ATOMIC STRUCTURE AND NON-ELECTRONIC PROPERTIES OF SEMICONDUCTORS

Silicon and phosphorus co-implantation into undoped and indium-doped GaAs
substrates

N. N. Dymova

P. N. Lebedev Physical Institute, Russian Academy of Sciences, 117924 Moscow, Russia
A. E. Kunitsyn and V. V. Chaldyshev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
A. V. Markov

State Institute of Rare Metals, 109017 Moscow, Russia
(Submitted June 24, 1997; accepted for publication July 14,)1997
Fiz. Tekh. Poluprovodr31, 1409-1413December 1997

The electrical properties and low-temperati#e? K) photoluminescence of heavily doped

n-type layers produced by silicon and silicon/phosphorus implantation into undoped and indium-
doped Czochralski grown semi-insulating GaAs substrates have been investigated. It is

found that Si-P co-implantation results in suppression of deep levels in the anion sublattice, an
increase of donor activation efficiency, and a sharper carrier concentration profile in both

types of substrates. The use of indium-doped substrates enhances radiation defect annealing, but
does not change the donor activation efficiency. 1@97 American Institute of Physics.
[S1063-78267)00112-9

1. INTRODUCTION isovalent impurity P, together with the electrically active im-
purity Si in GaAs, leads to an increase in the donor activa-
At present, ion implantation is widely used in the pro-tion efficiency. It is also known that introducing a small
duction of semiconductor devices. In particular, it is used toquantity of the isovalent impurity In enables one to obtain
create layers with enhanced charge-carrier concentration, @aAs single crystals with a low dislocation density by the
both types, which are necessary for the fabrication of fieldCzochralski method,and when growing epitaxial layers
effect transistors and integrated microcircuits for various apleads to a decrease in the concentration of deep I&vels.
plications. The problem of obtaining layers with the maxi- In the present paper we analyze the results of the com-
mum possible electron concentration cannot be solvethined use of these two isovalent impurities to obtain strongly
simply by increasing the dose of the implanted impurity for adoped layers witm-type conductivity by means of double
number of reasons. Increases in the implantation dose aigplantation of Si-P into indium-doped substrates of semi-
accompanied by an increase in the number of radiation dgnsulating gallium arsenide grown by the Czochralski
fects, and to anneal out these defects requires a more severethod. A comparison is made of the experimental data on
heat treatment, which is undesirable, in particular, because dfmplantation of Si and StP into GaAs(In) substrates and
the resulting deterioration of the dopant impurity profile andundoped GaAs substrates.
the additional complication of the technology of preparing
high-quality layers. In the case of devices created on
gallium-arsenide substrates, note should also be made of tr}e
possibility of introducing the implanted atoms into sublat-
tices of both types. This problem is all the more urgent since  Undoped and indium-doped substrates of semi-
the impurity most widely used to form-type conductivity insulating GaA&100) with thickness 30Qum and diameter
layers in GaAs by ion implantation is silicon, which has a40 mm were cut from single crystals grown by the Czochral-
low diffusion coefficient in GaAs and comparatively low ski method with liquid hermetization. The resistivity of the
atomic weight. At higher implantation dose levels, this substrates was 4:610° and 2.4 10’ Q- cm, respectively.
group-IV element builds itself into not only the gallium sub- The process of ion implantation was carried out at room
lattice (as the Si,donod, but also into the arsenic sublattice temperature using®’Sit and3'P" ions with energies of 20,
(as the Sis acceptoy, thereby lowering the donor activation 50, and 125 keV. Thus, in order to obtain a homogeneously
efficiency due to self-compensation. Besides, larger doses aoped layer of 0.Jum thickness, the impurity concentration
silicon lead to the formation of deep levels in the anion subwas varied from 2.& 103 to 1.6x 10 cm 2 for silicon and
lattice at which silicon is bound with the intrinsic lattice 1.1x10* to 1.6<10 cm™2 for phosphorus. The layers
defects. were subsequently annealed at 850 °C for 15 min in an at-
Previously!? it was shown that co-implantation of the mosphere of hydrogen under a protective layer gN$iof
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FIG. 1. Dependence of the sheet electron concentrédpand donor activation efficiencp) on the silicon implant dosel’,1"—samples implanted with
Si+P; 2’ ,2"—samples implanted only with Si. Type of substratg2’—doped;1”,2"—undoped.

thickness 0.12um deposited on GaAs wafers pyrolytically at isovalent impurity P does not lead to a deterioration of the
700 °C. crystalline perfection of the layer. It should be noted that the
To investigate the layers obtained as indicated above, weonequilibrium indium distribution over the GaAls) single
used low-temperature photoluminescence and electrical mearystal prevented us from carrying out a quantitative analysis
surements. Measurements of the mobility and charge carrief the obtained charge-carrier mobility data as a function of
concentration were carried out by the van der Pauw methothe impurity implantation dose. However, a comparison of
at temperatures of 77—-300 K. Profiles of the charge-carriethe data for the GaAs:Si and GaAst3 layers leads to
distribution were obtained by measuring the current—voltagejualitatively the same results.
characteristics employing layered etching of the samples. Figure 2 shows a typical profile of the charge-carrier
The photoluminescence studies were performed at 4.2 K iconcentration with depth in the layer, obtained by measuring
the spectral range 800—1200 nm. Excitation was produced biye current—voltage characteristics. It can be seen that in ad-
an argon laserwavelength 514.5 nim and an FE-62  dition to a steeper profile of the electron concentration pro-

cooled photomultiplier was used to record the signal. file, co-implantation of silicon and phosphorus leads to an
increase of the maximum carrier concentration by 20-50%
3. RESULTS in comparison with single implantation.

Figure 1 shows the sheet carrier concentrati@anand Figure 3a shows low-temperature photoluminescence

donor activation efficiencyb) for all the samples as func-

tions of the silicon implant dose. It can be seen that in all

cases increasing the dose of the electrically active impurity 20 AL B B
leads to a decrease of the donor activation efficiency. How-
ever, at large doses co-implantation of silicon and phos-
phorus leads to an increase of the donor activation efficiency
(and, consequently, the sheet electron concentratigna
factor of 1.5—-2 in comparison with implanting only silicon.

It can also be seen that using different types of substrates
(undoped and indium-dopgthas hardly any effect on these
parameters.

The electron mobility measurements showed that as one
goes from small implantation doses to large ones the mobil-
ity decreases from 3100 to 1800 #(V - s) in samples grown
on undoped substrates, and from 325@1®00 cn#/(V-s) on
indium-doped substrates. In comparison with implantation of 0 P S A SN b
only silicon ions, co-implantation of silicon and phosphorus 500 750 1000 1250 1500
had no adverse effect on the charge-carrier mobility, and in d ;\
some cases it increased it by 30%. In other words, despite the ?
increased concentration of nascent radiation defects, Cqyg. 2. Typical electron concentration profiles in GaAs:8i (1) and
implantation of the electrically active impurity Si and the GaAs:Si(2).
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FIG. 3. Low-temperaturé4.2 K) luminescence spectra of GaAs layers obtained by implantation of $ayadhd large(b) doses of Si and SiP into an
undoped substratd—co-implantation2—implantation of only silicon3—spectrum of substrate.

