond. Sci. Technds, 27 (1992).

ultrathin InSb inclusions in a GaSb host. We have shown thafA. F. Tsatsul'nikov, N. N. Ledentsov, M. V. Maksimov, A. Yu. Egorov,

an array of vertically connected islands having a height of A E. Zhukov, S.'S. Ruvimoy, V. M. Ustinov, V. V. Komin, I. V. Koch-

~2 ML and lateral dimensions o£50 nm is formed in the nev, P. S. Kop’ev, Zh. |. Alferov, and D. Bimberg, Fiz. Tekh. Polupro-
L . . . vodn. 30, 1797(1996 [Semiconductor80, 953(1996)].

deposition of several InSb layers with an effective thickness (1996 [ (19961

of ~1.5 ML. Translated by James S. Wood



SEMICONDUCTORS VOLUME 33, NUMBER 8 AUGUST 1999

Submillimeter photoconductivity of two-dimensional electron structures in Corbino
geometry

S. D. Suchalkin, Yu. B. Vasil'ev, S. V. Ivanov, and P. S. Kop’ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted January 22, 1999; accepted for publication January 26) 1999
Fiz. Tekh. Poluprovodr33, 976—978(August 1999

The photoconductivity of a two-dimensional electron gas in the far IR range in a quantizing
magnetic field is investigated for samples in Corbino geometry, which eliminates transport by edge
states. It is shown that the photoelectric effect is more than simply the bolometric response

of the system, acquiring a component induced by the direct involvement of photoexcited carriers
in low-energy scattering processes. 1®99 American Institute of Physics.

[S1063-78262901908-7

Apart from investigations of cyclotron absorption, re- sor in a magnetic field,,. During the measurements a con-
searchers have long been fascinated by the photoconductivistant dc voltage of 0.1V was maintained at the sample
of a two-dimensional2D) electron gas as a promising ex- contacts. The variation of the current through the structure
perimental technique for the study of 2D electron systéms. under the influence of radiation pulses having a duration of
However, the applications of this method are currently lim-0.2us and a repetition rate of 2 Hz was recorded.
ited by the lack of a clear picture of current flow in the The results of the measurements are shown in Fig. 1.
presence of the quantum Hall effect. The edge state formalfhe magnetic field dependence of the photorespdnsg,
ism propounded by ButtikBrhas stimulated several photo- represents a series of peaks, which correlate with the minima
conductivity studies of how radiation with a frequency closeof the o,,(B) curve. The voltage-off signal amplitude is
to the cyclotron frequency influences transport via edgesqual to zero for all magnetic field strengths, indicating zero
states in the regime of the integer-valued quantum Halphotovoltage associated with rectification at the contacts.
effect® Measurements of this kind are carried out with low The presence of an appreciable photoresponse in the range of
currentsl, through the structurel (<1 uA). The distribu-  magnetic fields far from the resonance region, in which the
tions of the potential and the current density in the structureyclotron frequency is close to the probe frequency, is evi-
vary as the current is increaseds do the relative contribu- dence of heating of the electron gas. In this region the
tions of edge and “bulk” states to the transport proces8es. Ao,,(B) curve is essentially independent of the radiation
In addition to the photoelectric effect associated with edgdrequency. The photoresponse reflects the magnetic field de-
state, it is also important to investigate photoconduction propendence of the temperature sensitivity,,/JT (B) (Ref.
cesses in the presence of transport via so-called bulk statds. The field dependence of the signal has a more complex
situated far from the edges of the sample. structure in the vicinity of resonance. It is evident from Fig.

The objective of the present study is to investigate the2 that, in addition to the “heated” component, there also
photoconductivity under conditions of the quantum Hall ef-emerges a component that depends on the magnetic field and
fect using samples in Corbino geometry. One of the characcomprises a peak that shifts toward higher fields as the ra-
teristic features of this geometry is the elimination of edgediation frequency is increased. The behavior of the spectral
states from the transport proces$e®hotoconductivity ex- curves of the photoresponse also differs in the resonance and
periments can be used to discern the role of bulk states in theff-resonance regions. In the range of magnetic fields where
mechanism underlying the formation of the photoresponse ithe cyclotron frequency falls within the laser tuning range,
this case. the spectrum of the photoresponse represents a peak whose

We have investigated the variation of the conductivity of position depends linearly on the magnetic field. In the region
a 2D electron gas in a GaAs/AlGaAs heterostructure in dar from resonance the spectrum broadens considerably and
quantizing magnetic field under the influence of far infraredis essentially independent of the magnetic figtdy. 3).
radiation. The radiation source was a tunable submillimeter The current through the sample in Corbino geometry
germanium laser operating in the wavelength range frondrops to zero at certain magnetic field strengths. This hap-
100um to 300um. The samples configured in Corbino ge- pens when the Fermi level is situated in the mobility gap
ometry consisted of solitary heterojunctions with a carrierbetween Landau levels, where the probability of low-energy
density of 2.%x10"cm ? and a mobility w=1.2 scattering is lowered, ang,,=0. Only when a Landau level
X 10° cm?/(V-s) atT=4.2K. The Hall field does not exist is partially filled, when carriers vulnerable to low-energy
in this geometry, and the measured quantity is the currergcattering are present, is it possible to have a nonzero con-
through the structure at constant voltage. The current is praductivity o, and, as a result, a finite current flow through
portional to the diagonal component of the conductivity ten-the structure. The absorption of radiation — both resonance,

1063-7826/99/33(8)/3/$15.00 889 © 1999 American Institute of Physics
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i.e., the direct transition of electrons between Landau levels,
and nonresonance absorption at various kinds of sample in-
homogeneities — induces a change in the electron distribu-
tion function. When the Fermi level is situated between Lan-
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This gives rise to a finite conductivity,,, which depends ated between Landau levels. The photoresponse in the range
on the number of carriers vulnerable to low-energy scatteringf magnetic fields far from cyclotron resonance is possibly
and on the efficiency of energy exchange processes betwearduced by heating of the samples as radiation is absorbed by
the electron system and the lattice. inhomogeneities of the structure. The spectral dependence of

If the quasi-equilibrium relaxation time in the electron the photoelectric effect in this case can mirror the depen-
system is much shorter than the characteristic time of energgence of the radiation intensity of a tunable cyclotron laser
exchange between the electron system and the lattice, than the emission frequency.
effect of radiation reduces to elevation of the electron tem-  This work has received support from the program
perature by a certain incremeff (the notion of “tempera- “Physics of Solid State Nanostructures,” Grant No. 97-
ture” is not interpreted here as simply a measure of the avi1042.
erage carrier kinetic energy, but as a specific parameter in the
equilibrium distribution functiopand, associated with it, the
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The absorption and variation of the velocity of a surface acoustic wave of freqiengy MHz
interacting with two-dimensional electrons are investigated in GaAs/AlGaAs heterostructures
with an electron densitp=(1.3—2.8)x 10*cn? at T=1.5—-4.2K in magnetic fields up to 7 T.
Characteristic features associated with spin splitting of the Landau level are observed. The
effective g factor and the width of the spin-split Landau bands are determigéez5 and
A=0.6 meV. The greater width of the orbital-split Landau baf@lseV) relative to the spin-

split bands is attributed to different shielding of the random fluctuation potential of

charged impurities by 2D electrons. The mechanisms of the nonlinearities manifested in the
dependence of the absorption and the velocity increment of the SAW on the SAW power in the
presence of spin splitting of the Landau levels are investigated19@9 American

Institute of Physicg.S1063-782809)02008-9

1. INTRODUCTION Fermi level is between Landau levels of ordé, () and
(N+1,7), theng* assumes a minimum value equal dg.
Consequently, the value @f* is an oscillating function of
Ghe magnetic field.Indeed, oscillations of thg* factor in a
magnetic field have been observed in Ref. 5.
En=(N+1/2Aw.*(1/2)(gougH + Eey), In this paper we report measurements of the absorption
0 I and velocity incrementaV/V of surface acoustic waves
Eex=Ee(nT—nl). @) (SAWSs) in a piezoelectric material as a result of their inter-
The first term describes the orbital splitting of the Landauaction with 2D electrons in GaAs/AlGaAs heterostructures in
levels N enumerates the Landau levelsp.=%eH/m*c is  a magnetic field in the presence of spin splitting of the Lan-
the cyclotron energygougH is the Zeeman splitting energy, dau levels.
0o is theg factor in bulk GaAs, angkg is the Bohr magne-
Fo_n.. In the 2D_cgse elec_tron—electron interactions increase thzg EXPERIMENTAL PROCEDURE
initial spin splitting(relative to the 3D cageAs a result, Eq.
(1) acquires an additional teri,,, which describes the ex- The details of the procedure used to measure the SAW
change interaction of electrons at the Landau level. The presbsorption are described in Ref. 7 Here we mention only that
ence of exchange interaction is equivalent to an increase ithe SAWs were generated by means of an interdigital trans-
the equivaleng factor* ducer situated on the surface of a LiNbQithium niobate
. _ 0 piezoelectric insulator, into which an rf pul§80—150 MHz

9" meH=goueH + Ee(nT—nl). of length 1.5us and repetition rate 50 Hz was propagated.
It has been observed experimentaltiat theg factor in a  This pulse was chopped from the continuous output signal of
GaAs/AlGaAs heterostructure jg*|=6.23, which is an or- a microwave oscillator. The signal transmitted through the
der of magnitude higher than the vallg,|=0.44 in bulk  sample was received by an analogous transducer formed on
GaAs. An increase in thg factor in 2D objects relative to the same surface.
their bulk counterparts has also been observed in Sj/SiO A modified version of the pulse-interference method was
(Ref. 3, GalnAs/AlInAs (Ref. 4), InAs/AISb/GaSh(Ref. 5), used to measuraV/V. The duty phases of two pulses were
and AlAs (Ref. 6 heterostructures. compared in a phase detector: the SAW-generating pulse on

It is evident from Eq(1) that the energ¥., depends on the lithium niobate surface and the pulse arriving at the re-
the relative population of two spin states; therefore, if theceiving transducer, attenuated by interaction with 2D elec-
Fermi level is situated between Landau levels of ordr] ) trons. The error signal at the output of the phase detector was
and (N, 1), the differenceiT — n]) is a maximum, and the sent to the SAW-generating oscillator and thus altered its
guantity g* assumes a certain maximum value. But if thefrequency in such a way as to reduce the difference between

In a magnetic fieldH the energy spectrum of a two-
dimensional(2D) electron gas represents a set of discret
levels with energies

1063-7826/99/33(8)/6/$15.00 892 © 1999 American Institute of Physics
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the duty phases of the indicated pulses to zero. This tracking,(q)= (e, +£q)(es+&0) + (£1+ £0) (es— £g)eXP( —2qd),
system was operative throughout the entire experiment with
a frequency meter continuously tracking the phase differencg (
between the indicated pulses. The frequency change recorde
by this technique was converted into the corresponding ve-
locity change.

The sample was held firmly against the lithium niobatewhere K2 is the electromechanical coupling constant of
surface by a spring, where the distance of the 2D channdliNbO3, g andV are the wave vector and velocity of the
from the lithium niobate surface was shorter than the SAWSAW, respectivelya is the distance between the insulator
wavelength(\=100xm at f =30 MHz). With this mounting and the investigated heterostructulés the depth of the 2D
of the sample a random gapis formed between it and the layer, e, g, andeg are the dielectric constants of lithium
lithium niobate surface, its widtf~0.5um) most likely be-  niobate, vacuum, and gallium arsenide, respectively,and
ing governed by the roughnesses of the surfaces of thando, are the components of the rf conductivity of 2D elec-
sample and the lithium niobate. The SAW-induced strain introns, which is complex—valuedzr;fxz o1—io, (Ref. 10.
the sample is not transferred in our experimental configuraThese equations can be used to determine the values of
tion. The alternating electric field accompanying the SAWand o, from the experimentally measured quantitiésand
penetrates into the channel carrying 2D electrons, inducingV/V.
currents in the 2D channel and, accordingly, Joule losses, It is evident from Eq.(2) that the dependence &fand
causing not only SAW energy to be absorbed, but alsd\V/V on the magnetic fieldH is determined by théd de-
changing the velocity of the wave. The receiving transducependence of the components of the dissipative conductivity
detects the amplitude of the SAW signal transmitted througly,,, so that the quantization of the electron spectrum in a
the sample. This procedure can therefore be used to intranagnetic field, inducing Shubnikov-de Haas resistance oscil-
duce an alternating electric field into the sample without haviations, also generates oscillations in our measured effects.
ing to use contacts. Figure 1 shows experimental curveslofand AV/V as

The absorptionl” and velocity incremenAV/V were  functions of the magnetic field for samples AG48=<2.7
measured in a vacuum chamber in a magnetic field up to 7 K 10'tcm™2), AG106 (=1.3x10cm ?), and BP92
at temperatures of 1.5-4.2 K in the linear regiftiee acous- (n=2.8x10'%cm ?) at T=4.2K and 1.5K. It is evident
tic power did not exceed I6 W) and atT=1.5K in the from the figures thai® and AV/V oscillate in a magnetic
measurements, depending on the acoustic power. field; additional peaks, nonexistent or faint at=4.2K,

The GaAs/AlGaAs heterostructures were fabricated byare observed af=1.5K for H=2.2T and 3.65 TIAG49),
molecular-beam epitaxy with carrier densities=(1.3 H=2.4T and 4T(BP92, andH=5.5T (AG106).
—2.8)x10%m ? and mobilities o~ (1—2)X 10° cné/ The emergence of these peaks is associated with spin
(V-s). The density and mobility of 2D electrons were deter-splitting of the Landau zones, because for samples AG49 and

q)=(e1—8g)(es—gp)EXP(—20a)
+(e1—eo)(esteg)exd —2q(a+d)], )

mined by a contactless acoustical metfod.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Linear regime

BP92 their magnetic field positions correspond to occupation
numbersy=3 and v=>5, whereas for sample AG106 they
correspond ta=1, where

v=nch/eH,

In our experimental configuration the absorption coeffi-C is the speed of lighth is Planck’s constant, anelis the

cientI" and the velocity incrememkVV/V are given by the

equation$

KZ
r [dBlcm]:8.68?qA

[Amoqt(q)/egV]
[1+470,t(q) e V]2+[4mait(q)/eV]?

A=8b(q)(e1+e0)egesexi —2q(a+d)],

AV_K2
Vo2

[1+4moyt(q)/egV]
[1+4mot(q)/e V]2 +[4mot(q)/eV]?

b(q)=[ba(a)[ba(a)—bs(a)]] %,
t(q)=[b(q)—bs(a)1/[2bs(a)],

bi(a)=(e1+eg)(esteg) —(e1—&0)(es—gp)EXA—20a),

electron charge. We are convinced that the SAW absorption
peak in a magnetic field corresponding to spin splitting of the
Landau level has been observed in Ref. 11, but was not iden-
tified by the authors.

Regarding the temperature dependence, in sample AG49
the absorption peaks correspondingte3 are not observed
atT=4.2K and begin to appear &t=3.2— 3.7 K for differ-
ent mountings of the sample, while the peak corresponding
to v=5 is observed only alT=1.5K. The energy of spin
splitting of the Landau levels i&;=g* ugH, so that phe-
nomena associated with spin splitting can occur only when
the conditionE,>KkT holds; consequently, the smaller the
value of v, the higher is the temperature at which they are
observed.