spectra of samples implanted with Si and-8iin the case of of the edge emission, but the maximum of the acceptor band
small doses of the implanted impurities. The photoluminesis shifted toward longer wavelengths. While in the case of
cence spectrum of GaAs is also shown for comparison. Unco-implantation this shift can be explained by an increase in
doped GaAs revealed photoluminescence lines, which ardhe contribution of donor—acceptor recombination with par-
associated with the interband transitiqis512 eV}, and also ticipation of the background carbon acceptor, for single sili-
lines belonging to the transitions between the band and theon implantation the greater shift of the acceptor band must
shallow C and Ge accepto($.492 and 1.476 el accom- be attributed to the appearance of lines associated wigh Si
panied by a series of phonon ech8ds. the case of single (Ref. 6. With increase of the dose of the implanted ions
silicon implantation and in the case of co-implantation of (Fig. 3b in GaAs:Si an extraordinarily wide acceptor band
Si+P the total photoluminescence intensity increases. Thiwith maximum at 1.45-1.47 eV, whose intensity grows with
increase is more noticeable in the sample with single implanturther increase of the implantation dose, appears in the spec-
tation. The intensity of the lines associated with the shallowirum. For the co-implanted samples instead of the band at
acceptors is increased to a larger extent than that of the lines45-1.47 eV a weak wide line is observed in the region of
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FIG. 4. Low-temperaturé4.2 K) luminescence spectra of GaAs layers obtained by implantation of sapahd large(b) doses of Si and SiP into an
indium-doped substratd-—co-implantation 2—implantation of only silicon3—spectrum of substrate.
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1.2 eV, whose intensity also increases with increasing ion  This effect should lead to an improvement of the quality
implantation dose. of the crystal lattice and to an increase of the charge-carrier
Photoluminescence spectra of the samples prepared Gifetime, as is confirmed by an increase in the intensity of the
the indium-doped substrates are shown in Fig. 4 for stapll  photoluminescence edge emission. It might be expected that
and large(b) doses. Changes caused by the difference in thg jecrease in the number of nascent complexes will lead to

implantation doses and in the choice of implanted ions have, jycrease in the donor activation efficiency; however, typi-

t_he same qgalltatlve character as in the previous case. A al values of the deep center concentrations are much lower
lines are shifted toward longer wavelengths as a resuilt of an the silicon donor concentration and, consequently, the
decrease in the width of the band gap of the material due to ' q Y:

the presence of indium. Note that the emission bands 1.45f§he_et electron concentrgtion in the cgse of undoped and
1.47 eV[for GaAs(In):Si] or 1.2 eV[for GaAs(In):Si,Plare  Indium-doped substrates is nearly identical.

manifested at larger implantation doses than in the case of

undoped substrates. The total photoluminescence intensity of

samples grown on indium-doped substrates is higher at all

implantation doses in comparison with samples prepared on

undoped substrates. In addition, in the case of indium-dopegt CONCLUSIONS

substrates an increase of the contribution of donor—acceptor

transitions is noted in comparison with the material prepared  EXperimental studies of the electrical properties of low-
on undoped GaAs substrates. temperature photoluminescencenstype layers, which were

obtained by implanting silicon ions and silicon along with
phosphorus into undoped and indium-doped, semi-insulating
4. DISCUSSION GaAs substrates, have shown that co-implantation increases

The results of our study show that the effect of co-the degree of activation of donors and provides a more
implantation of silicon and phosphorus is manifested in ssharply defined distribution profile of the dopant at high lev-
similar way for samples prepared on undoped and indiumels of implantation for both types of substrate. We found that
doped samples. co-implantation suppresses the formation of deep levels in

The photoluminescence studies showed that as the silthe anion sublattice, and that it leads to the formation of deep
con implantation dose is increased, not only arg,8bnors  defects in the gallium sublattice. These phenomena are prob-
formed in gallium arsenide, but also,giacceptors, as well ably attributable to the deviation from stoichiometry pro-
as complexes responsible for the photoluminescence banfliced by isovalent phosphor(®) impurity which stimulates
centered at 1.45-1.47 eV. There is a general tendency i@e silicon-ion-induced formation of shallow donor states in
associate this. photoluminescgnce band wiFh the presence #fe gallium sites. The use of GaAs substrates doped with
Gays, G8-Sis, and VasSiys defects in the anion indium during their growth has no effect on the electron

sublatt!cez. In the case of co-|mplantat|qn of $P thesg de- _qr%)ncentration in the layer but is conducive to better anneal-
fects disappear, while deep centers which are associated wit L L

. ) . . . Ing of radiation defects that are produced during ion implan-
the Vg4 Sigacomplex, appear in the cation sublattice, leading, =
to the appearance of the 1.2-eV photoluminescence7Iine.tat'on'_ i ) )
The reason for this effect may be a deviation from stoichi- This study was financially supported by the Russian
ometry, which is caused by the ions of the isovalent impurity™Und for Fundamental Research.
P and which leads to a group-V element excess and a redis-
tribution of the amphoteric impurity Si toward a preferential
creation of donor states at the gallium sites. This hypothesis
is confirmed by measurements of the sheet electron concen-
tration. F, I9-|2y(ulggaé?)H. Yamazaki, K. Watanabe, and J. Osaka, Appl. Phys.8Ggtt.
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ELECTRONIC AND OPTICAL PROPERTIES OF SEMICONDUCTORS
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It has been established that chemical etching of porous silicon in HF results in a large change in
the current-voltage characteristics and photoluminescence parameters of the silicon. The

results of the investigation can be used to increase the efficiency of electroluminescence structures
In—(porous Si—Al by increasing the injection level of minority carriers and realizing a

regime of double injection and high surface recombination rate near the surface of porous silicon.
© 1997 American Institute of PhysidsS1063-782@07)00511-3

1. INTRODUCTION resistivity 1202 -cm (KDB-12 silicon) in an electrolyte con-

Porous silicon(PS consists of a single-crystal Si layer [&iNing one part by volume of 48% HF acid and 1 part of
in which a network of channels—voids, ranging in size fromisopropyl alcc_)hol. The ano_de (_:urrent density was maintained
several nanometers to several microns, is formed by electrgonstant during the anodization process and was equal to
chemical treatment in hydrofluoric acid. Porous silicon, as & mA/cnf. Chemically destructive treatment, during which
specific morphological form of crystalline silicon, has beenth® Porous-silicon layer was etched off, was conducted in the
known for more than 30 years. The observation of intens§Olution HR48%)+H,0 (1:1). An ohmic contact to the
room-temperature photoluminescence of porous Si attractdepckside of the substrate was produced by depositing
special interest in this materiaThe discovery of this effect Al A 0.02-cn? clamped In probe was used as the upper
stimulated intensive investigations of the electrical and opticontact for measuring the current-voltage characteristics
cal properties of this material. It has now been establishedYCS)- Such a contact is not ideal for porous Si, but it per-
that porous Si is a semi-insulating, semiconductor materigts tracing the staged change in the layer and surface pa-
with a wider gap than that of bulk Si, which possesses a higﬁameters of the same porous-silicon structure as it is etched

density of deep centers whose existence and characteristie§- The current-voltage characteristics of the In—P-Si-Al
are determined by the state of the inner surface of thetructures were measured on an automated tester for moni-

voids2~ Electric excitation of the electronic states in porous0ring the static parameters of 14TKS-100 transistors. In the

Si, which is necessary for subsequent radiative recombinastructure under study, the forward direction was obtained
tion, can be achieved by charge-carrier injection. Structureith @ positive voltage applied to the Al contact and, corre-

with injecting contacts have been realized in light-emittingSPOndingly, the reverse direction was obtained with a nega-
devices with liquid electrolytic and solid-phase film contactstiVe Voltage. The IVCs were analyzed in the form of the

attached to the porous Si lay&t Over the last three years, dependence of the differential slope=d logl/dlogu on

the quantum efficiency of electroluminescence structured'€ applied voltage. The parameters of the porous Si layer
based on porous Si has improved from 0.01% to 0_1_612%'and the In—P-Si and P-Si-Si interfaces were determined on

mainly as a result of optimization of the design and fabricaNe Pasis of thge theory of injection-contact phenomena in
tion technology of injecting contacts. To further improve the Sémiconductors.The change produced in the morphology of
parameters of such structures, the electrical characteristics BPrUs Si by the chemical destruction of the silicon was

porous-Si layers and the effect of different technological fac-Studied in a SEM- S-806 scanning electron microscope.
tors on them must be investigated in greater depth. The photoluminescence spectra were measured on stan-
dard equipment under excitation with a 25-mW argon laser