The profile of the curves fofF'(H) in strong magnetic
fields (splitting in two of thel” peak in the vicinity of even
occupation numbeyss attributable to the relaxation behav-
ior of the absorption and is analyzed in detail in Ref. 7.
Moreover, it is evident from Fig. 1 that @t= 1.5 K the value
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FIG. 1. Dependence of the SAW absorption coefficiéiig) and the relative SAW velocity incremenad//V (b) on the magnetic fieltH for different samples
at temperatures of 4.2 Kdashed linesand 1.5 K(solid lineg; the SAW frequency i$ =30 MHz.

of theI" peak for odd occupation numbers=1 (AG106) an equation of the typ&), where the role ofr can be taken
and v=3 (AG49) is higher(in spin splitting than the maxi- by the conductivityo% measured for a direct current. Here
mum value of the absorption peak for even value<2,4,6,  the maximum absorptioR™® does not depend oa,,, i.e.,
which correspond to orbital splitting. This fact is very impor- is yniversal. It has been shoWthat the dependend&(H) is

tant in regard to understanding the nature of the interactiogagcriped by the conductivity determined from static mea-
of SAWs with 2D electrons in heterostructures in the regime,

. . dsurements only when the 2D electrons are delocalized. In the
of the quantum Hall effect. And indeed it has been reporte regime of the integer-valued quantum Hall effect the Fermi
in several paperée.g., Refs. 11 and )2hat the experimen- 9 9 q

tally measured value df for all magnetic fields is given by level is situated half-way between two consecutive Landau
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levels, the electrons are localized, and the dc and ac condu
tivity mechanisms differ, so that!l,>¢%=0. In this case p -
allowance must be made for the fact thd} has a complex 100~ /lf/
form. It is difficult to analyze the conditions for attaining the TN
maximum I'™® according to Eq.2) as a function of the
magnetic field in this case, but experiment shows that it is N TS
achieved when Re,,=o;~Imao,=0, The maximum 77 \ e a
'™ can then be calculated according to Ef) with o 5’ N o~ H,
=o0,=0, and if, as experiment showsz4/e V>1 in this AN ~~
case, the maximum absorption i§"*=1/2¢, i.e., depends n
on the conductivity. e o Mo ~ s
To understand the nature of the magnetic field depen- 23 \
dence ofAV/V, we must look once again at the physical >
phenomena associated with interaction between SAWs an N

2D electrons. FoH=0 electrons are delocalized in the in- Iy AN

1 1
vestigated samples, and the 2D electron gas has a high col 0 0.2 0.4 0.6 0.8
ductivity, so that the rf electric fields accompanying SAW /T, 1/K
propagation are completely shielded. Here the SAW velocit){ZIG_ 2. Dependence of in on 1T for samples AGA41), AG106(2), and
in lithium niobate has a certain valdé In magnetic fields  gpg2 (3). Inset: dependence of the activation enefgyon the magnetic
corresponding to the position of the Fermi level between twdield.
consecutive Landau levels the conductivity in the 2D chan-

nel diminishes, and the sample essentially becomes an insu-

lator; the shielding of the piezoelectric fields in lithium nio- ferent SAW frequencies. In our experiments we have found
bate decrease in this event, disappearing altogether at thgata~0.5.m for different sample mountings.
conductivity minimum. According to theory;* piezoelec- Consequently, from acoustical measurements we have
tric materials have a sound velocity increment, which in-¢cgjculated Re,= 0 and Imog,= o, along with their de-
creases the velocity by an amount groportional to the elecpendences on the temperature, the magnetic field, and the
tromechanical coupling constanK®, so that for a saAw power. AtT=1.5K we find thator, /o, has the values
piezoelectric material the SAW velocity,>V. The quantity g 7 (v=3) for sample AG49, 17»=3) for BP92, and 0.9
AVIV=(Vy—V)IV is measured in experiment. It is evident (v=1) for AG106.
from Fig. 1 that for all the samples the inequality ~ As mentioned, the maximum value of the absorption co-
(AVIV) 5pin< (AVIV) orp @lways holds in the entire tempera- efficient '™ is attained foro;=0,. Consequently, ifoy
ture range. This means that the conductivity of the 2D elec= -, in a magnetic field corresponding to the absorption
tron system in spin splitting is always higher than in orbital peak, the maximum absorptidH"®is still not attained. This
splitting. If we compare theXV/V)q, curves for samples  case occurs in magnetic fields with-8 in all the samples,
AG49 and BP92, which have close electron densities, wend in sample AG49 it also occurs far=3, even at
find that for =3 the second sample does not exhibit the—=1 5k, Experiment shows that the conductivity = o
(AVIV)spin peak. This means that the conductivity of the 2D = ;- at which the absorption attains its maximum valUg
channel is higher in the second sample than in the first. g greater for even values of than for odd values, which
To analyze the results, it is more practical to work with correspond to spin splitting, and sinE&®~1/, the maxi-
the rf conductivity o, in magnetic fields corresponding o mum absorption for spin splitting is found to be greater than
occupation numbers=1 and 3, which is calculated from the for orbital splitting. This result is clearly evident in Fig. 1 for
experimentally measured quantiti€sand AV/V. For this  sample AG106.
purpose it is necessary to know the random gédpetween The temperature dependence of Rg= oy (v=1,3) for

the sample and the surface of the piezoelectric substrate. Thf the samples in the investigated temperature range is well
gapa can be determined from the solution of ). If we  gescribed by the law

assume that in relatively weak magnetic fields, where elec-
trons are delocalizelithe quantityo,,= o= 0% does not Reogy= oy ~exp(— Eg/2kT). (4)
depend on the frequency, white,=0 and 4roy,/eV>1,  This law is confirmed by the linearity of the plots ofdpas
we then havd™~1/o,,; we now infer from Eq(2) thatthe  a function of 1T (f=30MHz) shown in Fig. 2 for all the
ratio of the absorption coefficients in these fields at two dif-investigated samples. From the slopes of these lines we have
ferent frequencies for the same sample mountireg, for the  determined the activation energig=g* ugH, which are
same gapcan be written in the form determined by the spin splitting energy. The inset in Fig. 2
shows the magnetic field dependencégt It is evident that
E, is a linear function of the magnetic field, so that tye
?(%) = mls(ql)t(qz)] e 2@rd)(a-az) (3) factor can be determined from the slopeEf(H), g* =5.
(d2)  [A2b(q2)t(ay)] This value agrees with the results of other studi€s®It is
evident from the figure that thEy(H) line does not pass
Hereq, andq, are wave vectors corresponding to two dif- through the origin when extrapolated ltb=0, probably be-
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FIG. 4. Dependence of the energy los§een the electron temperatufie,

FIG. 3. Dependence of the SAW absorption coefficigy, on the oscilla-  for sample AG49 af=1.5K.
tor output powelP for samples AG491) and AG106(2) at T=1.5K.

z=[(g1+&g)(e+eg)—exp —20a)(e1—eg)(e—&g)] 2,
cause the Landau level broadens as a result of the impurity [{eat20)(est 20) M= 2qa)(e1~eo)(es™20)] 6

fluctuation potentiat®> We have determined the width of the _ _ _ _
spin-split Landau levels from the intercept of tg(H) line whereW s the input SAW power normalized to the width of

with the energy axis aH=0: A=0.58meV. We have the sound track. The energy losses in this case are

previously” determined the widths of the bands in the caseQ=€xE*=4WI" (Ref. 18. The experimental plot a@(Te)

of orbital splitting for the same sample&=~2 meV (AG49). 1S Shown in Fig. 4.ltis found to be well described by the
Consequently, the width of the Landau bands is greater ifinction Q=As(T¢—T?). A similar dependence has been
orbital splitting than in spin splitting. As mentioned above, 0btained in an investigation of nonlinearities in weak mag-
the conductivity of the 2D electron system is always greatePetic fields, when the electrons exist in delocalized stdtes,
in spin splitting than in orbital splittingfor low occupation ~ corresponding to the relaxation of energy at piezoacoustic
numbers. Accordingly, the greater the conductivity, the Phonons in the presence of strong shieldifighe value ob-
more effective is the shielding of the impurity fluctuation t@ined for the coefficientA; from this experiment is

potential and, as a result, the smaller is the width of the band?>€V/(s- K®), in contrast with the theoretical value deter-
mined from equations in Ref. 19 for this sample: 34

(s- K®). The difference in the coefficients can be attributed
3.2 Nonlinear regime to errors in the determination of the absolute value of the
: SAW power.

Figure 3 shows the dependencelqf;, on the oscillator In sample AG106v=1) the same mechanism could not
output powerP (f=30MHz) for samples AG49v=3) and  account for the behavior df,P). Indeed, we can infer
AG106 (v=1) at T=1.5K. It is evident from the figure that from the profile of the peak of the absorption coefficient and
as the power is increased, the absorption associated with spine incrementAV/V that the conductivity in this sample at
splitting of the Landau band, g, decreases and becomes T=1.5K is smaller than in sample AG49, where the splitting
equal to zero at a certain power level. The relatively smalin two of the absorption peak indicates the localization of
value of AV/V for sample AG49 forv=3, in contrast with  carriers situated in the upper band with an oppositely di-
v=2,4, implies that the conductivity of the 2D system is rected spin(relative to the lower bandIn this situation we
already fairly high, i.e., a large number of delocalized elec-can assume that the nonlinear effects are associated with a
trons is present. In this case the behaviol'gfi{P) can be  decrease in the activation energy in the SAW electric Held
attributed to heating of the electron gas by the SAW electridor electrons existing in localized states at the Fermi level
field, wherel'g,(P)—0 askT,—g* ugH. To describe the (Poole-Frenkel effegt Now the dependence of the real part
heating of the electron gas, we need to know the electronf the conductivity on the SAW electric field is given by the
temperatureT,>T (T is the temperature of the lattice expression
which can be determined by comparing theP) andI'(T _
curves. The SAW electric field that penetrates into th(e )chan- 1= Reo g N(E)=noexp2e¥E%e S YAKT),  (7)
nel containing the 2D electron gas is given by the expressioneren, is the carrier density in the upper Landau band in
the linear regime atf = 1.5 K. The linear behavior of by, as

32 zgexd —2q(a+d
|E|2:K2_7T(81+80) aexl 2q( )] W, (5) a function ofEY2 with slope 9.5 (cms?/g)*, corroborates
v 14 477‘72t) 4”‘71,{) this assumptioriFig. 5). The slope calculated from E€) is
Ves Ves 28cm s2/g)Y4,
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~11.4 7 4) investigated the mechanisms of the nonlinearities
AG106 % manifested in the dependences of the absorption coefficient
sk el and the SAW \{elocit.y_increment on the SAW power in the
’ . O/’ presence of spin splitting of the Landau levels.
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It is shown that the Fourier transform of the negative magnetoresistance associated with the
interference correction to the conductivity contains information about the distribution function of
the closed trajectories with respect to their areas and about the dependence of the length of
the closed trajectories on their are4S). On the basis of this result a method is proposed for
analyzing the negative magnetoresistance. It is used to process experimental results in a two-
dimensional structure with a doped barrier. It is shown that the fun&t{®) in the investigated
structure is largely determined by the scattering anisotropy.1999 American Institute of
Physics[S1063-782809)02108-7

The anomalous magnetostriction observed in “dirty” tributions from closed trajectories with different numbers of
semiconductors and metals at low temperatures has been ambllisionsN (Refs. 1, 5, and 6
equately explained since the development of the theory of

quantum corrections to the conductivity® In two- Ao(B)=0(B)—0(0)

dimensional(2D) systems in weak magnetic fields the main )

contribution to the anomalous magnetoresistance is from in- =27%Go>, > WY exp( - l—')
N T p

terference corrections to the conductivity. They are attribut-

able to the interference of electron waves transmitted along

closed segments of trajectories in opposite directions, which X
enhances backscattering and lowers the conductivity accord-

ingly. A magnetic field perpendicular to the 2D layer whereSN is the area of théth trajectory withN collisions,
changes the phase of the wave functions of electrons tranq;ozzwcﬁ/e is the fluxon (flux quantum, and the factor
mitted in opppsite directions, thereby decreasir?g the i”terfer['l—cos(ZTS\‘BICDO)] takes into account the variation of the
ence correction and, hence, creating a negative magnetorgerference due to variation of the phase of the electron
sistance. wave function in the magnetic field as it moves along this
A theory that takes the interference conductivity correC-rajectory. A diagramming technigti®can be used to calcu-
tions into account has been developed subject to the condiate this sum and to obtain an analytical result subject to two
tion kel>1 (kg is the electron momentum on the Fermi congitions: a random distribution of scatterers and isotropic
surface, and is the mean free trajectoryThe quasi-classical scattering, which correspond to scattering by a short-lived
approach is applicable in this case, and the interference coRptential. In the diffusion approximatiofwhen the number
ductivity increment can be represented by the sum of thes collisions on the actual trajectories is laygaese condi-

: 2

contributions from the closed trajectorfes tions yield
i Ao(B)=aGy F(B,T(p,Tp),
Ao=2712Gy>, W, exp( - I—), (1)
| ’ F(B |24 BT Br T 3
(B, 7y, 7p)= 2t B 7, HET—‘p, (©)

where Go=e?/27%h, W, is the probability density function
for the existence of an electron at the starting point aftewhereW(x) is the logarithmic derivative of th&-function,
transmission along theth trajectory of lengthL;, I, 7, IS the momentum relaxation time, afj,=7#c/2el?. (If
=VgT,, Vg is the velocity at the Fermi levek, is the re-  electron-electron interaction is ignored, we havel.) Be-
laxation time of the phase of the wave function, and theyond the limits of the diffusion approximation the function
factor exp(-L;/l,) takes into account the probability of phase F(B, 7, ,7,) has a more complex form and has been calcu-
slip of the wave function in motion along théh trajectory.  lated in Ref. 6.

To calculate the field dependence of the negative mag- Equation(3) is used specifically in analyzing experimen-
netoresistance, we write the sut) as the sum of the con- tal results on the negative magnetoresistance. It fairly well

1063-7826/99/33(8)/3/$15.00 898 © 1999 American Institute of Physics
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describes the field dependence of the negative magnetoresis- 0.8
tance and provides a means for determining the relaxation
time of the phase of the wave function, along with its tem- I
perature dependence. The causes of the noticeable field de- o6

pendence of the negative magnetoresistance in many cases

0.7

0.5

from Eq. (3) in this approach to the analysis of the experi- |
mental results are still not clear. They could be related to the 0.4
presence of correlation in the impurity distribution, scatter-

ing anisotropy, etc. a\?°<3

The proposed method of analyzing the negative magne-
toresistance can be used to obtain additional information di- I
rectly about the statistics of the closed trajectories due to 0.1
scattering anomalies and correlation in the distribution of I
impurities. To explain the essential part of the method, we i
rewrite Eq.(1), separating the contributions of self-crossing 01
trajectories of identical area:

Vo.2
<1

| B, T

)

AO’(B):Z’TTlZ GOE W(S) eX%_L) 0 I 0.01 . 0.02 ) 0.03 ‘ 0.04 J 0.05
S

-

27SB FIG. 1. (1) Graph of Ad(B)/G, at a temperaturd=1.5 K: The points
X|1l-co , 4) represent experimental data; the solid curve represents the theoretical depen-
@y dence(3) for a=0.7 andr,=5.4x10"*2 c. (2) Difference between the
where theoretical and experimental dependences @0, — A 0¢,)/Go.
_ S
W(S)=2> Wi
|

sinuous in this case than in isotropic scattering, so that the
is the areal distribution function of the closed trajectories,dependencd.(S) is weakened, and in the case of strong
W is the distribution function of trajectories of ar@by  scattering anisotroplS°5, i.e., «=0.5. Consequentlyy is
lengths, and the symbal=L(S,1,) is introduced so that determined by scattering anisotropy.
_ s For the experimental determination afit is possible,
exp( B L(S,I‘p)) _ 1 S ws exp( B '_I) 5) given the dependencko(B) at two temperatures, i.e., for
[ w(s) 4 ! ' different values of ,, to find

¢ I 12

It follows from Eq. (4) that the Fourier transform of the
negative magnetoresistance is

d(S)= \/éZTrIZGO W(S) exp[ - L(IS’I“’)

¢

®(S,Ty)

— —Qu 1\ _ 2
A(S)_In[—q)(s,_rz)} ST, —f(9)] )
and, hence, to determinefrom A(S).

We now analyze the experimental results. They have
been obtained for a (08m)n~-GaAs/(50A)In Gaq

It is e_:wdent, therefore, that the F_ourl_er trans_form of theAs/(O.S,um)n*—GaAs heterostructure. The -GaAs had a
negative magnetoresistance contains information about thgdoped Si layer on each side at a distance of 125 A from the
areal distribution of the closed trajectori#gS) and about

guantum well. Measurements over a wide range of magnetic
the dependence &f on SandL, . For the subsequent analy- fields (up to 6 T) and temperatured.5—-40 K show that the

sis we make only one assumption, that=L(S!l;)  main contribution to the conductivity is from carriers in the
=S*f(l,). Numerical calculations of the functiob(S,l,)  In,,Ga oAs quantum well. In this case one quantum-well
(to be published separat¢lgnd an analysis of Eq3) show  subband is filled, wherein the density of electronsiis2.5

that such a dependence lofon SandL , is valid with good ~ x 10 cm™2, and their mobility isu=1.1x 10* cn?/(V-s).
accuracy over a broad range $andL . For isotropic scat- Figure 1 shows the field dependence of the negative
tering in this case we have=0.67. It might appear at first magnetoresistance. Normally, in analyzing the negative mag-
glance that the length of the closed trajectories, on the avemhetoresistance, the field dependence of the resistance is com-
age, should be proportional to the square root of their aregared with Eq.(3) with the prefactora and r, treated as

but it must be taken into consideration that trajectories ofitting parameters. The solid curve in Fig. 1 has been plotted
large area are more sinuous than small-area trajectories, rgy this technique and at first glance appears to provide a
sulting in a stronger dependentéS). In scattering by ion- good description of the negative magnetoresistance in a mag-
ized impurities, which is the principal mechanism of momen-netic field up toB<B;=0.038 T fora=0.7 andr,=5.4

tum dissipation at low temperatures, the scattering isx10 '?s. However, a more careful analysis makes it clear
anisotropic, so that small-angle scattering is prevalentthat an appreciable discrepancy exists between the experi-
Clearly, on the average, large-area trajectories become lessental and theoretical dependenc€gy. 1, curve2). This

. (6)
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FIG. 2. Fourier transforms of the experimentair(B) curves at various  FIG. 3. Graphs of the functioA(S)S™ “=In[®, ¢ (S)/ P4, (S)] S« for:
temperatures(l) T=1.6 K; (2) 2 K; (3) 2.5 K; (4) 3 K; (5) 4.2 K. (1) @=0.4;(2) 0.45;(3) 0.5;(4) 0.55;(5) 0.6; (6) 0.7.

discrepancy makes the values of the parameteasd 7,
vary in the intervals 0.65-0.88 and (4.4)x10 2 s,
respectively, in different parts of the intervalB<B,,
when expressiolB) is used for the fitting. Consequently, the
error of determination o& and,, in such a comparison does
not exceed 15-20%. In many papers the prefactor small
than unity is attributed to the contribution of electron-

electron interactioriMaki-Thompson correction(Ref. 7); in .
our opinion, however, the deviation af from unity in the fOHOWS. from Eq. (6) that the extrapolation of>(S,T) to
T=0 givesW(S).

investigated sample is attributable to poor compliance with .
9 P P P Thus the above-proposed method of analyzing the nega-

the condition for applicability of the diffusion approxima- . : o ;
tive magnetoresistance can be used to obtain information

tion, 7,/7,>1. In our caser,/7,=5-10, and it follows bout the statisti f the closed traiectori 4 h
from an analysis of previously published restibé calcula- about the stalistics ‘ot the closed trajectories anc, hence,
Pout the scattering anisotropy, correlation in the impurity

tions of the negative magnetoresistance beyond the scopeg tributi ;
the diffusion approximation that for the given relation be- IS r_:_hL_’ on, i% b ted b ts f the R
tweena and 7, the negative magnetoresistance, as before, is. IS work -has been supported by grants from the =us-

| . ith f I sian Fund for Fundamental Reseai@FF|I Grants 97-02-
;daenqﬂifyy described by E®), but with a prefactor smaller ) ca o8 02 16624, and 98-02-1728d by the programs

We now look at the outcome of using the above- Physics of Solid State Nanostructureg’Grant 97-1091

proposed method. Figure 2 shows the Fourier transforms and Universities of Russia — Basic Resear@rant 420.