(A=514.5 nm.
2. EXPERIMENTAL PROCEDURE

The object of the investigations were Kperous Si—Al 3. EXPERIMENTAL RESULTS AND DISCUSSION

(In—P-Si—A) structures. Porous-Si layers, 20m thick, The evolution of the current-voltage characteristics of
were obtained by anodizing(400 surface ofp-type Si with  In—P-Si—Al structures as a function of etch tipes shown
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FIG. 1. Evolution of the current-voltage characteristics of &fiorous Si—Al structure in the forwarda) and reverséb) directions as a function of etch time
ty, s:1—0,2—5,3—40,4— 70,5 — 110.

in Fig. 1. The results of analysis of the IVCs in the form of ance of a section of current saturation on the reverse IVC
a dependence of the differential slopeon the applied volt- (a=0.52, Fig. 2b, curve3), pronounced current jumps
age and the etch time of the porous-Si layer are presented {m=3.5, 4.2; Fig. 2a, curve) on the forward IVC, and
Fig. 2. Such an analysis makes it possible to distinguish thganishing of the quadratic section on the reverse bréRith
ohmic sections withe= 1, characteristic sections witla=2, 2b, curve3d). On the one hand, this gave rise to a decrease in
current sections withe>2, sections of current saturation the thickness of the porous-Si layer and etching off of the
with «<<1, and other features of the IVCs. As follows from layer and, on the other, it attests to an improvement in the
Fig. 1, the initial IVC in the forward direction has a small minority-current-carrier injection condtions at the In—P-Si
sublinear section of rectification with a bias of the order ofboundary under a forward bias. At the same time, the pho-
30 V, and sublinearity is observed in both directions at curtoluminescence intensity dropped by an order of magnitude
rents of the order of 10’ A (Fig. 1a and 1b, curvé). This  (Fig. 3,t;=40 9, but the position ok ,,,changed very little.
could be due to the formation of an oxide layer on the walls  Subsequent etching of the porous-Si layer
of the voids. The photoluminescence spectrifig. 3, (40<ty<70 9 produced a very small increase in the satura-
ty=0) has a maximum N.,=790 nm and an intensity tion current of the reverse IVCs up tox4l0 ¢ A (Fig. 1a
I max Of the order of 0.1 of the maximum value. and 1b, curves3 and 4) and an increase in the degree of
Etching fa 5 s removes the oxide layer. This decreasessaturation(from a=0.52 withty=40 s up toa=0.2 with
the resistance by 1.5 orders of magnitude in the forwardy;=70 s; see Fig. 2b, curve3 and 4, respectively. The
direction and by an order of magnitude in the reverse direceurrents on the forward IVC increase substantially, the IVC
tion (Fig. 1a and 1b, curv@). The intensity of the photolu- is not exponential, and the current jumps increase +®%.4.
minescence increases by an order of magnitude without aniy this case, a change in the polarity of the applied voltage is
change in the position of the maximuhig. 4,t4=5 9. accompanied by a substantial rectification; the rectification
The quantitative and qualitative changes in the forwardcoefficient has the largest value in the range 20-30 V and
and reverse IVCs for etch times of the porous-Si layer fronreaches a value of #0which produces favorable conditions
5 to 35 s were very small: The forward currents doubled. Thdor injection of two types of carriers and appearance of elec-
photoluminescence intensity had a maximum value and wasoluminescence in this layer. A diode-type IVC also corre-
constant, but the spectrum underwent a blue shift from 798ponds to a maximum blue shifk (= 680 nn). Investiga-
to 740 nm(Fig. 4, 5<t4=<35 9. Increasing the etch time by tions in an electron microscope showed that the porous
anothe 5 s (t;=40 9 not only increased the forward and structure of the Si layer remains, and that the thickness of the
reverse currentéig. 1, curve3), but also led to the appear- porous-Si layer decreases tqun. The latter circumstances
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FIG. 2. Differential slopex=d log I/d log u versus applied voltage in the forwaf@ and reverséb) directions for the current-voltage characteristics shown
in Fig. 1.

suggest that surface centers play a dominant role for explaimespectively; permittivitye=12, and absolute temperature
ing the nature of photo- and electroluminescence. T=300 K.

Etching for 110 s was sufficient in our case to dissolve  Figure 4a shows that the change in the attachment coef-
the porous-Si layer. This is indicated by the fact that theficient of minority charge carriersg{=10°) on upper-lying
IVCs are qualitatively the same in the case of both polaritiegocal states in the region adjoining the P-Si—Si boundary
(Figs. 1la and 1b, curv®). However, because of the particu- changes very little in the process of chemical etching of po-
lar shape of the Si surface, the current for the observed IVCrous Si, whileg, in the region adjoining the In—P-Si bound-
differs by an order of magnitude from the current in the casery decreases by four orders of magnitude. In other words,
of structures fabricated on the basis of a Si single crystal. chemical etching sharply decreases the number of shallow

The theory of injection—contact phenomena in semicon-
ductors was used to estimate the parameters of the porous-Si
layer and In—P-Si and P-Si—Si interfade$’ Figure 4 shows
the following curves:

— attachment coefficierd, of charge carriers on local-
ized states lying above the monoenergetic ce(féy. 4a
versus etch time;

— densitiesN, corresponding to the filling of localized
states determined from to the current jumps versus the en-
ergy position of these staté€Big. 4b);

— surface recombination raf® at the In—P-Si interface

-
o
A

1, ard. units
-
[~
o

(Fig. 49 versus the etch time. 1073
It should be noted that the parameters presented above
are approximate because of the large uncertainty in both the 9
geometric dimensions of the elements in the porous structure 10-* 1 " L
and in the physical parameters employed for the calculations. 700 L ’fo 600
’

We used the following material constants: majority and mi-

nority ChargrE carrier mOb”'_ty'U“p_: 38_0 .CrT?/(V'S) _anc_j FIG. 3. Photoluminescence intensitat the maximum and positidn of the
mn=1400 C /(V'S) J respectively; majority and minority maximum of the photoluminescence spectra versus etchttjms: 1 — 0,
charge carrier effective masseg=0.4m, andm,=0.8m,, 2—5,3—15,4—255—35,6— 40,7 — 70,8 — 80,9 — 110.
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s cence aty=15 and 35 s corresponds to higher valueS§of
170°F a which also indicates that the skin layer of porous Si must
play a dominant role for efficient photoluminescence. The
contact is close in this case: For all valuestgf chemical
etching does not change the contact gap width at the In—
Pi-Si boundary and the gap width is of the order of
(2+0.5)x 1078 cm, i.e. the screening radius in a métal.

The skin layer of porous Si probably also plays a deter-
mining role in the appearance of electroluminescence in the
porous Si-layers studied by us. In our view, a rectifying IVC
is also necessary to obtain electroluminescence. Such an IVC
can be obtained by etching the initial porous Si for 40—-70 s.
Furthermore, a double-injection current regime must be real-
ized in order to obtain a sufficient recombination intensity. A
discrimination factorQ, defined as the ratio of the volume
b charge in the zone of the experimental structure to the charge
70"} carrier density in the conduction band, in all cases was much
greater than 1: it was of the order of®10

In summary, chemical etching of porous Si in HF results
in large changes in the IVCs, the photoluminescence spectra,
and the morphology of porous Si with increasing etching.
101} These changes can be explained by assuming that the prop-
erties of porous Si are nonuniform over the thickness. A
method was proposed for increasing the probability of ob-
50 60 70 80 taining electroluminescence by producing the required con-
ditions in an In—P-Si—Si—Al structure: increasing injection
of minority charge carriers, realization of a double carrier-
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107 ¢ injection regime, and creation of a high surface recombina-
- tion rate in the skin layer of porous Si.
E A. V. Bondarenko is grateful to the G. Soros Interna-
© tional Program for Education in the Field of the Exact Sci-
o ences for partial financial support of this work.
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FIG. 4. Curves calculated from the experimental data— Charge-carrier
attachment coefficieng, versus etch timey; the curvesl and 2 were
determined at the P-Si—Si and In—P-Si interfaces, respectibely density
N, of localized states versus their energy— surface recombination rag
at the In—P-Si interface versus etch time

*Fax: (0172 310-914; e-mail: vitaly@silicon.rei.minsk.by

1L, T. canham, J. Appl. Phys. Le#7, 1046(1990.
attachment centers on the outer boundary of the porous SBD. Stievenard and D. Deresmes, J. Appl. Phys. 165%.1570(1995.
This could promote injection of minority current carriers in °V. P. Bondarenko, E. A. Bondarenko, A. M. Dorofeev, V. A. Saloy
the porous-Si layer and, correspondingly, an increase in thg2nd G- N. Troyanova, Vest. BGU, No. 1, &0995.
recombination, which in turn can increase the probability of Sf' (T:hg';‘nﬁg;' 'ﬁ;’sagﬂﬁé(i‘;sgnza&’;é; ppl. Phys. Lef.2499(1994.
radiative recombination. The energy distribution of deep re-sy p_gondarenko, V. E. Borisenko, A. M. Dorofeev, A. A. Leshok, and
combination centergN,(E,) in Fig. 4b] attests to the fact  G. N. Troyanova, Zarubzh.l&ktron. Tekh., No. 1-3, 411994, 1-3, 41
that they coincide at energies ranging from 0.58 to 0.72 eV (1994.
for both boundary regions of porous Si, and their density A- Loni, A. J. Simons, T. I. Cox, P. D. J. Calcot, and L. T. Canham,
increasing by two orders of magnitude with decreasing,>'ecton- Lettsl 1288(1995. .
. . A. N. Zyuganov and S. V. Svechnikolinjection-Contact Phenomena in
depth. As the energy depth of the deep recombination CeNterssemiconductorkin Russiad, Kiev, 1981.
decreases further to 0.52 eV, their density decreases for thes, v. astrova, S. V. Belov, and A. A. Lebedev, Fiz. Tverd. Tet.
region near the In—P-Si interface by more than an order of Petersburpg38, 702(1996 [Phys. Solid Stat&8, 388(1996)].
magnitude compared with Si—P-Si. It should be noted thaf®L. A. Golovan’, A. V. Zoteev, and P. K. Kashkarov, Pis'ma Zh. Tekh. Fiz.
the surface recombination ra% at the outer boundarfin— 20, 66(1994 [Tech. Phys. Lett20, 334(1994],
. . . . . V. V. Chistyrakov, Mikroelektronik&24, 143(1995.
P-Si (Fig. 49 is correlated with the photoluminescence in-
tensity (Fig. 3): The maximum values of the photolumines- Translated by M. E. Alferieff
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Energy spectrum of oxygen-implanted lead telluride deduced from optical absorption
data

A. N. Veis

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted December 18, 1996; accepted for publication April 22, 1997
Fiz. Tekh. Poluprovodr3l, 1419—-1421(December 1997

The thermoelectric power and optical absorption spectra of single-crystal PbTe, implanted with
oxygen and vacuum annealed, have been investigated. A quasilocal level, which could be
associated with oxygen, was found in the PbTey@lence band. ©1997 American Institute of
Physics[S1063-782@07)00611-X]

Annealing in air or in an oxygen atmosphdsm-called pared optical surfaces of the samples. Postimplantation an-
activation has long been used to produce photodetectorsealing of the samples was performed in evacuated quartz
based on lead chalcogenide This explains the interest in cells far 1 h atT=300 °C. After implantation and annealing,
studying the characteristics of the doping effect of oxygenthe thicknesses of the experimental samples were decreased
and the energy spectrum in activated layers. The objects @b d=3—-6 um by mechanical grinding and polishing of the
such investigations were mostly single-crystal lead sulfideopposite(with respect to implantatiorsides. The optical ab-
films. It was established that activation diminishes the densorption spectrax and the thermoelectric pow& were in-
sity V., of anionic vacancies and the type of conductivity in vestigated by a probe method at all stages of doping and
the films is inverted fromn-type to p-type conductivity. annealing. The experiments were performed at a temperature
These facts form the basis of two models explaining theof 96 and 300 K.
characteristics of the doping effect of oxygen in lead chalco- Some experimental results are shown in Fig. 1. The op-
genides. According to one model, the hole-type conductivitytical data obtained in the initial samples are characteristic of
in activated films is due to lead vacancies. The other concepead telluride in the absence of strong self-compensation.
attributes the inversion of the type of conductivity in acti- Among the initial samples, the spectidfiw) in p-type
vated films to the acceptor action of oxygen. PbTe:Tl, Te,. were most complicated. These spedtrarve

The investigation of the electrical and photoelectricl in Fig. 1), together with the componentss, , which are
properties has suggested that two energy levels—associated with optical transitions of electrons between the
recombination and attachmefstee Refs. 1-4 and the work extremal{ andXs of the valence band, were observed to
cited there exist in the band gap of activated films. Appar- contain bell-shaped features which are due to the optical
ently, the best substantiated assumption is that of Ref. &harge transfer on thallium impurity cent®rshe indicated
according to which both levels are associated with intercrysadditional absorption bands are marked by arrows in Big. 1
tallite layers along which current transport in activated filmsThe energy diagram for PbTe:Tl, Jgis shown in Fig. 2.
occurs. However, if both levels are associated with the actiofhe energy level€; (i=0,1,...,4) in thediagram corre-
of oxygen in a lead sulfide matrix;* it is difficult to under-  spond to the banda; in the optical absorption spectra. The
stand the reason for such a strong dependence of the energpectral dependences of the optical absorption coefficient in
characteristics of these deep levels on the technology used RbTe:Ar" have been studied before and are presented in Ref.
fabricate the films and the methods for activating them. 7. No bands of appreciable intensity, which provide evidence

The many experimental studies performed on activatedf the existence of local or quasilocal states, were observed
polycrystalline films, therefore, have not established eithein the spectrax(fiw) of the other samples.
the mechanism of the doping effect of oxygen or the energy  Oxygen implantation is accompanied by inversion of the
spectrum of this impurity in lead chalcogenides. In theconductivity typep—n. This is indicated not only by the
present paper we report the latest results of the ongoinghange in the sign of the thermoelectric power, but also by
study of this problem. However, single-crystal lead telluridethe results of investigations of the optical absorption spectra.
with a variable density of anionic vacancies was chosen irAs one can see from Fig. (curve 2), characteristic bell-
this study as the object of investigation. The den%ifywas  shaped, additional absorption bands and «,, which are
decreased either by introducing intrinsic defects or by intro-associated with singlet and doublet terms of the chalcogen
ducing thallium as an acceptor impuritgwith density vacancy, appear in these spectfarhe contribution of the
Np=<0.1 at. %9 and superstoichiometric tellurium Jginto  nonimplanted part of the samples is manifested in the form
the charge and the density was increased by ionic dopingf the bandsxy, associated with thallium.
with argon with doses 0-10¢* uC/cnt. Annealing of the oxygen-implanted samples is accompa-

Oxygen was introduced into the experimental samplesied by reversion of the conductivity from-type top-type.
by ion implantation(ion energy —100 keV, ion current This is indicated by a change in the sign $fand the ap-
—0.5uA/cm?). This method makes it possible to dope pearance of new banda{ anda,) in the optical absorption
single crystals with a high degree of layer-wise uniformity. spectra(Fig. 1, curves3, 4). The first of the indicated bands
The ion implantation process was conducted through preprevas also observed earlier in Ref. 6 in strongly compensated
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2 O* implantation (b); c—n-PbTe, doped by deviation from stoichiometry,
after O" implantation and vacuum annealing. The arrows mark optical elec-
tron transitions giving rise to additional absorption bands in the spectra

a(hw).