Ao (B) at several temperatures. It follows from E@) that
by plotting IMA(S)] as a function of I8 it is possible to
evaluatex, which is found to have a value of 0.52.05. To S
illustrate the accuracy of determination of Fig. 3 shows *E-mail: Grigori. Minkov@usu.ru
graphs ofA(S) S™“ for various values ofy, plotted at tem-
peratures of 1.6 K and 4.2 KSimilar results are obtained for
any pair of temperatures.
As mentionedw=0.67 for isotropic scattering. This re-
sult can be confirmed by analyzirim the same way as in :S. Hikami, A. Larkin, and_ Y._!\Iagaoka,_Prog. Theor. PH§3.707(1980.
. ; . B. Altshuler, D. Khmelnitskii, A. Larkin, and P. Lee, Phys. Rev.2B
our processing of the experimental resultee function 5142(1980.
Ao(B) given by Eq.(3), which has been derived for isotro- 3y. L. Artshuler, A. G. Aronov, A. I. Larkin, and D. E. Khmelnitski Zh.
pic scattering. The analysis shows tha}:tlhie dependence 4Ek;p-g§rc’>;-o\l/:izA81|, zgféiﬁgi%%)v;%; eJIiTtlf;,;ElTlF()lB;?%O -
L(S’L<P) =S“f(|¢) ho_lds over a V\_"_de range 8 andl@; 2) (i97-9; S. Ch(’e\kr-av.arty ana A. Sc.hm.id, Phys. R&’pq 193 (19{36.’
@=0.67. In our opinion, the significantly smaller value®f sy | pyakonov, Solid State Commu®2, 711 (1994.
in the investigated sample, is attributable to strong scatterinQH.-P. Wittmann and A. Schmid, J. Low Temp. Phg$, 131(1987.
anisotropy. Indeed, the principal momentum dissipation A !- Larkin, JETP Lett.31, 239 (1980.
mechanism in our case is scattering by the potential of
charged impurities of thé-doped layers, which is smooth in Translated by James S. Wood

the quantum well region. Estimates show that the probability
of small-angle scattering in this case is 15-20 times the
probability of backscattering.

In principle, knowing the dependenckos(B) over a
evlyide range of temperatures, one can experimentally deter-
mine the areal distribution function of the closed trajectories
W(S). In fact, sincel, tends to infinity in the limitT—0, it
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When an array of strained InAs nanoislands formed on a GaAs surface is overgrown by a thin
(1-10 nm layer of an indium-containing solid solution, stimulated decomposition of the

solid solution is observed. This process causes the formation of zones of elevated indium
concentration in the vicinity of the nanoislands. The volume of newly formed InAs

quantum dots increases as a result of this phenomenon, producing a substantial long-wavelength
shift of the photoluminescence line. This effect is enhanced by lowering the substrate
temperature, and it depends weakly on the average width of the band gap of the solid solution.
The indicated approach has been used successfully in achieving room-temperature emission

at a wavelength of 1.2m. © 1999 American Institute of PhysidsS1063-782809)02208-3

INTRODUCTION thickness of InAs in the active zone and the high probability
of formation of misfit dislocations. It is therefore critical at

The self-organizing phenomena responsible for the crethis time to look for new approaches to the construction of

ation of semiconductor heterostructures with quantum dot®)D devices emitting at 1.2m, with a need to minimize the

(QDs) and quantum wirésare intriguing not only from the quantity of In in the active zone. Huffaket al® have de-

standpoint of revealing fundamental aspects of epitaxiaposited 5.5 InAs monolayers to achieve emission at a wave-

growth, but also in regard to the fabrication of new-length of 1.3um. In the present study we have reduced this

generation optoelectronic and microelectronic devices. Thaumber to four monolayers.

greatest progress in device applications is achieved utilizing We have investigated the structural and optical proper-

the phenomenon of spontaneous conversion of a strained thties of QD arrays overgrown by a layer of én, Ga, A)As

film to an array of coherent islands? Injection lasers have solid solution. The resulting QDs stimulate decomposition of

been constructed utilizing QDs and exhibiting extremelythe solid solution, thereby increasing the In concentration in

high temperature stability of the threshold current densitythe vicinity of the QDs and producing a long-wavelength

Jin, @ low value ofJy, (Refs. 4—6, and continuous-wave shift of the emission line. This approach can be used to

lasing at room temperature with a power output in excess ofichieve emission from InAs QDs at wavelengths up to 1.32

3 W (Ref. 7). pm while significantly reducing the total content of In in the
One advantage of using QD structures is the possibilityactive zone.

of broadening the optical range of emission in comparison

with structu_re_s based on quantum wells. For example, strucEXPERlME,\lT

tures containing 1(Ga)As/(Al)GaAs QDs are capable of las-

ing in the range +1.6 um (Refs. 4 and 8—10 In particular, The investigated structures were grown by molecular-

QD structures hold considerable promise for the fabricatiorbeam epitaxy on GasA& 00 semi-insulating substrates by

of devices emitting at a wavelength of 1.8n (Refs. 9 and means of a Riber 32P MBE machine. The active zone was

10). Lasers utilizing InGaAs QDs and emitting at a wave- placed in a GaAs host and consisted of an array of quantum

length of 1.3um have now been construct€tiNonetheless, dots formed in the deposition of an InAs thin film. The ef-

because of rapid gain saturation, lasing via the ground statiective thickness of the InAs QD layeip varied from two

of QDs has been achieved only by means of very long cavito three monolayeréML) for different structures. The QDs

ties and with the deposition of high-reflectivity coatings. Thewere overgrown by an InGaAs or InGaAlAs solid solution.

problems of attaining the 1.@8m range for structures utiliz- The thickness of théln, Ga, A)As layer(L) varied from 2.5

ing InGaAs/GaAs QDs stem from the rather large average&m to 8 nm, and the In concentration in the solid solutin

1063-7826/99/33(8)/5/$15.00 901 © 1999 American Institute of Physics
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varied from 0.1 to 0.4. To prevent the transport of nonequi- AR RN T

librium carriers into the surface zone and into the substrate
zone during optical investigations, the active zone was
bounded on both sides by short-period AlAs/GaAs superlat-
tices. The growth temperature was 485 °C for the active zone
and 600 °C for the rest of the structure. The formation of
QDs was monitored from the fast-electron diffraction pattern
in reflection.

Transmission electron microscof€EM) examinations
were made on a Philips EM 420 electron microscope with an /NG
accelerating voltage of 100 kV. Photoluminescence was ex- 10 11 12 13 14
cited by an Af laser (\=514.5 nm, excitation density
~100 mV/cnt). In the measurement of the luminescence ex-

SR mananm
+In Ga, As (4nm) 1

T = 300K
x=0.25 ]

QD

PL Intensity, arb. units

Photon energy, eV

citation spectrum light from a halogen lamp was transmitted DA Y
through a monochromator. The luminescence was detected *g - E (e
by a cooled Ge photodiode. 5; P1P2P3 QW o
al LA 1.138 ]
s | AN 1417
RESULTS AND DISCUSSION 20 N : 1097 )
v P H
Today the greatest progress in the fabrication of § 1 i 1.078
(In, GaAs/GaAs QD lasers is achieved using QDs in the £t 1/ : pL .
initial stage of their formatiofi,” which are characterized by & | = al PE c177ev 1
a high density, an absence of dislocations, and short carrier P AR - S
trapping and relaxation times. For the implementation of 1.1 1.2 1.3 1.4 1.5

long-wavelength emission in the InAs QD structures the QD Photon energy, eV

arrays were overgrown with a layer of,[Ba, _,As solid SO-  FIG. 1. (a) Photoluminescence spectra for structures containing InAs QDs
lution during the initial stage of their formationdgp~2  (deo=2 ML) overgrown by an IxGa _,As layer,L=4 nm. (b) Photolu-
ML). mines_cgnce spectrum and luminescence excitation spectra for structures
Figure 1 shows the photolurinescence spectia of InAFSTIERR9 A 0% e 2 ML) overgroun by an nGass sy, The
QD structures prepared by the deposition~& ML of InAs
and overgrown by a layer of |Ga _,As solid solution with
various In concentrations(x). The thickness of the ergy distance between the QD photoluminescence maximum
In,Ga, _,As layer for all the structures was 4 nm. The pho-(QD line) and theQW peak is roughly 200 meV, which is
toluminescence spectrum contains a line, lab€#din Fig.  comparable with the values obtained for ordinary QDs in a
1, in addition to theQD line associated with carrier recom- GaAs host. It also shows that the carriers localize effec-
bination in the resulting QDs. To investigate the nature oftively in the QDs.
this line, we have analyzed the luminescence excitation spec- It is evident from the photoluminescence spedifa.
tra(Fig. 1b). In the excitation spectra of ti@D line there are 1@ that asx increases in the interval from 0 to 0.2, the
discernible peakP1, P2, andP3, which on the energy scale photoluminescenc@D line is observed to shift toward lower
are situated at distances from the detection energy of 3photon energies. However, whenis further increased to
meV, 74 meV, and 102 meV, respectively. This form of the0.25, theQD line shifts toward the short-wavelength end. On
luminescence excitation spectra is typical of QD structires the other hand, when the thickness of the InGaAs layer is
and is associated with a multiphonon mechanism of carrieincreased from 4 nm to 8 nm at a constant concentration
relaxation from excited QD states. The luminescence excitaf0.15 or 0.2, we also observe a short-wavelength shift of the
tion spectra also reveal @W line whose position coincides QD peak. The variation of the energy positions of Q&
with the position of theQW line in the photoluminescence andQW!Iines in the photoluminescence spectra as functions
spectra and does not depend on the detection energy. Thi§ the parameters of the J6a _,As layer is shown in Fig.
result shows that th@W line is associated with carrier ex- 2a. A further increase in the In concentration to 6:84 at
citation in the continuum of the InGaAs solid solution. L =4 nm still enabled us to achieve emission at a wavelength
It is evident from the photoluminescence spec¢Ei. 1) of 1.3 um, but the TEM examinations show that the density
that when the In concentration in the InGaAs solid solutionof penetrating dislocations increases sharply in this case.
increases, th@W line exhibits a long-wavelength shift and, Figure 2b shows the dependence of the total photolumi-
accordingly, is shifted toward the long-wavelength end relanescence intensity on the effective InAs thickness in the ac-
tive to the wetting-layer line observed in the spectrum oftive zone @¢=dqgp+ L XX), which for the given samples
ordinary InAs/GaAs QD$WL line in Fig. 13. Consequently, increases as a result of the increase of the In concentration in
the QDs reside in the InGaAs matrix, which is a narrower-the solid solution. It is evident that for concentrations
gap medium than GaAs. x>0.3 (which corresponds tdgs=18 A fordop=2 ML and
Note that despite the overgrowth of the QDs by theL=4 nm), the photoluminescence intensity decreases con-
narrower-gap(in comparison with GaAsmaterial, the en- siderably.
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> 1.30 i ] dop L, ITateraI QD QD density, ‘ Densi_ty of misfit
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cence results. First, increasing the total quantity of In during

i) In content the successive deposition of QDs and the InGaAs layer in-

€ B . " g samplesomiting | creases the size of the islands and produces a long-

£ 'h’““ﬂii; ------ o m—m* f'":nga wavelength shift of the QD photoluminescence line. How-

® 3 Tl =3 ever, at a certain critical concentration of In atontgg

=3 1 o ] =2.7 ML, L=25 A, andx=21% in the given situatiorthe

s 2 @ : ] density of misfit dislocations increases, accompanied by a

E 3 @ | ] 25-meV shift of the QD photoluminescence line toward

® : higher photon energies. This effect is similar to the effect

g N3 observed for 2 ML of QDs.

= T T We assume that when the QD array is overgrown by an

o 0 12 14 16 18 20 22 InGaAs layer, the In atoms are distributed nonuniformly in
InAs Effective thickness, A the growth plane, owing to QD-induced stresses. As a result,

zones of elevated In concentration form in the vicinity of the
FIG. 2. (@) Position_s of the QD photoluminescen(_:e p_eé(@ﬁ) line) and an resulting QDs, in effect increasing the size of the QDs. The
InGaAs layer(QW line) versus the In concentration in the InGaAs layer: .
(1,3 L=4 nm; (2,4 L=8 nm.(b) Dependence of the total photolumines- phenomenon Of_ decay c_)f a q_uantum well under the mflugnce
cence intensity on the effective thickness of the InAs laygr:Structures ~ Of @ QD array is described in Refs. 12 and 13 for various
with dop=2 ML, L=4 nm, and various In concentrations in the solid so- materials. If the In content exceeds a certain value, the In
lution; (2) structures with various effective InAs thicknesses in the aCtiveconcentratiOﬂ near the Iargest dots can exceed the critical
zone (the parameters of the structures are given in Tabl@)l;structures P . .
with INAS QDs (dop=3 ML) deposited in the middle of an daGa ssAS value, qnd mlsm d_|slocat|ons are _formed in the plane of the
layer. QDs. Since radiative recombination does not take place at
these dots, the intensity of the long-wavelength part of the
photoluminescence spectrum decreases, and the photolumi-

It is evident from the investigations that for structuresnescence line shifts toward the short-wavelength end. An-
with 2 ML of InAs QDs with overgrowth of the QDs by an other cause of the short-wavelength shift of the QD photolu-
InGaAs solid solution it is possible to obtain long- minescence line with a simultaneous long-wavelength shift
wavelength emission, but for a certain critical In concentra-0f the photoluminescence line of the InGaAs layer could be
tion in the InGaAs layerX~0.25 in the given situatiorthe @ change in the growth kinetics as the islands are overgrown
resulting effect is such as to produce a short-wavelength shify an InGaAs solid solution having a higher In content. In
of the QD photoluminescence line. To obtain long-this event the fraction of In atoms deposited in the vicinity of
wavelength emission in this case requires a significant inthe QDs decreases, raising the average In content.
crease of the In concentration in the InGaAs layer, but this
leads to the formation of dislocations and, in the final analy-
sis, degradation of the optical properties of the structures
(Fig. 2b.

An alternative possibility for achieving emission at a
wavelength of 1.3um is to increase the effective thickness
of the InAs layer {lo) without increasing the In concentra-
tion in the solid solution. We have grown a series of samples
in which the effective thickness of the InAs layer was varied
by varying the amount of InAs during deposition of the QDs
(dgp) and by varying the thickness of the InGaAs layey
without the value ok ever exceeding 21 %. Table | gives the
parameters of the active zone of these structures, along with
TEM data[the density and diameters of the QDs and the s 160 105 110 145 130
density of misfit dislocations formed at the interface in the Photon energy, eV
plane of the QDp Figure 3 shows th_e phomlum_mescenceFlG. 3. Photoluminescence spectra for structures with various effective
spectra of these samples. The following conclusions can bgas thicknesses in the active zone. The parameters of the structures
drawn from a comparison of the TEM and photolumines-A—D are given in Table I.

odalal l,l-l.l.l.l-

PL Intensity, arb. units

' AT | ST

3
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FIG. 4. TEM images in the growth
plane(a) and in the cross sectidb) of
a structure with InAs QDs dgp=3
ML) deposited in the middle of an

INng 1.Gay s:AS layer.

Since the increase in the QD diameter as the InAs conso, we investigated the influence of the growth temperature
tent in the QDs increases from 2.2 Ml to 2.7 ML does notduring overgrowth of the QDs by an InGasAs layer on the
cause the density of misfit dislocations to increase, we haveptical properties of the structures. Figure 6 shows the pho-
sought to further increase the long-wavelength shift by growtoluminescence spectra of samples with the InGaAs layer
ing a structure with 3 ML of InAs QDs deposited in the grown at temperatures of 485 °C and 455 °C, respectively. It
middle of a wide (10 nm Ing,GayggAs layer. Figure 4 is evident that lowering the growth temperature imparts a
shows TEM images in the growth plane and in the crosdong-wavelength shift to the emission. This result can be
section for the indicated structure. It is evident from the im-attributed to the influence of temperature on the decay kinet-
age of the cross section that the height of the resulting isics of the InGaAs layer and demonstrates the feasibility of
lands is comparable with the thickness of the InGaAs layerachieving a further long-wavelength shift of the photolumi-
indicating essentially complete overgrowth of the QDs bynescence line with the right choice of temperature regimes.
the InGaAs layer. The newly formed QDs therefore reside in
the narrow-gap InGaAs host. Moreover, a comparison of the
TEM images in the growth plane for structures containing 3 r r r L ——
ML of InAs with and withouf a layer of InGaAs solid solu- —1.3 pm T=300K
tion shows that the deposition of InGaAs increases the lateral
dimensions of the QDs from15 nm to~20 nm.