FIG. 1. Spectral dependences of the absorption coefficiept-RbTe:TI,

Te,. (1, 2, 4, 5 andn-PbTe doped by deviation from stoichiomet(3).
T=2300 K. 1—Initial sample;2-5—ion-implanted samples. Impurities in- ) ) ) )
transfer energ¥, is 0.285+0.007 eV at a thallium impurity

troduced: 2, 3—0", 4—Ar* and O', 5—Ar*. Implanted oxygen dose

Do+, 10° uC.cnf: 1, 5-0; 2, 3—3; 4—2. Implanted argon dosBa+,  center,E;=0.245+0.010 eV for a chalcogen vacancy, and
10° pClent: 1-3—0; 4—10; 5-3. Annealing:2—no, 3-5—yes. E,=0.180+0.015 eV for a center associated with oxygen.
The indicated values oy, E3, andE, were obtained by

averaging the data for seven samples, which was done by

PbTe, doped with Na or Tl and superstoichiometric lead, ananethods of mathematical statistics using the Student
it was attributed to intrinsic donor-type defects, presumablydistributior? with reliability t5(n)=0.95. As the temperature

V. The second bandaf,) has no analogs in the published was lowered to 96 K, the values &;,, E;, and E, de-
data and points to the existence of a new quasilocal levekreased to 0.220.02, 0.175-0.020, and 0.14 0.02 eV, re-

which can be attributed to the effect of oxygen, in oxygenspectively. We note that the values®f andE; determined
for PbTe:O correspond to the data for lead telluride doped

ion-doped and annealed samples.

The optical charge transfer energies at different centersyith sodium or thallium and superstoichiometric I€ad.
which give rise to the appearance of bell-shaped features in  In conclusion, we shall briefly discuss some features of
the spectrax(fiw), were determined by calculating the fre- the experimental data which we obtained. First, it was found

guency dependences of the additional absorption coefficienthat the intensity of thex, bands increases not only with
In so doing, the methods described in detail in Ref. 8 forincreasing implanted-ion dose, but also with increasing den-

distinguishing the bell-shaped components from the opticasity of anionic vacancies in the initial samples. This result is
absorption spectra and calculating their spectral dependencesnsistent with the existing concept, according to which oxy-

were used. It was found that =300 K the optical charge gen occupies a site in the chalcogen sublattice, healing the
A. N. Vels 1226
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vacancy. Second, the; bands attributed to chalcogen va- | wish to thank I. O. Usov for performing the ion doping
cancies are present in the optical spectra of vacuum annealed lead telluride.

PbTe:O. As is well known!® annealing of ion-implanted S _

lead chalcogenides under substantially less stringent COI’Idi-R' Bube,Photoconductivity in Solidswiley, N.Y., 1960[Russian trans-
) _g SO y > ] 9 lation, Inostr. Lit., Moscow, 196

tions (25 min atT =250 °Q ordinarily results in aging of all 2L, N. Neustroev and V. V. Osipov, Fiz. Tekh. Poluprovodr8, 359
radiation defects, including vacancies. This is also confirmed, (1984 [Sov. Phys. Semiconds, 224 (1984).

by the data obtained in our studv. As one can see from Fi L. N. Neustroev and V. V. Osipov, Fiz. Tekh. Poluprovo@f, 59 (1986
y y g. [Sov. Phys. Semicon@0, 34 (1986)].

1 (curved), there are nax; bands in the spectrum(fw) of 4L. N. Neustroev and V. V. Osipov, Fiz. Tekh. Poluprovo@n, 66 (1986

p-type PbTe:Tl, Tg, implanted with argon to a dose of _[Sov. Phys. Semicon@0, 38 (1986].

5V. V. Teterkin, F. F. Sizov, N. O. Tashtanbaev, V. B. Orletskind V. D.
— o il ’ 1
10* ,u,Clch‘F and vacuum annealedrfd h atT=300 °C. Forii in Abstracts of Reports at the 3rd All-Union Conference on Materi-

The impossibility of completely removing intrinsic defects als Sciences of Chalcogenide SemiconducfdrsRussiai, Chernovtsy
during annealing shows that oxygen is an acceptor in PbT(%State University, Chernovtsy, 1991, Part 1, p. 88.

. . A. N. Veis, V. |. Kaidanov, and R. Yu. Krupitskaya, Fiz. Tekh. Polupro-
and is compensated for by chalcogen vacancies. vodn. 22, 349 (1988 [Sov. Phys. Semicon@2, 215 (1988,

In summary, our investigations show that as a result of7a. N. veis Fiz. Tekh. Poluprovodr80, 1144(1996 [Semiconductor80,
ion implantation and annealing, oxygen occupies chalcoger%605(1996)]-

. . . . A. N. Veis, A. Yu. Rydanov, and N. A. Suvorova, Fiz. Tekh. Polupro-
vacancies and is an acceptor in PbTe. The quasilocal Ievelvodn'zz 701(1993 [Semiconductor®7, 386/(1993].

E, deep in the valence band is due to impurity oxygen. No9o. N. Kassandrova and V. V. LebedeAnalysis of Observational Results
other local or quasilocal states that could be due to oxygen olg[in Russiar}, Nauka, Moscow, 1970.

associates including oxygen were found in single-crystal - Palmetshofer, Appl. Phys. A: Solids Susi4, 139 (1984.

PbTe:O'. Translated by M. E. Alferieff
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Spectral, energy, and temporal characteristics of two-photon-excited fluorescence
of ZnSe single crystal in the blue region of the spectrum

A. M. Agal'tsov, V. S. Gorelik, and I. A. Rakhmatullaev

P. N. Lebedev Physical Institute, Russian Academy of Sciences, 117924 Moscow, Russia
(Submitted February 17, 1996; accepted for publication May 13,)1997
Fiz. Tekh. Poluprovodr3l, 1422—-1424December 1997

Two-photon-excited fluorescen€€PEP spectra of a ZnSe crystal in the blue region of the

spectrum have been obtained. The dependence of TPEF on the intensity of the laser radiation has
been investigated. It has been established that the energy TPEF are nonlinear. The integrated
laser radiation into TPEF conversion coefficient has been measured and was foune 1@ tfe

The TPEF spectra of ZnSe as a function of the delay time were studied.99% American

Institute of Physicg.S1063-782807)00811-9

There has been a rather quite large number of studie®w-energy region of the spectrum: 2.708)( 2.676 A-©),
devoted to the photoluminescence of ZnSe crystals in th@.645 (A%-©), and 2.611 eV A%-9). It was also shown in
blue region of the spectrum? Specifically, in Ref. 2 the the same work that at 80K a band with two maxima near
luminescence spectra of ZnSe crystals excited by the thir@.690 and 2.610 eV is observed in the experimental ZnSe
harmonic of a Nd"-activated aluminum yttrium garnet laser crystals. In our caséFig. 1), the observed spectrum con-
(A=353.3 nm) operating in the single-pulse or low pulse-sisted of a wide asymmetric band in the region 460—490 nm.
repetition-frequency regime, were recorded. The curve 1l corresponds to the initial powerPE&E0.80

A new method for observing fluorescence spectra inx10” W/cn?). The TPEF radiation intensity was observed
crystals has recently been develof@dhe method is based to increase with the laser radiation intengityirves2 and?3);
on two-photon excitation of the electronic states of the crysfurthermore, in the process, the contour became “deformed”
tal with periodic-pulse laser pumping. Since the crystal waswith increasing relative intensity of the short-wavelength
transparent to the exciting laser radiation, the fluorescenceing; the position of the maximum in the curvés-4) cor-
radiation spectrum was recorded in a quasi-continuous raesponds to 475 nm.
gime from a comparatively large volume of the sample. In  The character of the dependence of the TPEF intensity
our study, we addressed the problem of obtaining the fluoen the power of the exciting radiation is presented in Fig. 2.
rescence spectra by two-photon excitat{@®E) in a ZnSe  This dependence corresponds to wavelength475 nm
single crystal with periodic-pulse laser pumping. We also(Fig. 1, arrow. As one can see from this figure, for compara-
investigated the dependences of the spectra on the intensitiyely low powers of the exciting radiation the power
of the exciting radiation and the delay time in the recordingdependence I(P) is quadratic. As P increases
system. (P>1.10x 10’ W/cn?), this dependence is characterized by

The measurements were performed on samples of ZnSan explicit deviation from a quadratic law. This effect can be
single crystals of a cubic modification wittl11) surface explained by a transition occurring at high pump power lev-
orientation. The yellow lasing line\=578.2 mn) of a els from spontaneous fluorescence to stimulated fluores-
copper-vapor laser was used to excite the TPEF spectra. Tleence, i.e. superfluorescence. It was established on the basis
average lasing power was equal to 2 W, the laser pulse dwf the measurements performed that for the peak intensity of
ration was equal to 20 ns, and the pulse repetition frequencthe exciting radiation, the coefficient of conversion into
was equal to 8 kHz. A FS-17 light filter was placed in front TPEF for 475 nm equals 10 8; for the integrated intensity
of the experimental object in order to remove lines due to thef the exciting radiation, the coefficient of conversion into
discharge in the gaseous medium of the laser. TPEF equals~10~°.

The TPEF spectra were recorded in an “in reflection” The TPEF spectra obtained for ZnSe with different delay
scheme, described in detail in Refs. 4 and 5. A BG-12 filtettimes with respect to the exciting lasing pulse are presented
was placed in front of the MDR-2 monochromator slit in in Fig. 3. Curvel was obtained with zero delay and power
order to keep out the exciting radiation. The spectral resoludensity P=2.00x 10’ W/cn?. For a delayt=35 ns(curve
tion was equal to 0.1 nm and the temporal resolution wad) the intensity of the TPEF signal drops sharply. The posi-
equal to 10 ns. The experimental investigations were perton of the maximum of the TPEF band €475 mn) shifts
formed at room temperature. by 3 nm in the long-wavelength direction and corresponds to

Figure 1 shows the TPEF spectra of a ZnSe single crys478 nm. For delays of 80 and 100 ns, the TPEF signal de-
tal. The spectra were obtained with different copper-vapocreases even more; the maximum in the spectrum shifts to
laser radiation power levels. In Ref. 2 it was shown that the480 nm. The spectrum observed in the latter case is found to
main band(2.789 eV} of ZnSe at 77 K has a complicated be similar to the luminescence spectrum obtained at low in-
spectrum: It splits into three components with maxima attensity (Fig. 1), and it is similar to the resonance fluores-
2.793 E,), 2.775 (), and 2.745 eV I(-°), respectively. cence spectrur.

Besides the main band, a series of peaks is observed in the The observed differences of the TPEF spectrum of ZnSe
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FIG. 1. TPEF spectra of a ZnSe single crystal. The spectra were obtaineg!C- 3: TPEF spectra of a ZnSe single crystal. The spectra were obtained

with different pump powers. Power density,’1/cn?: 1—0.8, 2—1.1, with different delay times, nst—a0, 2—35, 3—80, 4—100.
3—1.5,4—2.

into a photon and one or several longitudinal optical phonons
from the previously observed resonance photoluminescenagppear in such spectf&ig. 1). As one can see from Fig. 1
spectra(Fig. 1) can be interpreted as follows. The energy of (see position of the arrowthe maximum intensity in the
free excitons in zinc selenide i€,=2.812eV and TPEF spectrum corresponds to three-phonon repetition
A=2.690 eV (Fig. 1), which corresponds to wavelengths (A®-C). The absence of components with shorter wave-
A=440.9 and 460.9 nm. Peaks due to the decay of excitonengths in the TPEF spectra can be explained by the fact that
these components are absorbed in the volume of the sample,
while such absorption is very weak for resonance fluores-
cence occurring in a thin surface layer of the crystal.

The deformation of the TPEF contour—an increase in
the intensity of the short-wavelength region—with increas-
ing exciting radiation intensity can be explained by a gradual
transition from the spontaneous into induced fluorescence
regime (superfluorescengeThis result is confirmed by the
observed dependence of the TPEF intensity on the exciting
radiation density. It is evident from Fig. 2 that for
P=1.5x 10" W/cn? this dependence is characterized by an
exponent greater than 2. This attests to a transition into the
superfluorescence regime, since in the spontaneous TPEF re-
gime this dependence if quadratic, i.erge~ P2

The observed changes in the form of the TPEF spectra
13 with different delay timegFig. 3) can also be interpreted as
a manifestation of superfluorescence with a high pump
3 912 power density. In the case of zero delayrvel), the TPEF
spectrum is shifted into the short-wavelength region, since
44 the induced emission occurs practically synchronously with
the pump pulse. When the strobe pulse is shifted, the fluo-
A rescence spectrum acquires a spontaneous character, which is
0 7 ’ 2 2 expressed as a deformation of the contour of the spectrum, a

P, 107 W/em sharp decrease in the intensity, and a change in the position

FIG. 2. TPEF intensityl (1) and |2 (2) versus pump poweP and the of the maximum of the TPEF band. . .
theoretical dependence corresponding to the quadratid3awrhe curves In summary, TPF spectra of a ZnSe single crystal in the

correspond to wavelength=475 nm. blue region of the spectrum have been obtained by the
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method of periodic-pulse—photon excitation and the depenthe spectrum. To realize such lasers, additional investigations
dences of the spectra on the pump power and delay timmust be performed using optical cavities.
were investigated. It was established that the energy depen-
dences of TPEF are nonlinear. The observed changes in the
TPEF spectra at h|gh pump powers are exp|ained by thelv. S. Gorelik, K. N. Kekelidze, and K. A. Prokhorov, Kratk. Soobshch.
- Fiz. FIAN No. 11, 5(1990.
appearance of Ind.uced fluorescence. . 2G. N. Ivanova, D. D. Nedeoglo, A. V. Simashkevich, and K. D. Sush-
The data obtained on the TPEF spectra of a ZnS‘_e singleyevich, Fiz. Tekh. Poluprovodri4, 31 (1980 [Sov. Phys. Semicond4,
crystal can be used to develop methods for analyzing the 17 (1980].
characteristics of luminophores containing zinc selenide. It istOh Era alfld D. W. '-aﬂgefly_kl '—lém'”-zi 516‘ (1970-k bsheh Fi
possible to investigate not only chemically pure materials but ﬁiAeri /?\?j tzsoi/ézll.gss.aGorel »and T. F. Raullov, Kratk. Seobshch. Fiz.
also materials of heterogeneous compounds and also struey. s. Gorelik, A. M. Agaltzov, and L. I. Zlobina, J. Mol. Stru@66, 121
tures with impurities and defects. (1992.
The stimulated TPEF effect observed by us for ZnSe®A. N. Georgobiani and M. K. Stieman [Eds], The Physics ofi-VI
oo Compoundgin Russiar, Nauka, Moscow, 1986.
crystals at room temperature opens up the possibility of pro-
ducing new tunable-wavelength lasers in the blue region ofranslated by M. E. Alferieff
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Photoconductivity of sulfur-doped silicon near 10.6 pm
Kh. B. Siyabekov and V. T. Tulanov

Tashkent State University, 700095 Tashkent, Uzbekistan
(Submitted December 18, 1996; accepted for publication February 25) 1997
Fiz. Tekh. Poluprovodrl, 1425-1427December 1997

The extrinsic photoconductivity of &) under short-wavelengt{10.6 »m) illumination was
investigated in the pulsed regime. It was found that sensitivity can be increased by 2—3

orders of magnitude by short-wavelength illumination. It was established that increasing the degree
of compensation of the impurity levels of sulfur hyray-induced acceptors decreases both

the dark conductivity and the photoresponse due to pulsed illumination with,daSér. © 1997
American Institute of Physic§S1063-78207)01412-9

The photoconductivity of sulfur-doped silicon near power of the radiation pulse. A double-beam oscillogré®h
10.6 um has been studied very little. We know of only one was used to measure the current kinetics and to monitor the
W0rk31 where the photoconductivity of &) near 10.6um  radiation pulse. A voltage pulse produced by a gener@or
was investigated at 5 K. _ _ is fed into the measuring circuit. A generat@ synchro-

Our objective in the present work was to investigate the,q g1y triggers the laser, the oscillograph, and the power-
10.6 um photoconductmty .Of 6) at I|qU|_d—n|trogen tgm— supply generator. The measured signals in the form of the
perature under the conditions of combined excitation bydark current and the photocurrent are taken from the load
light. .