The indicated structure exhibits emission at a wave-
length of 1.3um at room temperatur@-ig. 5). We also note
that when the effective thickness of the InAs layer increases
as the result of an increase digp andL and a simultaneous
lowering of the In concentration in the solid solution, the
total photoluminescence intensity is essentially unchanged
(Fig. 2b. This approach can therefore be used to achieve i
emission at 1.3um and at the same time to avoid degrada- R ar i S
tion of the optical properties of the structures. 0.9 1.0

We subsequently attempted to lower the total quantity of Photon energy, eV

In !n _the active zone while mainta?ning long-wavelength rig, 5. photoluminescence spectrum for a structure with InAs Qs (
emission at a wavelength of approximately uB1. To do =3 ML) deposited in the middle of an da,Ga, gsAs layer.

inAs QD (3 ML)
+1In, ,Ga,,As (10 nm)

PL Intensity, arb. units

n " 1
1.1 1.2 1.3
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T T—ébbk'- trations of Al to the solid solution can significantly reduce

- , the total quantity of InAs in the active zone while maintain-
[1.3umf| T\  ----- T, oo = 485°C ] ing an emission wavelength greater than &r. This result

: —T,,., = 455°C demonstrates the possibility of constructing lasers utilizing
[ ] INAs QDs on GaAs substrates and emitting at a wavelength
- . of 1.3 um.
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gram “Physics of Solid State Nanostructures,” and the
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The application of an external magnetic field during the breakdown of chalcogenide glass
semiconductor films provides a means for space-time tracing of the evolution of the current
channel and for the separation of electronic and thermal effects. The rapid movement of

the current channel along the sample tends to cool it, substantially abating the influence of Joule
heat and making it possible to increase the power. It is shown that breakdown is driven by

a leader-streamer mechanism. 1®99 American Institute of Physid$$1063-782609)02308-X]

One of the most interesting phenomena accompanying The measurements were carried out on samples with pla-
electrical breakdown in chalcogenide glass semiconductomsar and coplanar(*sandwich”) electrode configurations.
(CGSs is the switching effect discovered and investigatedThe distance between the planar electrodes was 100
by Kolomietset al,! Ovshinsky? and Kostylev and Shkéit —200um, and the length of the electrodes was 70 mm. The
have proposed a number of applications of this effect in mi-sandwich structures had an electrode area of Q.0 mnf.
croelectronics, stimulating vigorous research on CGSs in th&he thickness of the CGS films was in the interval 3 um.
late 1970s and early 1980s, along with the development oleasurements performed on different CGS compositions did
models of the switching effe¢t It should be noted, on the not exhibit any fundamental differences. The results given
other hand, that the complex nature of the effect has yet to bleelow are for AgSeTe films.
fully revealed. We believe that the flagging interest in this ~ The experimental arrangement is shown schematically in
phenomenon pursuant to the development of silicon memor¥ig. 1. A sample consisting of a glass substrate with a CGS
microcircuits, which have superseded CGS memory elefilm 1) deposited on it and metal strip electrod@ was
ments, is unwarranted, because the switching effect is one gfaced in a magnetic field3). A pulsed voltage from an
the most efficient techniques for generating an electron-holescillator (4) was applied through a current-limiting resistor
plasma, and it is applicable for the development of varioud5) between a pair of adjacent electrodes, one of which was
functional electronic devices and possibly light emitters uti-grounded. In a few cases experiments were performed on
lizing films doped with rare-earth metals. samples with coaxial annular electrodes. Approximately the

The objective of the present study is to investigate thesame results were obtained here as for the strip electrodes.
breakdown dynamics of CGSs and to separate the contribu- The amplitude of the rectangular pulse applied to the
tions of electronic and thermal effects underlying the phe-sample was varied in the interval 5-50V for the sandwich
nomenological model of the switching efféct To achieve
this goal, we apply an external magnetic field, which enables
us to trace in both space and time the evolution of the curren
channel.

In a previous papérwe have shown that when a CGS
film breaks down in a magnetic field, a curved track is
formed by molten or crystallized material, reminiscent of a ?
track in a Wilson cloud chamber. From the shape of this
track we have estimated the hypothetical particle velocity,
which was found to be extremely high, but we did not ad-
vance any assumptions as to the possible nature of the tracl

Consequently, part of the objective of the present study is tc2

ascertain the nature of the “track” and to explain its shape. . 7 3
In the investigation we have observed that the main N L ®

stages of breakdown of CGS thin films in a magnetic field A Y H

coincide with the main stages of the switching effect. This
result has brought us to the conclusion that the switching
effect and our investigated breakdown are based on identicg{g. 1. schematic diagram of the experimental arrangemidn) ex-
processes. plained in text;(6—8) alternative paths of the observed tracks.

1063-7826/99/33(8)/5/$15.00 906 © 1999 American Institute of Physics
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structures and in the interval 100—800 V for the samples wittconform to the configuration of the current channel. The cur-
planar electrodes. The pulse duration was 1-3ms, with gnt channel remains linear, but it moves between the elec-
leading edge of duration 0-11 us. During the measure- trodes along the film. Its rate of displacement is proportional
ments the sample was placed in the gap of a magnet with ae the current in the channel and could exceefictd/s in

induction of 2 T. our experiments. The movement of the filament can be

Figure 2 shows typical oscillograms of the voltage onjudged from the erosion of the electrodes in the regions
the sample(upper graphand the current through lower  through which it passes. Rapid movement of the current
graph without (a) and with (b) a magnetic field. Several channel along the film helps to cool it and eliminates the
characteristic segments are discernible in the oscillograms: gossibility of thermal breakdown. An analysis of many pho-
lag time, during which the voltage drop across the sampleographs has shown that a track which persists after break-
and the current through it do not change; fast switching-ordown is formed by a hot spot moving from the anode toward
with a sudden jump in the current and a simultaneous drop ithe cathode.
the sample resistance by several orders of magnitiiek- Figure 3a shows a photograph of the initial segment of
down or switching oy the switched-on state. The part of the one of the tracks formed in a film after breakdown in a mag-
oscillogram corresponding to the switched-on state containgetic field (see track8 in Fig. 1). It is evident from Fig. 3a
two segments exhibiting an additioneecondary increase  that a hot spotflare-up gradually evolves and, at the same
in the sample conductivity after a certain time, with atime, moves toward the cathodat an average rate of the
jump in the conductivity. In the switched-on state for com-order of 100 cm/swhile concurrently moving together with
positions exhibiting a strong tendency to crystalli&eg., the current filament along the substrate. The velocity of the
GesTegsAsy) the first of these segments corresponds to thgilament (velocity of the hot spot along the axis) can be
storage time, i.e., if the pulse terminates before the onset afeveral times the velocity of the spot within the filamént
the secondary jump, the resistance of the sample remaingey direction.
high; otherwise, it maintains a low resistance even after the  When the hot spot actually attains the cathode, the elec-
voltage is removed. trode burns up and, what is particularly intriguing, a track in

The main stages of breakdown represented in Fig. 2 oghe form of a crystallized filament propagates into a zone
cur both for sandwich structures and for planar structuresyhere the electric field is zet@oneB in Fig. 1). A relevant
even though the oscillograms can differ considerably for inphotograph, showing the directional propagation of the exci-
dividual samples of the same kind. For example, the currenfation over a great distance after the grounded electrode, is
in individual samples is observed to increase gradually in thgjiven in Fig. 3b. Most likely the energy in this zone is trans-
intervals of the switched-off and switched-on states; moreported by an acoustic oscillatory process involving oscilla-
over, there is often only one segment in the switched-onions of a coherent nature, as confirmed by the absence of
state. divergence in the track.

A comparison of FigS. 2a and 2b shows that for the most The observed phenomena are nice|y exp|ained on the
part a magnetic field does not alter the form of the oscillo-pasis of the leader-streamer mechanisim this case the lag
gram (the storage time increases somewhat in the magnetigme (Fig. 2) corresponds to the rise time of the space charge
field), implying that the film breakdown mechanism in the of the tip of the streamer. It is important to understand that
presence of a magnetic field is the same as without it. Thighis time ranges from a few microseconds to several milli-
inference permits us to generalize the conclusions for breakseconds, depending on the pulse amplitude, and the transit
down in a magnetic field to the zero-field case. time of the streamer between the contacts does not exceed

Electrical breakdown in a magnetic field results in the100 nm, whereas for the leader it can vary from a few mi-
formation of a track channel, which is observable by virtuecroseconds to several milliseconds. The density of free car-
of burnout, melting, or crystallization of the materi@e- riers in the channel left in the wake of the leader is close to
pending on the pulse powein zero field the track is linear 10'8cm™3, which is approximately the same as the uncom-
(track 6 in Fig. 1), whereas in a magnetic field it curv€®  pensated charge density at the tip of the leader.
and does not always join up with the electrod&s This The newly formed streamer fills up the electron-hole
result indicates that in a magnetic field the track does nOp|asma channel almost instantaneous[yitching-on time in

Fig. 2, whereupon the hot tip of the lead@mot spoj begins
to form, and the tip begins to move slowly from the anode
a b toward the cathode. The electrons and holes generated in the
< cm— n——— vicinity of the leader tip are transported into the channel,
me~— T — making it highly conducting. The flare-up of the spot at the
anode corresponds to the formation of the leader tip, which
consists of a charge double layer. It should be mentioned that
the onset of the “hot spot” associated with the tip of the
leader is accompanied by radiation in the near infrared range,
~ _— which has previousf/been interpreted as a recombination
— — process in the switching effect.
FIG. 2. Oscillograms of the voltageipper graphand currentlower graph The channel is heated by the movement of the hot spot
without (a) and with (b) a magnetic field. associated with the leader tip. This effect is confirmed by the
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FIG. 3. Photographs of the initiah) and final(b) parts of a track after breakdown in a magnetic field.

fact that melting, crystallization, and burnout take place onlycases in which the movement of the leader tip leads to burn-
in the region of the channel through which the tip of theout, as withessed by the strip in the middle of the sangle
leader passefFig. 39. As the tip approaches the cathode, and to melting of the CG#y). These photographs show that
the space-charge region vanishes. In this case the plasm@espite the invariance of the average velocity of the leader,
filled, conducting wake of the leader closes the contactsits tip pulsates, flaring up and dying out, i.e., ostensibly
which corresponds to a small current jump in themoves in spurts, as is especially visible in Fig. 4b. It is pos-
switched-on state. Since the track of the leader in memorgible that the onset of a soliton-type acoustic excitatfeg.
switches is filled with highly conducting crystallizing mate- 3b) with a wavelength of the order of 18 cm is specifically
rial, the low interelectrode resistance is preserved after terassociated with the energy pulsation distinguished in the
mination of the electrical pulse. leader tip.

Since the current does not change or changes only very In conclusion, looking once again at the switching effect,
slightly after streamer breakdow(frig. 2), we can assume in our opinion, it is based on the leader streamer mechanism,
that the velocity of the channel is approximately constantwhich accounts quite well for all the known properties of this
and the observed features of the track are associated witffect. Discrepancies can be attributed to the fact that in the
variations of the leader velocity. The velocity is then a maxi-switching effect, as a rule, the short-channel condition holds,
mum in the stages of formation and decay of the leader tip irand the space-charge region can fill up the entire interelec-
the direction toward the cathode. The velocity is approxi-trode space.
mately constant in the remaining time interval. The sum-total of these considerations is indicative of the

Figure 4 shows individual parts of the sample for thepotential practicality of the switching effect in applications
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FIG. 4. Photographs of parts of the samples exhibiting intermittent motion of the leader tip when the track is formed by(Buamauimelting(b) of the
material.
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The short-range-order structure and electron paramagnetic resonance of amorphous silicon
prepared by vacuum sublimation and by ion implantation are investigated. It is found that
amorphous silicon with atoms in thep? hybrid state is formed in the annealing of

evaporated silicon at 500 °C or in the irradiation of a silicon single crystal with neon at a dose
greater than or of the order of ¥@&m™2. In the latter case the amorphous material is

depthwise inhomogeneous and contains a layered structure consisting of silicon atoms with a
period of 5.16 A. In each case an ESR signal witly &actor g=2.0048, which

corresponds to a dangling bond of a silicon atom ingpé state, is observed. @999

American Institute of Physic§S1063-7829)02408-4

INTRODUCTION Transmission electron diffraction patterns from the
In studving the infl ¢ i the short evaporated films were recorded by means of &AREL02
n studying the influence of anneaiing on the s or'recording electron diffraction camera. Conversion from elec-

range-order structure and .p.ropertle.s of gmorphous S'l'.coﬂon scattering intensity to the radial distribution function of
prepared by the decomposition of silane in an rf glow dis-

h h thesized sili it tetrahed tre electron density was achieved by the conventional Fou-
charge, we have synthesized silicon with a nontetranedrajo - .nsform technigqfeand by optimization of the infor-
short-range-order structure. The new material, calle

- 15 . . . ation functionaP. The short-range order parameter was cal-
SI|ICYI’1€,’ is amorphous. According to electron?dlffractlon culated from the areas and positions of the radial distribution
StUd'e.S a_nd ultrasoft x-ray s_pectroscopy data, it has a IOVf'unction by a procedure similar to that in Ref. 6. In the case
coordination numberapproximately 2, a "?‘rge vale_nce_ of films prepared by ion implantation the electron diffraction
angle (almost 180%, and a shorter average interatomic dis- 4

N S1A) i ) ith call i | patterns were recorded in reflection by means of & E
ance ( : )_t'F‘ tchompla_trlson WII c][ys abme S! |((j:on. n N 100M electron diffraction camera. The structure was checked
our opinion, 1t 1S the silicon analog of carbyn€ and ConsiStS,; e oach successive etching of silicon layers having a thick-
mainly of linear chains of silicon atoms with multiple

bonds of the ¢ Si— Si— Si= i d (—Si—sics]  ness of the order of 120 A.

_og__s 0 The i/pe_(— k:_' = It_ D anb (:j éi_t I_thl b The first derivatives of the electron spin resonance ab-
= Si=)n. The atomic chains, in turn, are bonded together ysorption line were recorded on a three-centimeter homodyne

van der Waa'ls force's. or brldges. of ord|r.1ary covalent bonOISSpectrometer. The magnetic scan was calibrated by recording
In the formation of silicyne a major role is played by hydro-

e o _ the third and fourth lines of the Mn" spectrum in MgO
gen, whose concentration in the as-prepared silicon films haﬁowder which are separated from each other by 85.5 G. The
attained 12-40 at. %. '

. . . . factor of the paramagnetic centers was measured relative
The objective of the present study is to investigate th J b 9

_ . - 0 the resonance absorption of a KCI standard with
influence of annealing on the structural transformations and _ 5 4058 The density, linewidth, argifactor of the para-
properties of hydrogen-free amorphous silican $i). ' i ' '

magnetic centers in relative measurements were determined
within error limits of 8%, 0.1 G, and 0.0002, respectively.