9 resistancg9).

A LGI-50 pulsed CQ laser with a longitudinal dis-

. . . _ charge, which produced a weak interference, served as the

The starting material consisted of 1.5 mm thick andragjation source for investigation of the photoconductivity.
30 m;n '_T_ d|amgtﬁr pla}te.slcpitzlpie sm%e-crystallme boron- To obtain quantitative characteristics, it is necessary to

oped silicon W'_t resistivity = 16004} -cm. know the temporal distribution of the laser radiation inten-

Sulfur diffusion was conducted at 1250 °C for 20 h fol- . .

N sity. Two measurements were performed for this purpose.
lowed by cooling in air at a rate of 20 deg/s. : L : .
The energy in a radiation pulse was determined with an

Measurements of the emf by the mobile light-probe )
method revealed that an inversion layer with conductivity-'MO-2M meter(13 mJ, beam diameter 9 mrand the rela-

type opposite to that in the bulk of the crystal formed at thetive temporal distribution of the radiation was determined
surface of the sample after diffusion. This layer, which iswith a cooled germanium photodetector. The desired depen-
depleted of majority carriers, was of the order of 10t  dence is easily determined from these data. The results of the
thick. measurements are presented in Fig. 2a.

Next, the surface inversion layers were ground off both  The instability of the laser radiation intensity did not
sides of the plate and phosphorus was diffused at 1200 °C igxceed 2.5%. The measurement was performed in a special
order to deposit ohmic contacts. After phosphorus diffusioncryostat that cooled the photodetector down to 75 K.
one side of the plate was ground down by an amount greater - a ypjcal oscillogram of the photoresponse is presented
than the diffusion penetration depth of the P impurity. Phos, g0 "5y The photoresponse s virtually identical to the

%OZ laser pulse shape. The photoresponse is clearly ob-

samples in the form of 205X 1.5 mn? parallelepipeds . . o
werepcut from this plate. In contrast to thpe photofj);ectorsserved against the dark-current background with excitation
intensity of the order of 100 W and current ratid I{1 )

ohmic contacts were prepared by electrolytic precipitation of .
nickel. The nickel contacts were separated by 5 mm. The0%- o ]
fabrication of the photoresistors was completed by soldering The ohmicity of the contacts was specially checked by

1. SAMPLE PREPARATION TECHNOLOGY

nickel electrodegthin wires. measuring the current—voltage characterisie€s) both in
the dark and under illumination. In the final variant of the
2. EXPERIMENTAL PROCEDURE AND RESULTS technological contact-deposition regimes, in all cases a linear

o IVC was observed and there was no rectification.
The apparatus represented by the schematic diagram In Speciall ‘ q . ts sh d that the phot
Fig. 1 was used to investigate the photoconductivity of pecially performed experiments showe i at tne pnoto-
response of the 88) photodetector depends linearly on the

sulfur-doped silicon in the pulsed regime. i v I
A mirror (3) projects through a 3-mm in diameter open- CO, laser intensity at least up to 120 W/gmAdditional

ing (4) light from a CG laser(1) onto the open surface of €xperiments, which were performed using focusing of the
the samplé5). A half-transmitting silicon mirrof2) diverted ~ radiation, showed that the photoresponse remains linear
part of the radiation onto a combined germanium photodewhen the radiation intensity increases by more than an order
tector (11) for the purpose of monitoring the shape andof magnitude.
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FIG. 1. Schematic diagram of the experimental apparatus for investigating -~
photoconductivity in the pulsed regimé.— LG-50 CQ, laser;2 — half- i
transmitting silicon plate3 — mirror; 4 — opening;5 — sample;6 — A . |

1
Joo

oscillograph;7 — control generator8 — delay-line generator9 — load 10'0
resistancel0 — power supply;11 — germanium photodector.

200
tps

FIG. 3. Oscillogram of the photocurrent in(S}) under pulsed illumination

3. EXTRINSIC PHOTOCONDUCTIVITY INDUCED IN SKS) BY with a CO,-laser a — noillumination; b — with illumination.

“SHORT-WAVELENGTH" ILLUMINATION

The impurity photoconductivity induced in (&) by

short-wavelength illumination was investigated on the ex-  Figure 3 displays oscillograms of the photocurrents in
perimental apparatus described above. The samples were jhe sample under illumination with a pulsed C@ser. It is
luminated with an intensity-regulatable incandescent lampyident from the figure that as the dark current is increased
either directly or through germanium or silicon filters. A up to 600xA by means of constant equilibrium illumination,
CQ; laser with a peak power of 160 W served as the sourcgne photocurrent is observed to increase by a factor of 400,

of the 10.6um radiation. i.e. the photosensitivity near 1046m increases substantially.
The experiments performed show that the dark current

and the photocurrent are linear functions of the illumination

intensity, so that the current ratio is the same in all eXPerly, crrecT OF THE DEGREE OF COMPENSATION OF THE

mental illumination ranges. SULFUR IMPURITY LEVELS IN SILICON ON THE
10.6 M PHOTOCONDUCTIVITY

A widely used method of compensation of impurity lev-
els in silicon is irradiation withy rays. Irradiation withy
rays produces a series of donor and acceptor levels in the
@t band gag. Since sulfur produces in silicon a series of donor
levels in the top half of the band ghpnd irradiation withy

X}
3
T
QO

2 st rays produces donor levels in the bottom half of the band
a0k gap, donor levels cannot be manifested in any way in the
10.6 um photoconductivity. Only the acceptor levels can
1 Lt have an effect, decreasing the degree of filling of the sulfur-
b induced donor levels and the free-electron density in the con-
0.5+ duction band.

Samples with resistivity 8Q)-cm were investigated.

04t The samples were produced by diffusing sulfur into crucible-
10.3 - less p-type silicon with initial resistivity 1602 -cm. The

w samples were shaped in the form ofxXl®x 1 mnt parallel-
0.2¢ epipeds. Two nickel contacts separated by 7 mm were de-
0.1}F posited electrochemically on one large-area face. Just as in

the preceding case, a LGI-50 pulsed Llaser with pulse
260 Jll)O . ;00 duration 150us and pulse energy 13 mJ served as the radia-
t,ps tion source. A constant voltage of 10 V was applied to the
sample. The dark current and photoresponse were measured

e 60, i 2
FIG. 2. Oscillogram of the C@laser pulse$a) and of photoresponse of the similarly. ®Co with a flux of 1.2 10" photons/crf - s
photodetector under GQaser illumination. served as the-ray source.