EXPERIMENTAL PROCEDURE

_ i . RESULTS AND DISCUSSION
The initial amorphous films were prepared mainly by the

vacuum sublimation of silicohand by the irradiation of Figure 1 shows how the electron scattering intensity var-
crystalline silicon with inert gas ions. ies in films prepared by the vacuum sublimation of silicon as
For the structural measurements silicon films of thick-the anneal temperature is varied. It is evident that recrystal-
ness 70—80 nm were deposited on a freshly cleaved chip ofl&ation does not begin until the anneal temperature attains
NaCl crystal. The deposition rate did not exceed 0.3nm/s700 °C. At lower temperatures the films remain amorphous,
The temperature of the substrate was 250 °C. The resultinigut structural transformation takes place. This process can be
amorphous silicon had an almost-tetrahedral structure. visualized more intuitively from Table |, which shows the
Crystalline silicon, mark BKD-1000, was irradiated with results of calculations of the short-range-order structure of
neon ions of energy up to 80keV at doses ranging fronthe films. As in the case o&-Si:H (Ref. 1), a significant
6x 10"ions/cnt to 2x 10 ions/cnt at room temperature. change in the short-range-order structure of the still amor-
In every case the ion current density did not exceedphous material is observed at an anneal temperafiyre
10 uAlcm?. =500 °C. At this temperature the first coordination number

1063-7826/99/33(8)/4/$15.00 911 © 1999 American Institute of Physics
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FIG. 1. Angular dependence of the electron scattering intensityaf8r
annealed at{1) room temperature(2) 500 °C; (2) 700 °C.

arb. units

k, decreases from 3i80.2 to 2.8-0.2, and the interatomic é,
distancer, decreases to 2.150.04 A. The valence angle,
however, undergoes a notably smaller change thaaSinH ) ; |
films: ¢=(132+=6)°. Even though the variations of all the 0 200 40 600 800
short-range order parameters are less pronounced than for Tas
hydrogenated silicon, they cannot be written off as EXPETlLiG. 2. Influence of annealing on the density of paramagnetic ceNtgrs
mental error. Measurements of the structure of evaporateghe g factor, and the linewidti\H ,, of amorphous silicon evaporated by
hydrogen-free, amorphous silicon films prepared by electronvacuum sublimation.
beam evaporation and ion-plasma sputtering reveal the ab-
sence of any appreciable variations of the parameters of the
first coordination sphere in annealing up to the partial recrysmined by us is a local minimum in the case of full optimi-
tallization temperature. zation. The resulting data are further corroborated by the
As in Ref. 1, these data on the variation of the short-vibrational frequency calculations. The silicon atoms in such
range-order structure @-Si can be attributed to the forma- structures are situated in one plane, but not in one straight
tion of silicon multiple bonds during annealing. However, line. The distance between these local and global — corre-
the structure of the molecules will necessarily differ. Wesponding to a tetrahedral configuration of atoms — energy
have calculated possible stable nontetrahedral silicon strueninima of different forms of clusters is of the order of
tures by the nonempirical restricted Hartree-Fock method ir20 kcal/atom. The optimized angles between silicon atoms
basis 6-316G(d) [ RHF/6-3115(d) ] with the correlation en- are varied in the range from 115° to 127°.
ergy taken into account by second-ordefIMoPlesset per- It is also interesting to note that each silicon atom in
turbation theonf MP2/6-3115(d)]. The geometry was op- these clusters has a double bond, but the total order of the
timized by the gradient method. The stationary points of thébonds per silicon atom is only three. We can therefore as-
surface potential energy were characterized by calculatingume that each silicon atom in a real amorphous silicon film
the vibrational frequencies. We have confined the presentan utilize its free valence to form a bond with another chain
study to clusters of atoms existing only in the singlet spinand thus promote the formation of a three-dimensional dis-
state. All the calculations have been carried out by means afrdered network. The silicon atoms in this case exist in an
PC Games-4.5.1 softwafalVe used silicon chain structures sp? hybrid state and have ordinary and double bonds with
as the basic cluster models. The chain length was varieténgths of 2.29 A and 2.11 A, respectively. We see that the
from 2 to 12 silicon atoms. Our calculations have showncalculated bond lengths and valence angles are in good
that, in addition to a tetrahedral structure, silicon can formagreement with the results of the structural measurements. It
stable chained cluster structures. The stationary point deteis entirely admissible that some of the silicon atoms can be
left with a single unused bond. But then the corresponding
material will have to have a high density of unpaired spins.
TABLE I. Short-range-order parameters of amorphous silicon prepared by Figure 2 shows the results of ESR measurements$if
vacuum sublimation before and after annealing at temperdiyre films prepared by the vacuum sublimation of silicon. The
T, °C K, A o, deg as-prepared-Si films had a density of unpaired spihg
=7.5x10"®cm 3. The measured ESR line withgafactor of

’;‘;’Oa””ea' 3368 22-3313 111151 2.0055 corresponds to a dangling bond in tetrahedral amor-
500 58 215 136 phous silicon. The density of paramagnetic centers decreases

600 28 218 132 as anneal temperature is raised. However, in the range of
anneal temperatures 50®00 °C an increase Mg, which
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is accompanied by a decrease in théactor and the line-
width AH,, is observed. It is reasonable to assume that at
these temperatures the observed reverse anneal stage is ass
ciated with structural transformation of the amorphous semi-
conductor and the generation of paramagnetic centers. Since
the paramagnetic resonance line has a diffegdattor and a
different linewidth, we are encountering a new paramagnetic
center. In our opinion, the role of this new center can be
identified exclusively with the same dangling bond of the
silicon atom, but now existing in asp® hybrid state. The
influence of the short-range-order parameters orgtfeetor

of defects in amorphous semiconductors has been reported ir
a theoretical stud§.Similar experimental data had been ob-
tained in earlier workR~*' In contrast with our work, in Ref.

9 the increase ilNg at temperature3 ,=500-600 °C was

not accompanied by a variation of tlgefactor or the line-
width AH,,. It is entirely conceivable that the authors of
Ref. 9 were unable to observe the variations of these param-
eters of the ESR line on account of a relatively large error of
their experiments. In particular, the authors themselves re-
marked that the error of determination of théactor attained
values of 0.0005.

The reverse annealing effect has been obséfVédn o _ , ,

. . . . . . FIG. 3. Electron diffraction pattern in reflection after etch-peeling of 200 A
a-Si prepared by ion |mplantat|on. In this case both an Mrom the surface of silicon irradiated with Neions at a dose of 2
crease iMNg and a decrease in tigefactor was noted, along  x10cm 2 and an ion energy of 40 keV.
with an increase in the linewidth. The authors of Ref. 10
assumed that centers withgafactor of 2.0046, which they
called C8 centers, exist in addition to paramagnetic centers

with a g factor of 2.0055 YV center$ in silicon irradiated .
ith gaseous imourities. Thev postulated that @8 centers recorded from the surface of a sample after a layer of thick-
with g us Impurities. y postu ess of the order of 200 A had been peeled from it. Accord-

are situated on the inner surface of inert gas bubbles, Whlcﬂg to data in Ref. 10, this is precisely the depth at wiah

can be formed both during implantation and during annealbenters are found, whereas according to our Hatiaere is a

ing of the implanted silicon. The breakup of the bubbles atIayer with ferromagnetic spin ordering. The character of the

high anneal temperatures IS respopsuble for the onset of tt}‘foint reflections occurring periodically along one line sug-
reverse annealing effect. Finally, in Ref. 11 we have adgqqiq that the observed diffraction originates from planes
vanced the hypothesis that the increaslinin reverse an- iy ated parallel to one another with a period of 5.16 A. We
nealing is not associated with the generatiol/&f centers,  geq that the period differs from the lattice constant of crys-
but with the breakdown of magnetic ordering in amorphousjiine Si @=5.43A). In-plane ordering does not exist. In
silicon as the density of paramagnetic centers decreases @kt 11 we have postulated that layered compounds of the
the whole. As in Ref. 10, the postanneal properties and besj Ng, type are formed. They are planar structures similar to
havior of this kind of silicon are significantly influenced by raphite intercalates, in which inert gas atoms fill the voids
the high concentration of injected gas. Thus, the authors ogetween silicon planes. The silicon atoms no longer have
Refs. 10 and 11 concur as to the important role of the inertoyr. put three silicon neighbors, and the type of hybridiza-
gas in the formation of amorphous silicon by ion implanta-tjon of the valence electrons changes frep? to sp?. Van
tion, but they submit different explanations for the behaviorder \Waals forces act between planes consisting of neon and
of such a material during annealing. In the present study Wejlicon atoms. Some of the silicon atoms, however, have un-
have taken yet another look at this problem and, to gain morgised bonds. According to ESR data, such a layered structure
insight into the processes involved in the implantation ofhas paramagnetic centers whose concentration attains a value
inert gas ions in silicon, we have investigated the structure off the order of 18'cm™3. The measurements have been car-
amorphous silicon prepared in this way. ried out at room temperature. The ESR line hag factor

It is generally known that silicon layers obtained with equal to 2.0047 and a linewidthH,,= 14 G. Our ESR data
irradiation doses not too far above the amorphization levehre in good agreement with the parameters of @@-
are amorphized over their entire depth. At ultrahigh implan-center!® but structural measurements indicate that this para-
tation doses greater than or of the order oftOn 2 the  magnetic center is more consistent with a dangling bond of a
amorphous layer becomes depthwise inhomogeneous, asilicon atom existing in asp? hybrid state. This conclusion
traces of crystallinity appear in the interior of the irradiatedis further supported by our experiments on the annealing of
layer (see Fig. 3 The given electron diffraction pattern was evaporated amorphous silicon films. Such material does not
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The current-voltage characteristics of Si:As blocked impurity bd@i8) structures are
investigated. The behavior of the dark current in the temperature range 4.2—25 K and in the
range of bias voltages-3 to +3 V is analyzed. It is shown that the main features of lth&/
characteristics are governed by the thermal-field injection of charge carriers from the
contacts to the BIB structure. The details of theV characteristics for bias voltages of both
polarities are attributed to generation-recombination processes between the conduction
band and the impurity band of tié¢* photoconductive layer. It is established that the blocking
layer can accumulate charge of both signs, influencing the formation of thd dark
characteristics. ©1999 American Institute of Physid$S1063-78269)02508-9

INTRODUCTION senic in our cage These processes also influence the behav-
ior of the | -V characteristics and are discussed below.

The behavior of the dark current in a blocked impurity
band(BIB) structure is discussed in Refs. 1-3. However, the
experimental data given in these papers are inadequate for
drawing straightforward conclusions as to the prevalent |t has been shovfrthat for both polarities the current is
mechanisms underlying the evolution of the dark conductivmainly an exponential function of the bias voltage, where for
ity. To bridge this gap, we have performed systematic darknegative biases this dependence begins to appear in fields
current measurements in Si:As BIB structutes. E<10? V/icm. It leads to the assumption that the current in

The resulting experimental data show that the principathe BIB structure is governed by contact injection. For this
features of the current-voltage-V) characteristics are gov- reason the nature of the potential barriers at the contacts and
ermned by contact injection, as postulated in an earlier papertheir dependence on the bias voltage and temperature are
However, while the injection model discussed in that papedecisive in regard to the subject of carrier injection.
gives a correct determination of the threshold voltage for ~We now consider the contact zones in greater detail.
injection from the contact, it fails to predict either the field Figure 1 shows diagrams of the characteristics of the con-
dependence or the temperature dependence of the curretdcts to theN™ and| layers of a Si:As BIB structure. The
The condition stated in Ref. 1, that the electric field is zero atontacts are formed by diffusion phosphorous doping of the
the injection contact, leads to an infinite density of injectedsurface of thd layer and by means of an epitaxial “block-
electrons, which is not a physically tenable result. Conseaded” contact of the Si:AN™ " layer to theN™ photocon-
quently, the mechanisms of contact injection in a BIB struc-ductive layer(see Fig. 1 in Ref. ¥ The impurity concentra-
ture remains an open question. tion in these contacts is greater than the required

We have established the existence of characteristic kinksoncentration for the Mott transitichSuch contacts are cus-
in the | -V characteristics of the structures and have postutomarily referred to as ohmic contacts, because at tempera-
lated that generation-recombination processes between tleres above the transition temperature to hopping conduc-
principal band(the conduction band in our cagsand the tion, T,, they render the current linear with respect to
impurity band play a principal role in their formation. The the field as electrons move through the principal conduction
role of these processes has been noted previously for struband. The contacts convert to the injection type as the
tures of theN**—NT—N*" type> In BIB structures these temperature is lowered, producing superlinear characteris-
processes act in conjunction with hopping conductiontics; this phenomenon has been established previously for

POTENTIAL BARRIERS IN THE BIB STRUCTURE

through the impurity band to produce the particular feature®®**—1—N** diodes’
of thel -V characteristics for both polarities of the bias volt- An analysis of the temperature and field dependences of
age. the current has shovinthat the principal mechanism by

Finally, under certain conditions both a negative chargevhich electrons pass through the barrier in Mie™ — | con-
and a positive charge can accumulate in the blocking layer dfacts in the temperature interval @5 K is the Richardson
a BIB structure, where hopping conduction is stopped as amission of electrons from thd™* contact in thel layer
result of the low concentration of the principal dopdat-  through the barrier, which is lowered by the applied voltage.

1063-7826/99/33(8)/5/$15.00 915 © 1999 American Institute of Physics
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c FIG. 2. The current-voltage characteristics of MA*—N*—N*"* struc-

ture. The area i$=340x500un?. (1-5) Forward branches6) reverse
£, branch. Temperaturdl) T=4.2 K; (2) 5.7 K; (3) 8 K; (4, 6) 9.6 K; (5)
13 K.

impurity level is predominant. AT<T, hopping conductiv-
ity prevails because of holes ejected into the peak of the
i density of states of neutral donors. The activation energy is
-0 D £,=8.3 meV, which is close to its theoretical valug
. . ! ' ' =0.9912Né’3/)(=8 meV (y is the dielectric permittivity of

p P 77 " P silicon). The hopping distance determined from theV
10 10 10 10 10 . ~ .

Ny, cm-3 curve is close td.,=200 A, which corresponds to the aver-

age distance between donors in the density-of-states peak.

FIG. 1. Distribution of the dopant concentratidg) in a diffusion contact to
the blocking layer{b) in an epitaxial “blockaded” contact to the photocon-
ductive layer;(c) diagram of the formation of the potential barrier for in- s
jected electrons in thé&l**—1 and N**—N* contacts. HereD® is the 707"
electron level at an isolated neutral As atom in[3i, is the electron level

at an isolated, negatively biased As atom in &iis the thickness of the
region of variable concentration, which is bounded on the left by the con-

centration for the Mott transition. 1075} 48 meV

2. CURRENT-VOLTAGE CHARACTERISTIC FOR A
NEGATIVE NEGATIVE BIAS 1078

T

To investigate thé—V characteristics, in addition to the =

BIB structures we prepared “resistorN*t*—N*—N** '\4

structures from the BIB type by etching the blockintayer

and fabricating a diffusiolN™ " layer to theN™ layer under

the same conditions as to thdayer of the BIB structure.

Figures 2 and 3 show-V characteristics and temperature 1

curves of the current for the N**—N*—N** structure. 1072

Clearly, thel -V characteristics are symmetric and up to a A

voltageV=1 V are almost exponential:
locexp(—e,/kT)exp(qlE/KT), 107" 5 — 75 T

whereE=V/I, V is the bias voltagd, is the thickness of the 00/7, 1/K

N layer, anaq is the ele,Ctrqn charge. The temperature de_FIG. 3. Current versus temperature if2) a BIB structure; (1) an

pendence of the current indicates that at temperatures aboye + N+ —N** structure made from it. Are=340x500um? bias

T,=18 K the conduction of band electrons excited from thevoltage 0.4 V.

077" 8.3 meV
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107k that can transform in this region into hole current through the
impurity band is 7=[1—exp(—~NxLo)]=0.3, whereN,,
5 =2x10%cm 3, and the thickness of th&l* layer is L
70 =20um, i.e., the fraction can be large. The latter process
can be limited by the rate of transition of holes from con-
1077 ducting states in the peak of the density of states of neutral
donors —g(e) — into states of donors nearest to acceptors
< — g,(¢) — and second charged donors near the first com-
~ 10 .
plexes —g,(&) (the notation corresponds to Rej. Ve can
therefore expect the hole current through the impurity band
1077 in the kink region to be from 10 to 1 times the injection
current.
s As long as the recombination current is small in com-
10 sl . l ) > parison with the maximum possible hole current through the
10040 0.35 0.90 0.25 -0.20 impurity band, the charge at tHe-N" interface does not
p
107" . L ! L L change, and a current that depends exponentially on the bias
-2.5 ~2.0 -1.5 -1.0 -0.5 0

voltage is observed. However, as the injection current in-
creases exponentially, the recombination current also in-
FIG. 4. Current-voltage characteristic of a negatively biased BIB structurecreases exponentially. When it approaches the maximum

at a temperatur@=9 K. Area S=650X 650,um2. Inset:1 -V characteris- possib'e current that can pass through the |mpur|ty band,
tics in the low-voltage range atl) T=5.6 K; (2) 9 K; (3) 13 K; (4) 14.7 K.

The coordinate axes are the same as in the main figure. [=1g exp(—e,/KT) expqlE/KT),

v,V

the surface charge begins to decrease. HerequNLES, 1

In a negatively biased BIB structure holes flow through!S the effective hole conductivity through the impurity band
the impurity band of th&l* layer to the interface with the  Of AS in Si, estimated for the given doping level g
layer, and the entire bias voltage is across the blocking layer- 1 €T/(V-s) (Ref. 10, andSis the area of the BIB struc-
When a current appears in the structure after an increase [Hré- The reduction of the charge causes the voltage to be
the voltage, it can only be associated with electrons injectefdistributed betwecin the space-charge regfiband the to-
through the barriefFig. 19 into the conduction band, be- ftal thickness of thél™ layerL and equalizes the electric field
cause an impurity band does not exist in thayer. in the structure. _ o

Figure 4 shows thé-V characteristic of a BIB structure After the kink region the -V characteristic enters a sec-
for V<O0. In the initial interval the current depends exponen-ONd exponential interval. Here the current is again given by

tially on the voltage and the temperature, and can be dghe above relation, but now witkV replaced by the total
scribed by the relation thickness of the BIB structuré/+L).

I(V,T)=lg exd —(¢n—aqVdW)/KT],

where ¢,,=30 meV,W=5 um, andd=8x10 ® cm. Here
¢m is the height of the contact barriad/ is the thickness of
the | layer, d is the thickness of the transition contact zone  For a positive bias lower than the contact injection
between the layer and theN** layer. These results are voltagée the field does not penetrate to the interface of the
consistent with those of Ref. 7 and deviate from the concluN™ andN™* layers, and there is no injection current from
sions of Ref. 5 as to the tunneling character of the injectiorthe blockadedN™ " contact. A range of biases extending
current in anN**—N contact (Si:As) at a temperature from several tenths of a volt to several voltiepending on
of 10 K. the configuration and parameters of the BIB strugtiseb-

As the injected electrons reach the interface oflth@d  served. Here the current is less than 10A (Fig. 5. When
N* layers, they enter the region of Asons. The AS elec-  a certain bias lower than the contact injection voltage is at-
tron capture cross section in silicon, determined from thdained, there emerges a current that depends exponentially on
recombination coefficienB=2.2x10 6cm®.s™! at T=5.5 the bias voltage and the temperature. This current then be-
K and E=100 V/cm, isoc=10 cn? (Ref. 8. For this  gins to be limited, and the-V characteristic acquires a kink.
value of o and the surface concentration of Aat the level The temperature dependence of the current in the interval
Nas=10°cm 2 (atV=0.1V andW=5 um) a large fraction where it flattens out corresponds to the dependence in an
of the electrons passes through the charged layer withodt™*—N*"—N** structure. Since the current in structures of
being captured. The fraction of the electron current transthis kind for V<1 V andT<18 K is governed by the hop-
formed by capture at this interface into hole current througtping conductivity through the impurity band, it is natural to
the impurity band is only 10°—10 2, assume that the current in the vicinity of the kink will also be

In addition to the capture of electrons at the interface oflimited by the hopping conduction current through the impu-
thel andN ™ layers, capture also takes place in the etife  rity band. The carriers move through the impurity band to the
layer, where the density of Asatoms is equal to the density interface of theN* and| layers, and then electrons transfer
of acceptors. The fraction of the injection electron currentinto the conduction band by one of the thermal-field-

3. CURRENT-VOLTAGE CHARACTERISTIC FOR A POSITIVE
BIAS
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from an N** contact into thel layer for a negative bias.
Electrons entering thelayer are captured by Asions, caus-

ing the negative charge to increase and, naturally, inducing a
parallel shift of the —V characteristics toward increasing the
voltage. The limiting shift of thd —V characteristics is de-
termined by the density of acceptors and the thickness of the
| layer and for the investigated samples is approximately
1V, which agrees with the observédV characteristics.

This explanation is confirmed in experiment when the
temperature is further decreased to 5.6 K and 4.2 K. It is
evident that when the temperature is lowered to 5.6 K or
lower, the shift of thd —V characteristics changes sign. This
behavior can be logically explained if we allow for the fact
that after all the AS centers have been filled with electrons,

a further decrease in the temperature and increase in the volt-
age must be accompanied by the onset of cumulative ioniza-
tion of neutral donor centers in thelayer; i.e., a positive
charge sets in. The change of sign of the charge is a trigger-
type effect due to the positive feedback of the charge with
the contact injection current, as is in fact observed in experi-
FIG. 5. Current-voltage characteristic of a positively biased BIB structure atlm_ e\? tcf?awrgz?e":lgs t]:rcc;rr\llg:’)g/h dtL?rilr?;v :L?cl:t?egsesslvtsklgivglr?:ge :’;\fs ttf:]ee
temperatures(l) T=4.2 K; (2) 5.6 K; (3) 7.4 K; (4) 11.6 K.

temperature. If the measurements are initiated at the tem-

peratureT=4.2 K, then when the temperature is raised to
ionization mechanisms. The low accuracy of theV — T=7.4 K, switching to higher voltages takes place, and the
characteristics in this zone makes it impossible to choostjection voltage then decreases as the temperature increases.
between the Poole—Frenkel mechanism and thermally faciliA similar parallel shift of thel-V characteristics toward
tated electron tunneling from the donor into the conductioniower bias voltages has been observed previGusiymea-
band, but the estimation of the observed quantities admits theurements of thé—V characteristics at 4.2 K on silicon re-
proposed explanation. sistors with anN™ " —N*"—N*" structure. In this paper, in

The current in the hopping conduction region for a posi-contrast with our own investigations, a spin generator with a
tive bias is lower than the corresponding negative-bias curtinear rise and decay of the voltage was used. This resulted in
rent. The difference between the two currents in the vicinitythe formation of a hysteresis loop in theV characteristics.
of the kink for opposite bias polarities in a BIB structure andwe have used a step-voltage generator with an adjustable
the deviation of these currents from the corresponding curtime of application of the bias to the sample and a constant
rentin anN*"—N"—N"" structure are attributable to the manual bias. In both cases the voltage only increased from
fact that the current through the impurity band flows in azero to the maximum valu@ictated by the maximum cur-
uniform field E=V/L in the “resistor” structure. In a BIB  rent, so that only part of the hysteresis loop was recorded.
structure with either polarity the electric field in the" layer The variation of the charge on As atoms in thiayer
varies fromE=V/(W+L) to the minimum value oE. Ina  due to the capture of electrons from the conduction band and
BIB structure, therefore, the current through the impurity,the resulting modulation of the injection current also account
while preserving the temperature dependence of the hoppin@r the high current-power sensitivity of highly biased BIB
conductivity of theN™ layer, has a lower value, which is photodetector$?
controlled by the minimum-field part of the* layer.

With a further increase in the bias, an exponentlal de-?()l\chUSK)'\IS
pendence of the current on the voltage is again observed. It
has been suggestéd? that thel -V characteristic in this The reported investigation has made it possible for the
field range is controlled by impact ionization of the impurity first time to establish the role of all the elements of a BIB
band of theN ™ photoconductive layer. However, the parallel structure in the formation of its current-voltage characteris-
shift of thel -V characteristics in this region, exhibiting an tic.
exceedingly strong temperature dependence of the current, 1. The contacN™* regions together with the asymmetry
cannot be explained in the impact ionization model either inof the structure form the main exponential dependence of the
regard to the reduction of the current as the temperature isurrent on the bias voltage.

707*

70-72

70-14

lowered or in regard to the parallel shift of theV charac- 2. The kink regions on the-V characteristics for nega-
teristics toward diminishing the bias voltage. Our proposedive and positive bias voltage and the onset of current after
explanation is as follows. the blocking regior(for a positive biasare associated with

The increase in the current with the bias voltage in thisgeneration-recombination processes between the impurity
region is induced by injection from a “blockadedN™** band and the conduction band of the" photoconductive
contact and is controlled by the same mechanism as injectidiayer.
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Gadolinium-doped InGaAsSb solid solutions on an InAs substrate for light-emitting
diodes operating in the spectral interval A=3-5um

N. V. Zotova, S. A. Karandashev, B. A. Matveev, M. A. Remenny , N. M. Stus’,
and G. N. Talalakin
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The influence of a gadolinium impurity on the electrical and luminescence characteristics of
epitaxial structures made from narrow-gagnGaAsSb solid solutions grown by liquid-phase
epitaxy on InAs substrates is investigated. The addition of gadolinium to the flux solution

in the interval of concentrations<0X5,<0.14at. % has the effect of lowering the density of
electrons in the InGaAsSb layers from+8)x 10¢cm ™2 to (7—8)x10*®cm 2 and

increasing the carrier mobility from 32000 éH\V-s) to 61500 cr/(V-s) (T=77K). Also
observed are a decrease in the half-width of the photoluminescence spectra from 25 meV to
12 meV and as much as a tenfold increase in their inten3ity {7 K). The electroluminescence
intensity of LEDs fabricated from gadolinium-dopadnGaAsShp-InAs epitaxial structures
(T=300K) increases approximately a factor of 2 relative to the undoped samples.

© 1999 American Institute of PhysidsS1063-782809)02608-3

1. INTRODUCTION matched(see Table)l Then-InGaAsSh epitaxial layers had
a sufficiently perfect morphologyplanarity, high-quality

ogy in application to the fabrication of efficient optoelec- S?rlfgff f&dllg)z cIe_ilr:/age %Ian]?\.mh a d|sl_0c$|03_dlens[[t_y
tronic devices, including those based on IlI-V solid solu-° cm =, with no abrupt increase In the dislocation

. | — 0,
tions, are often known to be limited by the presence ofden‘fl_":]y oblseivledlup W to.l4?t.thle. GaAsSh epitaxial
residual silicon, carbon, and oxygen impurities in the melt. € electrical parameters o n Sob epitaxia

Of special interest in this regard are papers in which possiblgImS grown onp-InAs substrates were measured on rectan-

avenues are offered for the purification of semiconductor magular samples with six indium contacts by the standard dc

terials doped with rare-earth elements Yb, Gd, Sc, Smproc_edure In & magnetic f|eld_ .Of 4.9kOe BE77K. The
etcl-7 carrier density ;7)) and mobility U,;) were calculated

The objective of the present study is to prepare and inftrom the rzstuhltsl?if IT]eastfJ_rgm?nts of the electrical conductiv-
vestigate the electrical and luminescent properties of narrow?Y (_‘I_T% anh tel all coetlicien R). =TT K
gap solid solution1-In; _,GaAs; ,Sh, and light-emitting e photoluminescence spectrii< ) were mea-

. e d in a reflection geometryradiation excited and
diodes (LEDs) utilizing them, grown by LPE from the sure

gadolinium-doped flux melt on the basis of these solid solu—re(:(.)rd.ed from the surface of thelnGaAsSb layer The
tions and emitting in the spectral interval=3—5 um (T excitation source was an LPI-14 semiconductor laser
~300K). (A=0.8um, Pps~50W).

The capabilities of liquid-phase epitaxitPE) technol-

2. SAMPLES AND EXPERIMENTAL PROCEDURE
o . 3. EXPERIMENTAL RESULTS AND DISCUSSION
The samples were epitaxial layers of the solid solution

n-In, _,GaAs; _,Sh, of thicknessd=10—20um grown by The electrical parameters of the investigated samples are
LPE at a temperatur€= 635— 654 °C from: a the undoped shown in Table Il. The measurement results show that the
liguid phase; b from the Gd-doped solution in the range of density of free carriera;; decreases as the Gd content in the
concentrations & Xg,<0.14at. %. The substrates were flux melt is increased in the intervalOXz,<0.14 at. % in
single-crystaln-InAs andp-InAs wafers of industrial purity n-InGaAsSb epitaxial layers. The most abrupt decrease, from
with a carrier densityn,p(77 K)=(1—3)x10%cm 3, mo-  n;;=(3—6)x10*cm 3 to n,;=1x10*%cm™3, is observed
bility U,(77K)=(4—5)x10*cn?/(V-s), and U,(77K)  inthe interval 6<X4=0.005 at. %. When the Gd content in
=(0.7-1.0)x 10 cn?/(V-s), and a dislocation density of the flux solution is further increased xgd:o.14 at. %, the

5x 10°~ 1x 10* cn?. According to an interpolative estimate n,;=f(X}5,) curve in Fig. 1 reaches saturation, attaining
using data on the composition of the layers, the lattice perivalues n,,=(7—8)x10*cm 3. Concurrently, at X'Gd

ods of the epitaxial films and the InAs substrate are well=0.005at. % the electron mobility U;;) increases 1.5

1063-7826/99/33(8)/4/$15.00 920 © 1999 American Institute of Physics
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TABLE I. 7017;__ S 705
X4, Solid solution a - 1

No. at. % composition A Sa

Hys-2 0.0022 1R.93:G & 060,045, 06 6.057 —1.6x10°* '?E

HN-4  0.0030  IRosGahosSoosShoss 6.061  +4.9x10°* g

Hig2  0.022 180858 oA 05t oss  6.054 —4.9x10°% 5

107
—1.8-fold relative to the mobility in the undoped samples,
attaining a value U;;=61500cm/(V-s) at n;;=1.3 T T P
x 10 cm™3 (Fig. 1) 0 0.01 0.02 0.05"°
Using the results of the Hall measurements and assum Xt at %

Gd 7
ing that the carrier mobility is mainly determined by scatter-

ing at optical phonons and impurity ions, we have calculated!¢- 1- Dependence of the carrier densiiand mobility U on the gado-
the densities of impurity ionsNy), donors Np), and accep- MU contentXs, in the flux solution T=77K).
tors (N5) and the degree of compensatikir= N, /Np .

An analysis of the results shows that the densities of
impurity ions (both N4 andNp) decrease significantly with  >0.005 at. %, when the above-postulated processes begin to
increase in the Gd content in the flux solution, attainingprevail over the basic extractive influence of Gd.
minimum valuesNp=(1—2)Xx10*%cm 2 andN,=(3-5) We can infer from the foregoing analysis of the Hall
x10%cm 3 at X'G =0.004-0.005at. % (Fig. 2). With a  measurement results that the total density of charge carriers
further increase itXg4 to 0.14 at. %, the densitMy scarcely  effectively decreases as Gd is added up to the Ingj

changes at all, whil&, and N, increase somewhat &,  =0.005 at. %, owing to a decrease in the background densi-
=0.005-0.013 at. % and reach saturation under doping conties of both donors and acceptors. A further reduction in the
ditions Xiz;=0.01—0.14 at. %. carrier density with the addition of Gd above 0.005% is due

The decrease in the donor density as the Gd content itb an increase in the degree of impurity compensation
the liquid phase is increased can be attributed to a decreae=N,/Np.
in the background impurity concentration of group-VI ele- Figure 3 shows typical photoluminescence spectra of the
ments due to their interaction with the gadolinium and thesamples. Their short-wavelength and long-wavelength parts
formation of high-melting compoundsOn the other hand, and the half-width are similar to the characteristics of the
the saturation of theNdzf(X'Gd) curve implies that the spectrum of a homogeneous perfect crystal, for example,
InGaAsSb solid solution film contains another species of im4dnAs. Only the photoluminescence edge line is observed for
purity at the level of 1.5 10"°cm™ 3, which does not enter doped and undoped heterostructures. The position of the
into interaction with the gadolinium. spectral maximunmhvy,,, as a function of the doping level

This kind of dependence of the densiti on the gado- varies in the intervalhv,,=397—-405meV. At a density
linium content in the liquid phase attests to the complexn,;=8x10*cm 2 the position of the Fermi level in the
nature of the interaction of Gd with uncontrollable impuri- n-InGaAsSb layer coincides with the bottom of the conduc-
ties. In particular, the increase b, at Xis;=0.005at. % can tion band, so thahv,, corresponds to band-to-band optical
be attributed to the acquisition of acceptor properties by théransitions. Consequently, the minimum valubv,,
Gd itself (an effect similar to that observed in Ref. 4 for =397 meV obtained from the photoluminescence spectra,
GaAs(Sc)) or by compounds formed with Gd, or it can be within error limits 1/2 kT, can be regarded as corresponding
identified with the decomposition of acceptor-binding com-to the width of the band gap of the investigated solid solution
plexes. The latter process could probably occur)@j INg 936G & 06ASp 0.5ty 0s-  The increase ofhy,, to hyy,

TABLE II.
Xid n-10716, u, N,-10716 Np-10716, Nu-10716,

No. at. % cm® cn?/(V-s) cm 3 cm cm 3 K
H;-1 0 45 32000 6.81 5.66 1.15 0.20
Hor1 0 3.6 40000 4.85 4.23 0.62 0.15
H;-2 0.0017 2.9 40400 4.54 3.72 0.82 0.22
Hs-3 0.0037 15 52000 2.45 1.98 0.47 0.23
H;-3 0.0042 0.81 50000 2.14 1.48 0.66 0.45
H,»3 0.0051 1.3 61500 2.0 1.65 0.35 0.21
Hor 4 0.0074 1.6 52000 2.62 211 0.51 0.24
H,»5 0.0160 0.8 44000 2.70 1.8 0.9 0.50
H,-6 0.030 0.69 38000 2.57 1.63 0.94 0.58

H,-6 0.140 0.69 33000 3.0 1.85 1.15 0.62
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FIG. 2. Dependence of the densitiNg, , N5, andN; on the gadolinium
content in the flux solution =77 K).

=405 meV is caused by a change in the position of the Fermi o L ! ! ;
level in the conduction band due to an increase in the density 0 0.605 ~0.010 0.015  0.020
of majority carriers in the investigated samples. Xea» at. o

The measurements show that as the Gd content is ir]:-IG 4 De . :

. . L . .4 pendence of the photoluminescence interiélty and the half-
creased, th? photolumlr?escence intensity 1s F’bserVed to IWidth of the photoluminescence spectkfivys (inse) on the gadolinium
crease, attaining a maximum at a concentrax@a= 0.004  content in the flux solutionT=77 K). Substratest1) n-InAs; (2) p-InAs.
—0.005at. %. In the corresponding series of sampleis
interpreted as the photoluminescence intensity of control
samples grown under the same conditions but not doped witbf 1.3—1.8 (see the inset in Fig.)4saturating at a concen-
Gd. To illustrate the dependencé/l(o)zf(x'ed), Fig. 4 tration X'Gdz 0.005 at. % and thus repeating the behavior of
shows curves for samples grown ornAs substrateg1)  the carrier density in Gd-doped sampl€gy. 1). It is impor-
and for samples of the standard tseries grown omp-InAs  tant to note that the photoluminescence intensity is observed
substrates?). It is evident from Fig. 4 that an increase in the to decrease by one half im-InGaAsSbp-InAs heterostruc-
concentration toX,=0.016 at. % is accompanied by a de- tures relative to control samples grown #nAs substrates
crease in the radiation intensity, probably due to elevation ofFig. 4, curvel). This fact suggests that the epitaxial layers
the role of nonradiative channels in the recombination procould be contaminated with acceptors contained in the
cesses, owing to an increase in the acceptor derjty énd  p-InAs substrates.
the degree of compensatioK € NA/Np). Consequently, the results of an analysis of the spectral

As the gadolinium content is increased, the half-width ofcharacteristics of the investigated samples made from the
the photoluminescence spectk&iv, 5 decreases by a factor solid solution 1 3450, 0s58ASp. 045ty 06 CONfirm the conclu-
sions as to the purifying effect, based on galvanomagnetic
measurements.

In the course of the study we have also measured the
electroluminescence characteristics of model LEDs (
=3.7um atT=300K) fabricated from the Gd-doped mate-
rial. Selecteth-InGaAsSb/InAs samples in the form of diode
structures with a heterp*—n junction situated at the layer-
substrate interface were used for this purpose, along with
structures incorporating a honps-n junction in a layer of
n-InGaAsShp-InGaAsShp-InAs solid solution. The elec-
troluminescence spectra are shown in Fig. 3. Table Il gives
the spectral characteristics of LEDs fabricated from Gd-
doped and undoped material. It is evident from the table that
the radiation intensity decreases by approximately one half

\ for devices based on Gd-doped structures.

1.0

I, arb. units

/ Y .

e 1 1 1 i
260 300 320 340 360 380 400 420
ht, meV

CONCLUSIONS

FIG. 3. A) Photoluminescence spectri=£ 77 K) of n-InGaAsSb:(1) X . . .
=0; (2) X54=0.005 at. %.B) Electroluminescence spectrd< 300 K) of We have established that the doping of a flux melt with

n-InGaAsShp-InAs: (1) X5,=0; (2) Xi;4=0.005 at. %. gadolinium to concentrationx'edz 0.004-0.005at. % low-
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TABLE Il

Xy, h»(300 K), Ahvygs, N(300K),
No. at. % meV meV um I1/1g Structure
Hy-1 0 333 39 3.72 1 n-InGaAsSb p-InAs
Hy-2 0.0029 329 39 3.77 2.3 n-InGaAsSb p-InAs
Hy-3 0.022 332 51 3.73 2.1 n-InGaAsSb p-InAs
SD-1 0 336 41 3.69 1 n—p-InGaAsSbhp-InAs
SD-2 0.005 339 39 3.66 1.8 n—p-InGaAsSbp-InAs

ers the density of electrons in the layersntg~10®cm 2  sources utilizing the undoped material. This result bears wit-
and increases the mobility td~6x10*cn?/(V-s). The ness to the promising potential of the Gd-doped material for
concentrations of all other impurities decrease in this case d§€ fabrication of efficient optoelectronic devices operating
a result of decrease in the densities of both donors and a#? the spectral interval 35 um.

ceptors. When the Gd content in the liquid phase is increased

from 0.005at.% to 0.010at.%, the electron density de-’E-mail: bmat@iropt3.ioffe.rssi.ru; Fax:7(812) 247 43 24

creases further tm,,=(7—8)x10®cm 2 by virtue of an

increase in the acceptor density and the overcompensation of

impurities, while the carrier mobility decreases ltb=(3 K. A. Gatsoev, A. T. Gorelenok, S. A. Karpenko, V. V. Mamutin, and

TR R. P. Sesyan, Fiz. Tekh. Pol d7, 2148(1983 [Sov. Phys. Semi-
—4)x10* cn?/(V-s). Beginning withX;,=0.01at. %, the Cond.]_?’{zr;?,(fgg;]' oHprove (1983 [Sov. Phys. Sem

dependences af, N,, Ny, andN, on X}, reach saturation ~ ?N. T. Bagraev, L. S. Vlasenko, K. A. Gatsoev, A. T. Gorelenok, A. V.
with scarcely any change up Pde=O 14 at. % Kamanin, V. V. Mamutin, B. V. Pushril V. K. Tibilov, Yu. P. Tolparov,

. . . . . and A. E. Shubin, Fiz. Tekh. Poluprovodh8, 83 (1984 [Sov. Phys.
With Gd doping in the interval of concentrationg, Semicond.18, 49 (1984)]. P (1989 Y

=0.004-0.005at. % a 4 to 10-fold increase in the photolu- 3A. T. Gorelenok, V. G. Gruzdov, R. Kumar, V. V. Mamutin, T. A.
minescence intensity and a 1.3 to 1.8-fold decrease in thePolyanskaya, I. G. Savel'ev, and Yu. V. Shmarev, Fiz. Tekh. Polupro-
half-width of the spectra are observed relative to the undoped?°d"- 33 35 (1999 [Sov. Phys. Semiconds, 21 (1999].

. . T. 1. Voronina, T. S. Lagunova, B. E. Samorukov, and N. A. Strugov, Fiz.
samples. A further increase in the Gd content from teun poluprovodr22, 147(1988 [Sov. Phys. Semicon@2, 91 (1988].

0.005 at. % to 0.14 at. % causes the photoluminescence interiv. V. Vorob'eva, M. V. Egorova, L. M. Kreshchuk, S. V. Novikov, and
S|ty to decrease, whereas the half-width of the Spectra re_|. G. Savel'ev, Fiz. Tekh. Poluprovod®3, 1699(1989 [Sov. Phys. Semi-

. . » cond.23, 1051(1989].
mains constant, assm_Jmlng a \{amhvo_5 12 meV- . SA.N. Baranov, T. I. Voronina, T. S. Lagunova, M. A. Sipovskaya, V. V.
A 1.8 to 2.3-fold increase in the electroluminescence in- sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovaif.421 (1993

tensity of the model LEDs based on gadolinium-doped [Semiconductor®7, 236(1993].
n-InGaAsShp-InAs heterodiode structures andnGaAsSh/ 7Al-gg- Ggre'f?”Okda”d '\g-OVz-ezhg’ggovv Fiz. Tekh. Poluprovogn, 488
p-InGaAsSbp-InAs structures with emission wavelengths (1999 [SemiconductorS0, 269 (1996

A~3.7um (T=300K) is observed relative to emission Translated by James S. Wood
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Spatial beam oscillations in stripe lasers utilizing INAsSb/INAsSbP heterojunctions

A. P. Danilova, T. N. Danilova, A. N. Imenkov, N. M. Kolchanova, M. V. Stepanov,
V. V. Sherstnev, and Yu. P. Yakovlev*)

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted February 8, 1999; accepted for publication February 15,1999
Fiz. Tekh. Poluprovodr33, 1014—-1019August 1999

Anomalously narrow, single-lobe and double-lobe beam directivity patterns in the plane of the
p-n junction have been observed in lasers constructed from InAsSb/InAsSbP heterojunctions
emitting at a wavelength of approximately 2u8n. Theoretical near-field and far-field radiation
distributions for the laser emission of two beams oscillating across the stripe are obtained

on the basis of new concepts of the lasing processes. The single-lobe directivity pattern is obtained
for the emission of in-phase beams, and the double lobe is obtained for antiphase beams.
Correspondence of the theory with experiment is established1989 American Institute of
Physics[S1063-782809)02708-9

The spatial distribution of laser radiation in heterostruc-zone was left undoped, and the density of electrons in it was
tures and its variation are essential to our understanding of 10*®cm™3. TheN-InAsSbP was doped with Sn to an elec-
the physical processes and modulation effects. tron densityn~2—5x10%cm 3, and theP-InAsSbP-Zn
layer was doped to a hole densip/~1x10%m 3. The
substrate was polished to a thickness of 100. Mesa
stripes having widths of 1dm and 18um were formed on

The spatial distribution of radiation in stripe heterolasersthe resulting structures by photolithography. Fabry-Perot
has usually been formed by virtue of an abrupt decrease inavities of length 206 400um were fabricated by the
the refractive index at the edges of the stripe.has been cleavage technique. The width of the laser structure in the
described theoretically by wave functions corresponding tsubstrate zone was 5@0n.
rectangular potential wells. Eliseev and Bogatov have shown Judging from our previous work’ in the lasers with a
that the dependence of the refractive index on the radiatiogtripe width of 1Qum lasing was expected to take place pre-
intensity leads to self-focusing of the laser beam due to opdominantly in a longitudinal spatial mode, and in those with
tical self-confinement of the beafi.We have observed the a stripe width of 1§&:.m lasing was assumed to take place in
self-focusing of radiation in lasers utilizing InAsSb/InAsSbP the first transverse mode. Owing to the large difference in the
heterojunctions, accompanied by a variation of the radiationwidths of the substrate and the stripe, an elevated injection
wavelengtt We have shown that raising the injection flux density was obtained at the edges of the stripe in comparison
density toward the edges of the stripe in such lasers makesith its middle®
the radiation wavelength dependent on the current, owing to  The investigations were carried out at liquid-nitrogen
the formation of a waveguide whose dielectric permittivity is temperature with the laser driven by rectangular current
a quadratic function of the coordinateSuch a dependence pulses of the “meander” type having an off-duty factor of 2
of the permittivity on the coordinate in the waveguide of and a repetition rate of 80 Hz. We investigated the spectra
narrow-gap lasers requires a new approach to laser bearand directivity patterns of the radiation in the current interval
forming and an investigation of the near-field and far-fieldfrom one to three times the threshold level.
radiation distributions.

In this paper we have posed the problem of constructing: EXPERIMENTAL RESULTS
lasers with various distributions of the light beams along the  The directivity pattern of the lasers with a stripe width of
width of the stripe, analyzing the directivity patterns, and10u.m (Fig. 2) with the current slightly above the threshold
ascertaining the behavior of the beams in lasers with differt,, (1~1.051;) has the characteristic profile for a cosine
ent stripe widths. distribution of the electromagnetic wave amplitude at the
exit mirror of the cavity. The width of the pattern at half the
intensity (half-width) is A®,5=22°. As the current is in-
creased A0 ;s initially decreases to-17° atl=~2—-2.9,

The investigatedP-INAsy 4685k 170 35/ N-INASy 9sSky o5/ and then again increases slightly to-189° atl~3ly,. We
N-InAsq 485k 10 35 laser heterojunctiongFig. 1) were  have remarked previoudiythat the minimum half-width of
grown onp-InAs substrates of thickneds=300m with a  the directivity pattern corresponds to a uniform distribution
hole density of 5-8x10®cm 3. The thickness of the of the electric field of the light wave on the cavity mirror.
narrow-gap active zone of the laser was 3 um, and the The radiation pattern of lasers with a stripe width of
thickness of the wide-gap emitters was3 um. The active 18um (Fig. 3) for the same above-threshold current levels

1. INTRODUCTION

2. OBJECTS OF INVESTIGATION

1063-7826/99/33(8)/5/$15.00 924 © 1999 American Institute of Physics
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FIG. 2. Directivity patterns of the V12192 laser No. 1 in the plane ofptime
junction for various excesses of the currérabove the thresholtl,: (1)
1.05;(2) 2.5.

al c ' of the crystal and air. Moreover, the wave amplitude cannot
FIG. 1. Structure of the investigated diode las@): arrangement of the ~Change discontinuously with the coordinate. Such a half-
epitaxial layers|b) layered profile of the width of the band ga) sche-  width could also be given by parallel light beams with a
matic view of the structure of the mesa stripe diode laser. spacing~6 um if the beams were stable. They appear spa-
tially well defined if they oscillate from one edge of the
has two maxima separated by an angular distandd°, stripe to the other, changing places. We have shown
whereas the distance between the maxima for predominandgeviously that oscillations of one beam in a laser are pos-
of the first transverse spatial mode should be 20°. The deptgible if the dielectric permittivity decreases according to a
of the minimum between the peaks decreases as the currefjuare law in the direction from the middle of the stripe
is increased, and the angular positions of the maxima remaitoward its edges. The linearity of the differential equation
almost constant. describing the oscillating beam allows it to be summed with
Consequently, in lasers with a stripe width of A8 the  another beam having a different amplitude and a different
directivity pattern comprises two sharp peaks separated byhase.

almost half the angular distance that should occur in the |t should be noted that in Reb a linear equation has
presence of the first transverse mode. been derived from the nonlinear equation under a simplify-
ing assumption. In real lasers, therefore, it is possible to have
limitations on the number of spectral and spatial modes as-
For lasers with a stripe width of 10m the correspon- Sociated with nonlinearity.
dence of the half-width of the directivity pattern to a uniform  In lasers with a stripe width of 18m the angular spac-
distribution of the electric field amplitude of the light wave ing of the directivity maxima, equal to 11°, could be ob-
at the cavity mirror does not mean that such a distributiorfained in the presence of opposing beams with a spacing of
actually occurs. It cannot occur, because the wave amplitud&7 wm if this positioning of the beams were stable. However,
at the edge of the stripe must be essentially equal to zero s is only a hypothetical limit. We therefore encounter the
virtue of the large difference between the refractive indicegproblem of oscillations even in opposing beams.

4. DISCUSSION OF THE EXPERIMENTAL RESULTS
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the beam from the origirk is a coefficient that depends on
the ratio of the widthe to the thicknesé of the substrate and
on the distribution of the radiation intensity along the width
of the stripe,

1.0

c
~ 2h
for a uniform distribution of the radiation intensity along the

width of the stripej = (J—Jy)/(Jn—J;) is the relative cur-
rent density of the pump in the middle of the strigds the

0.8 k 1, 3)

S 0.6 current density in the middle of the strip&,andJy, are the

§ current densities at the inversion and lasing thresholds, re-
R spectively,t is the time,w. is the angular frequency of the

2 beam oscillations,

& 04 =0 @

3 [ T

andc, is the speed of light.
The intensity distribution of the radiation at the mirror
for an oscillating beam depends on the time:

|ul?~exp{— (£ & coswt)?}. 5

To find the average distribution, it is necessary to integrate
over time. If two beams are used with opposite signgQf
then for in-phase beams we obtain

0.2

1 1 [l i | 1
=30 -20 -10 o 0le 10 20 30 |u?|~ yexp(— £2— &2 cof wet)[sint ¢ +cos ¢],  (6)
y OGEF

and for out-of-phase beams we have
FIG. 3. Directivity patterns of the V1109 laser No. 3 in the plane offttre 5 5 2 ) .
junction for various excesses of the currérabove the thresholty,: (1) ul?~y exp( — &2~ £5 coS w t)[sinlf o +sir ¢],  (7)

1.14;(2) 1.8. . . .
@ wherey is the ratio of the beam amplitudes, and

1 .
5. DIRECTIVITY PATTERN OF A STRIPE HETEROLASER @=E&&yCOSwct— 5'” Y, ¥=E&&Sinwct. (8
GENERATING TWO SPATIALLY OSCILLATING BEAMS
Figure 4 shows the time-averaged distributions of the radia-

. We confine our discu;siqn to the case iq WhiCh' the "®%ion intensity (the values of the parametetg=1 and
sistance of the ;ubst.rate' is hlgher. than the dlﬁerept|al resis= g 7» 10" cm ! are taken from Ref. )5 It is evident from
tancg of thep-n Ju.l’lCtIOI’l in the lasing regime and is lower 4 figure that two in-phase bearfwirve4) provide greater
than in the prelasing regime, and we assume that the flow Qfcajization of radiation in the middle of the stripe than a
charge carriers along the width of the stripe is s_hght. _ single beamcurve 1).

We express the tlmetdepgnden_t amplitude d|str|_but|on of Out-of-phase beam&urves2 and 3) form an intensity
the light wave at the cavity mirror, in accordance with Refs. inimum in the middle of the stripe, its depth decreasing as

5 and 8, by the equation the difference in the beam amplitudes diminishes. The angu-
1, 1, lar frequency of the beam oscillations., calculated from
u(é,wct)=expg — &+ £&p coswt— 70 cos gt Eq. (4), is 1.3 103 Hz. The nature of the distribution of the

radiation intensity over the cavity mirror directly influences
the value of the parameté&r the probability of the existence
' @ of one or more beams, the phase difference, and the ampli-

. . . . tude ratio as functions of the stripe width and the perfection
where we have introduced the following notatid@r ay is of its boundaries.

the _dimensionle;s coordinatye.,is the coordinate in the_ di- The frequency tuning interval of the laser is also bound
rection of the width of the cavity, measured from its mlddle,by these conditions.

a is a coefficient characterizing the dependence of the per- We calculate the directivity pattern approximately, dis-

(1 , 1,
=i §w°t+§§° smwct—zgo Sin 2wt

mittivity on y: regarding the finiteness of the stripe dimensions, from the
o[ 12 ) i 0 a ) equation
“=“\\b i+1] @ 2

|Dy|?~(1+cos®)?

[ visrediZsnols
\ is the wavelength of the radiation in vacuuis the width —w (y,oct)exy | A sin y
of the cavity, &, is the relative deviation of the centroid of (9)
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FIG. 4. Calculated intensity distribution of a laser beam along the widthFIG. 5. Calculated directivity pattern of a laser beam in the plane opthe

of the stripe for various combinations of spatially oscillating beams with junction for the same combinations of spatially oscillating beams and values
=1, 2=0.2x10"cm™ %, andA =3.3um: (1) single beam(2) two equal- of the parameters as in Fig. 4.

amplitude, out-of-phase beam8) two out-of-phase beams with a twofold

difference in amplitudes4) two equal-amplitude, in-phase beams.

3 27 sin®

1
v &p COSw t+ —Ssin 2w,t. (13

4
where® is the angle between the projection of the direction . N .
of observation onto the plane of the active zone and thér 0 ott)ta'lntthe ?verage? beam directivity pattern, it is neces-
normal to the cavity mirror in this plane. safy [0 integrate over fime. 2 .
: The result of the summation 0D | aswt varies from
For one beam we obtain . -
0 to 27 is shown in Fig. 4 for the same values of the param-

27 sin® _ 2 eterséo=1 anda=0.2x10*cm ! as in Ref. 5. It is evident
TNa Sosinwct | 1. from the figure that a single beafourvel) and two in-phase

(10) beams(curve4) provide a single lobe in the directivity pat-
_ . o tern. In the presence of two beams the half-width of the lobe
In the presence of two in-phase beams with opposite signs ¢§ 1.7 times smaller than for a single beam. Out-of-phase

|Du|2~(1+cos®)2exp[ -

Yo We have beamgcurves2 and3) form a double-lobe directivity pattern
5 sin®) 2 with a minimum at® = 0. The depth of the trough decreases
|Du|2~(1+cos®)27exp{ — (L) — &sir? wct] as the difference between the beam amplitudes increases.
Na
X[sinkf ¢+ cos ¢/, (1) 6. COMPARISON OF THEORY AND EXPERIMENTAL DATA
and for two out-of-phase beams The single-lobe experimental directivity pattern of a la-
2 sinG 2 ser with a stripe width of 1@m and currents 2-2.5 times
|Du|2~(1+cos®)zyexp{ _( 7 sin ) — & sir? wct] the threshold level is comparable in half-width and profile
Ao with the pattern calculated for two in-phase beams. This ex-
<[ Sint? o+ Sir? o1 12 pe_zrlmental curve |s_found to be close_ in profile and ha_lf-
[ ¢ d (12 width to the theoretical curve for two in-phase beams with
Here ¢ and ¢ are given by the equations a=0.2x10cm !, y=0.3, and&,=1. The deviation ofy
_ from unity indicates a difference in the amplitudes of the
o= 2 sin® £, sinwgt— Eln y oscillating beams. The second beam is conducive not only to
N\ 0 ¢ 2 '

narrowing of the directivity patter(Fig. 5), but also to nar-
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rowing of the intensity distribution of the beam at the cavity separated in space and in phase can be generated, and that
mirror (Fig. 4). The latter consideration make this lasing re-they oscillate along the width of the stripe. We have obtained
gime the most probable in narrow cavities. theoretical near-field and far-field radiation distributions.

The double-lobe experimental directivity pattern of a la- Single-lobe directivity patterns are obtained in the generation
ser with a stripe width of 1@m is comparable in profile and of in-phase beams. Lasing of this kind is more probable for a
angular spacing of the maxima to the directivity pattern fornarrow stripe, because it tends to confine the beam within the
two out-of-phase beams with=0.2x 10*cm ! andé&,=1.  limits of the stripe. Double-lobe directivity patterns are ob-
The depth of the minimum at the midpoint of the experimen-tained in the generation of out-of-phase beams, which is
tal curve corresponds to a two- to threefold difference in themore probable in wide-stripe lasers, because it promotes uni-
amplitudes of two oscillating out-of-phase beams. The ratidorm filling of the stripe by the beam. The beam amplitudes
v is equal to 0.5 fot =1.14, and to 0.35 fol =1.8y,. The  differ. The theoretical directivity patterns are consistent with
second beam improves the uniformity with which the cavitythe experimental in their general features.
is filled by the generated beaffrig. 4). This lasing regime This work has been supported in part by INCO-
should be the most probable in wide-stripe lasers. It is im-Copernicus Contract No. 1C15-CT97-080RG12-CDPH
portant to note that for a stripe width greater thanu20in  and in part by a grant from the Ministry of Science of the
lasers emitting at a wavelength of 381 spatial mode or- Russian Federation Program “Optics and Laser Physics.”
ders higher than the zeroth and first will occur; we have
taken them into account. The maximum relative deviation of*)E_ma”_ yak@iroptljoffe.rssi.ru
the beam from the origig, will increase and the theoretical ‘ T
curves will change in this case. Consequently, lasers having————
a stripe width greater than 20m require special consider-
ation. 10. V. Bogdankevich, S. A. Darznyak, and P. G. Elisee\S@miconductor

We can therefore attribute the anomalously narrow ex-,Laserslin Russian, Nauka, Moscow1978, p. 139.

. . . .. A. P. Bogatov and P. G. Eliseev, Kvantovaykelron. 12, 465 (1985
perimental single-lobe and double-lobe beam directivity pat- [Sov. J. Quantum Electron5, 308 (1985].

terns to the generation of several spatially oscillating beams?p. G. Eliseev and A. P. Bogatov, Tr. Fiz. Inst. Akad. Nauk S8R, 15
(1986.

7. CONCLUSIONS 4T.N. Danilova, O. I. Evseenko, A. N. Imenkov, N. M._Kolchanova, M. V:
Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev, Pis'ma Zh. Tekh. Fiz.

Anomalously narrow beam directivity patterns in the 22167 (1996 [Tech. Phys. Lett22, 645(1996].
plane of thep-n junction with one and two lobes have been T. N. Danilova, A. P. Danilova, A. N. Imenkov, N. M. Kolcha_lnova, M. V.
. . . Stepanov, V. V. Sherstnev, and Yu. P. Yakovlev,FAroceedings of the

ObS.e.rved. in lasers based on INAsSb/INASSbP heterojunctionsconference on Physics at the Threshold of the Twenty-First Century

emitting in the spectral range of 3udn. To account for the  [in Russiad, St. Petersburgl998.

anomalies, we have taken into account the increase in thé&T. N. Danilova, A. P. Danilova, O. G. Ershov, A. N. Imenkov, V. V.

density of nonequilit_)rium ch_arge _carriers_a_n_d the corre- [Sshfrﬁgz)i\gui?gr;;';ég\zigg\giv’ Fiz. Tekh. Poluprovdiit). 373 (1999
sponding decrease in the dielectric permittivity from the 7a N Baranov, T. N. Danilova, O. G. Ershov, A. N. Imenkov, V. V.
middle of the laser stripe toward its edges due to the increaseSherstnev, and Yu. P. Yakovlev, Pis’ma Zh. Tekh. B&(17), 30 (1993
in the pump density and decrease of the laser intensity in thiglTech- Phys. Lettl9, 543(1993]. _

direction. From the linearization of the Helmholtz equation L. 1. Schiff, Quantum Mechani¢sMcGraw-Hill, New York (1955.

for the radiant flux we have postulated that several beamsranslated by James S. Wood .
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The feasibility of lasing at a wavelength close to L@ is demonstrated in InAs quantum-dot
structures placed in an external InGaAs/GaAs quantum well. It is shown that the required
wavelength can be attained with the proper choice of thickness of the InAs layer deposited to form
an array of three-dimensional islands and with a proper choice of mole fraction of InAs in

the InGaAs quantum well. Since the gain attained in the ground state is insufficient, lasing is
implemented through excited states in the temperature interval from 85 K to 300 K in a

structure based on a single layer of quantum dots. The maximum attainable gain in the laser
structure can be raised by using three rows of quantum dots, and this configuration, in

turn, leads to low-threshold (70 A/@&nlasing through the ground state at a wavelength of 1.26

pm at room temperature. @999 American Institute of Physid§1063-7829)02808-7

The fabrication of laser diodes on gallium arsenide subimethod can be used to increase the emission wavelength up
strates with an emission wavelength of Juf for applica- to 1.35 um at room temperatur®. Here we report the
tions in fiber-optic communication lines poses a timely prob-achievement of lasing at a wavelength of 126 with a
lem in view of the quest for an alternative to the indium threshold current density of 70 A/énin a structure whose
phosphide lasers used currently. The main drawbacks of thactive region is formed by the indicated method.
latter are low temperature stabifttynd complications in the The investigated structures were grown by MBE in a
construction of Bragg mirrors for vertically emitting lasers Riber 32P MBE machine with a solid-state As source. The
due to the small discontinuity of the band gaps and an insufactive zone of the test samples intended for photolumines-
ficient difference between the refractive indices of the In-cence measurements as well as the laser structures comprised
GaAsP compounds used in the devices. an array of InAs QDs overgrown by an InGaAs guantum

When strained InGaAs/GaAs quantum wells are usedwell having a specific composition and thickness. The tem-
the emission wavelength is limited te1.1 um by require-  perature of deposition of the QDs and the quantum well and
ments imposed on the width and composition of the quantunthe adjoining gallium arsenide of thickness 5nm was equal
wells by pseudomorphic growth limifsTo broaden the to 485°C. The rest of the structure was grown at a tempera-
emission spectral range of gallium arsenide structures, twture of 600 °C. Standard MBE arsenic enrichment conditions
approaches are currently under intensive development. Theere established during growth. The transition from two-
first is based on the application of InGaAsN quantum wellsdimensional to three-dimensional growth during the deposi-
with a low nitrogen contefif the second approach relies on tion of InAs was observed directly in the course of growth
the concept of IfGa)As island growth on a GaAs surface, through the onset of a line pattern in the diffraction of fast
which permits localized, dislocation-free objects to be fabri-electrons in reflection. The laser diodes were constructed in a
cated from a narrow-gap material with lateral dimensions ofgeometry with four cleaved faces to minimize radiation out-
the order of 100A(Refs. 5 and B The lowest threshold put losses. Contacts were formed by the spray deposition and
current densities obtained using InGaAsN/GaAs quantunalloying (at 450 °Q of AuGe/Ni/Au and AuZn/Ni/Au metal
wells and InGaAs/GaAs quantum do®Ds) are equal to layers to ann*-GaAs substrate and to @ -GaAs contact
675 Alcnt and 270 Alcri, respectively(see Refs. 7 and)8  layer, respectively. Electroluminescence investigations were
In the latter case the InGaAs/GaAs QDs were formed bycarried out with a pulsed pum(irequency 5 kHz, pulse du-
depositing eleven monolayerdML) of InGaAs by ration 1 us). A germanium photodiode was used to record
molecular-beam epitax¢MBE) with the alternating deposi- the signal.
tion of indium and gallium atoms and arsenic molecules. The structural and optical properties of such structures

We have previously proposed an alternative method fohave been studied in detafl. The emission wavelength de-
the production of QD laser structures, the basic idea consispends both on the size of the QDs themselves and on the
ing in the placement of InAs QDs formed in the standardcomposition of the InGaAs layer adjoining the QDs. The size
MBE regime in an external InGaAs quantum wellhis  of the QD, in turn, increases as the quantity of deposited

1063-7826/99/33(8)/4/$15.00 929 © 1999 American Institute of Physics
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InAs mole fraction in quentum well FIG. 3. Room-temperature electroluminescence spectra of a structure with

FIG. 1. Positi f the photolumi K of struct tilizing InA an active zone based on a single layer of InAs/InGaAs/GaAs QDs. At a low
o o e o s s Jmp eve) = SAcnt (1) hespecrum s dominated by @ sporaneous
q q mission peak through the QD ground statg), and at a high excitation

room temperature versus the mole fraction of InAs in the InGaAs qu.stntur‘r]eve”:z1 KA/crT? (2) one ground state and four excited states are singled

well for varlou.s thlcknesse.s of the InA§ layer useq o form the QS: out (their positions are indicated by arrowkasing with a threshold current
Qnas=2.0 ML; (2) 2.2 ML; (3) 2.4 ML; (4) 2.7 ML; (5) 3.0 ML. The densityJ,,=2 kA/cn? occurs in the third excited state
thickness of the InGaAs quantum well varies in the interval from 5 nm to Yn= ’

8 nm.

an array of InAs QDs Q,as=2.7 ML) overgrown with an

InAs (Qinas) spent in their formation is increased. Figure 1| ,.Ga)4As layer of thickness 8 nm. Figure 3 shows the
shows the position of the photoluminescence maximum Ofjectroluminescence spectra of the structure at 300K for
structures with InAs/InGaAs/GaAs QDs for various valuesyarious current densities. At a low pump level the spectrum
of Qinas and for various compositions of the InGaAs quan-js dominated by a spontaneous emission peak in the vicinity
tum well. We have observed that the position of the photonf 1.3 um, which is associated with recombination through
luminescence maximum remains essentially unchanged age ground state of the QDsng). As the pump current is
the thickness of the quantum well is varied from 5nm tOjncreased, it rapidly saturates, and the intensities of the peaks
gnm. Clearly, either “large” QDs overgrown by an of the excited states begin to increase considerably. At a
In,Ga,_,As layer with a small In content(e.g.. pump current densityd= 2.1 kA/cn? four excited states are
Qinas=3 ML, x=0.2) or the opposite, “small” QDs with a ¢|early distinguished in the spectrum{, m,, mz, m,), and
large In content in IGa _,As (Qnas=2 ML, x=0.35 3 stimulated emission peak is observed through the state
—0.4), can be used to attain an emission wavelength ofhe threshold current density,{) has a value of 2 kA/cf
1.3 pm. The curves in Fig. 4a represent the temperature depen-

For the electroluminescence investigation an InGaAsgence of the positions of the spontaneous emission peaks for
AlGaAs laser structure was grown in the standard double/arious states, and the points correspond to the lasing wave-
heterostructure geometry characterized by separate confin%-ngth_ Figure 4b shows the dependencd,ebn the obser-
ment of the carriers and the light wave by a graded-indeX;ation temperaturd@. The graphs exhibit a jump-like behav-
waveguide. The dopants used to obtaitype andp-type jor. Lasing takes place through statg at temperatures from
conductivities were Si and Be, respectively. A schematic diags K to 150K, then beginning aT=195K and up toT
gram of the structure is shown in Fig. 2. The active zone was- 240 K lasing through staten, is observed, accompanied
by an abrupt increase idy,, and when the temperature is
raised further, lasing passes through state

To explain the physical nature of this behavior, we refer
to Fig. 5, which shows schematically the dependence of the
gain on the current density of the pump for QD lasers. Each
state is characterized by a definite transmission curﬂ;’?i) (
and saturated gaingﬁfilﬁ. These quantities are directly pro-

75, portional to the number of QDger se the degree of degen-
eracy of the state, and the oscillator strength. Previously we
Growth direction [100] InAs @Ds have observed that for structures with a QD array, owing to
the fourfold degeneracy of the first excited state; ) with
respect to the ground stateng), the transmission current,
FIG. 2. Schematic diagram of a laser structure with an active zone based oenxa'.ctIy like t?e .Saturated gain, is four times hlg.her for the
InAs/InGaAs/GaAs quantum do®Ds). The vertical axis represents the excited staté? Higher-level states have an even higher order

percentage content AlAlmAs), and SL denotes the superlattice. of degeneracy and, hence, are characterized by still higher

80 % D#lum

AlAs

5%

SL

mole fraction
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characteristic temperature Tg=160 K.
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= a;,+ aoy), lasing does not take place through this state.

FIG. 4. Temperature dependence of the emission wavelgiagtand the Sin(:egSalt l> gfn"’i‘t, lasing can begin at statg; , ;, accompa-

m:
threshold current density, (b) of a structure with an active zone based on _. L L
a single layer of InAs/InGaAs/GaAs QDs. The solid curi@srepresent the hied by a jump of the emission wavelength and an abrupt

electroluminescence from various states, and the péntd) represent las-  increase iny, due to the increase in the transmission current
ing. The vertical dashed lines separate the temperature intervals of lasingee the inset in Fig.)5Consequently, the jump-like behav-
through definite states. ior of the emission wavelength and the threshold current den-
sity for the investigated laser structure can be attributed to an
increase in the threshold gain with the temperature. As a
transmission current and saturated gain. The condition fomatter of fact, with an increase in the observation tempera-
the onset of lasing stipulates that the attained ga@gpl  ture, owing to thermal “dispersing” of the carriers among
must be equal to the sum of the internal losseg)(and the  higher states, a higher pump current must be applied in order
radiation output lossesaf,). If the maximum attainable to maintain the same gain, and this operation, in turn, causes
gain (g5) for state (n;) is below the threshold gainQin @, to increase as a result of the increase in free-carrier
losses, so that the threshold gain increases accordilugly
multiplication regime.
UL L L B Thus, inadequate saturated gain on the basis of the state

sat

Ims of the QDs gfna;) makes it impossible to achieve lasing close

to 1.3 um at room temperature. The gagﬁf‘ot can be in-

= creased by increasing the number of QDs themselves, and
Bl this, in turn, can be achieved by using several QD planes
ST Tl m,- Ty, gt separated by GaAs layers.
st —_— ] In the second laser structure investigated here the active
N . zone comprised three rows of InAs QDs overgrown by an
L i g:::t Ing 1:Gay g5As layer. The thickness of the GaAs spacer layers
i / y was 30 nm, and the thickness of thg |6G&, gsAS layers was
o Y P S —— - i ﬁfot 5nm. The variations ay, and the Igser_emission V\_/avelength
Jrear I 37 ! for such a structure are shown in Fig. 6. The inset to the

figure shows the room-temperature electroluminescence
spectra recorded near the lasing threshold. In the given situ-
FIG. 5. Schematic diagram showing the dependence of the gaig) ©n  ation lasing takes place through the ground state of the QDs
the PU(;“;;;”::;dfz’;fig‘:}dit“e?';;::tuﬁsv arisunrwri]ng ::e p:ﬁzzgctz,(:one over the entire investigated temperature range. At room tem-
g;?:tnure dependence of the threshol(;](currlént ée’ns,&)’/((sé%ématic.repre— perature t,he,wavelength is 1.26n, and th(_a t,hreShOId cur-
sentation. The transition of lasing from state, to m . ; is accompanied by ~ [€nt density isly,= 70 Alcn?. The characteristic temperature

an abrupt increase ify, . is To=160 K. We note thaly, is close to the all-time record

J, arb. units



932 Semiconductors 33 (8), August 1999 Kovsh et al.

for QD lasers-3 which shows that the proposed concept for °K. Mukai, N. Ohtsuka, M. Sugawara, and S. Yamazaki, Jpn. J. Appl.

the implementation of lasing at a wavelength of & has Phys.33, L1710(1994.
a promising future SA. Yu. Egorov, A. E. Zhukov, P. S. Kop'ev, N. N. Ledentsov, M. V.

. . . Maksimov, V. M. Ustinov, A. F. Tsatsul'nikov, Zh. I. Alferov, D. L.
To summarize, an array of InAs quantum dots situated in egorov, and D. Bimberg, Fiz. Tekh. Poluprovod0, 1345 (1996

an external InGaAs quantum well can be used to achieve [Semiconductor80, 707 (1996].

lasing at a wavelength of 1.3m in structures grown on 7KhNakahara, '\él 'ﬁortdot\{\g Z-SF;itigzni, M. C. Larson, and K. Uomi, IEEE
; ; ; ; otonics Technol. Lettl0, .

.Ga.lAS SbetrateS'. Slr.lce the gan att.amed in 'f‘he ground Sta%. L. Huffaker, G. Park, Z. Zou,(O. Ba Shchekin, and D. G. Deppe, Appl.

is insufficient, lasing in a structure with an active zone based Phys. Lett.73, 2564 (1998.
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