1 [l

1

{
100
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TABLE 1. pate in the 10.6um photoconductivity of SiS).
In summary, the observation of 108n photosensitiv-

Sample No. lg, A Al, A x=Allly4 t, h . - Y !
ity of sulfur-doped silicon at liquid-nitrogen temperature
6x1074 2.5x107® 4x1073 0 " - : : :
" 106 5 107 Ex 101 3 gives good prerequisites for producing based on this material
10-8 2 5% 108 25 21 an |<_)n|zat|0_n-ty_pe seml_con_ductor image convérter re-
13 10°3 3x10°5 3% 1072 0 cording optical information in the range of G@aser radia-
10°° 1.5x10°7 1.5x10°? 9 tion.

We wish to thank V. B. Shuman and E. G. Guk for
kindly providing the S{S) samples and G. B. Gorlin for
assisting in the technical implementation of the experiments.

The values of_the (_jark photogurrerjgx, the photocur- IN. Selar, Infrared Phys67, 435 (1976
r_ent @Ar), anq the_'r 'jauo_(‘) are given in Table I as func- 2y s vailov, I. P. Kekelidze, and L. S. SmimoEffect of Radiation on
tions of they-irradiation time @At) for two samples. Semiconductorfin Russian, Nauka, Moscow, 1988.
It is evident that as the irradiation time increases, i.e., the’A- IA- Lebzd%"'z'g'z (Tl'gg/'; ?; da“,Tr? . an o gafgg?g%]ﬁl e
H . oluprovoano, oV. yS. Semicon@, .
degree of compensation mpreases, the dark-cu_rrent and tmg. B. Gorlin, V. T. Tulanov, and Kh. B. Siyabekov, Zh. Tekh. Bz, 142
photocurrent decrease, while the current ratio increases by(1997 [Tech. Phys42, 1239(1997)].
two orders of magnitude. Yu. A. Astrov, A. A. Lebedev, A. T. Mamadalimov, Sh. S. Kasymov, and
A similar investigation was also performed in Ref. 4 L. G. Paritski, Deposited in All-Union Institute of Scientific and Techni-
where it was shown by means of theoretical calculations that % 'nformaton. No. 2463-761979.

at least two energy levels in the band gap in silicon partici-Translated by M. E. Alferieff
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SEMICONDUCTORS STRUCTURES, INTERFACES, AND SURFACES

Effect of different types of surface treatment on the photoelectric and optical properties
of CdTe

A. Baldullaeva, A. |. Vlasenko, and P. E. Mozol’

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted June 10, 1996; accepted for publication April 29, 1997
Fiz. Tekh. Poluprovodr3l, 1428-1430December 1997

The photoconductivity and light absorption spectregpetype CdTe single crystals subjected to
different treatments have been investigated. It is shown that the photoconductivity and

edge absorption in mechanically polished and plastically deformed crystals are determined by the
damaged layer. The role of dislocations in the formation of the edge absorption and the
photoconductivity spectrum is determined. 1897 American Institute of Physics.
[S1063-78267)01611-9

High-resistance CdTe single crystals have, in addition ta.. EXPERIMENTAL PROCEDURE
the standard .appllcatlolns for nuclear radlatlgn detectors, pho- The p-type CdTe samples with carrier density
todetectors, infrared filters, and other optical components,_{!5 o2 and dimensions % 2 X5 mm were cut out in a

applications as a substrate material for epitaxial growth ofhanner so that the wide fadthe working face had[111]
Cd,Hg; _«Te films. In this connection, stringent require- orientation and the lateral faces were formed by natural
ments are imposed on the degree of structural perfection afleavage along thEL10] and[101] cleavage planes. To ob-
the surface, surface treatment quality, and the method fdiain ohmic contacts, a copper layer, to which indium contacts
monitoring its state. In particular, a large slope of the absorpwere soldered, was deposited chemically on two freshly
tion edge, good transmission in the transparency range of tfdéaved end faces. The working face of the samples was

material, a prescribed degree of compensation, and resistancgliected to different types of treatment, including mechani-

to external actions and degradation are important for optica‘ff_il polishing to produce a structurally damaged layer, layer-

. o . wise removal of the damaged layer by chemical-dynamic
and photoelectric components. This is often determined b¥>olishing and free etching, as well as chemical treatment for

the surface treatment quality and the structural perfection O{he purpose of removing the etch products. To determine the
the surface layers. The treatment quality can be improved byickness of the removed material in a layerwise investiga-

USing nonabrasive methods of pOIiShing, which are based Offon of the damaged |ayer, a section of the surface was pro-
chemical dissolution of the semiconductor and performedected with a chemically resistant lacquer and the height of
under special hydrodynamic conditiohata obtained by the step formed after etching was measured in a MIll-4 in-
the standard structural diagnostics methods, for example, réerferometer.

flection electron diffraction, show that there is no damaged The spectral dependences of the photoconductiRty

layer in the usual understanding of this term. However, it js2nd transmission were measured on an apparatus assembled
of interest to determine other possible imperfections in thé®n the basis of a MDR-3 monochromator. In the process of
surface region of the crystal that can potentially degrade thEEmoving the damaged layer, the dislocation structure was

uality of epitaxial layers: elastic stress fields, products otr evealed by treatment in a selective etchant consisting of a
9 y P Yers. ' P 50% CrG; solution and HF in a 1:2 volume ratio.

chemical treatment that are bound on the surface, and so on. The effect of volume structural imperfections on the

Existing methods for analyzing and monitoring the de-yansmission and PC spectra was also investigated. Imperfec-
gree of structural perfection of a material, probing with elec-tions were introduced by pressing in a diamond indentor with
trons and ions, x-ray spectroscopy, Auger spectroscopy, anstick density~500 cri 2 (the average distance between in-
mass spectroscopy, electron microscopy, infrared reflectivdentations was equal to 4@dm). For this purpose, a PMT-3
adsorption spectroscopy, and other expensive and laboriousicrohardness meter was used: The load on the indentor was
methods are not always applicable for rapid monitoring of séqual to 8 gf and the indentations were aboyir@ deep.
material. Considering the high sensitivity of the optical andPrior to indentation, the surface imperfections introduced
photoelectric properties of semiconductor materials to th&luring the preceding measurements were completely re-
degree of their structural perfection and the easy accessibilitgyIOVEd by polishing etching to a large deg#00-300um).
of these measuring means for purposes of rapid analysis, in
the present work we investigated the effect of different forms?- RESULTS AND DISCUSSION
of surface treatments of CdTe on the optical and photoelec- Figures 1 and 2 show, respectively, the photoconductiv-
tric properties. ity and absorption ) spectra of ap-CdTe crystal with a
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Measurements of the Auger spectra showed that after the
damaged layer was removed by chemical polishing of the
15F o crystal, the crystal surface is enriched with superstoichiomet-
A -10.16 . . . .
3 ric tellurium, in agreement with measurements of the Raman
scattering spectra from a CdTe surface obtained by chemical-
dynamic treatmerft. The Te film was washed off in a 1-n
solution of KOH in methanol. When the 20um damaged
0.12 layer is removed by chemical etching and the Te film is

1

N
N
\]

2 i? washed off, a PC band appears in the region of the funda-

B | | 5 mental absorptiofithe selective PC band is not observed and
=f s the photosensitivity increaseéFig. 1, curve2). The light-

'S 5 absorption coefficient in the transparency range of the crystal
P 08} .08 - decreasefFig. 2, curve2). These changes are observed up to

2 w2 100-um grains(Figs. 1 and 2, curv@®). Further removal of

< the layer by chemical-dynamic polishing does not change the
form of the spectrum or the magnitude of the PC and absorp-
tion, indicating absence of a damaged layer.

- p — "
’———-‘_—-’ 1\
1
}=]

0.4+ 410.04 Indentations on the same sample decreased the PC in the
entire region of the spectrum and increased light absorption
-~ N in the transparency range of the crydfaigs. 1 and 2, curve
\ 4). Subsequent chemical or chemical-dynamic polishing re-
0 1 1 ] Mo sults in effects similar to those described above; i.e., when a
600 ;wnm 800 ~200-um-thick damaged layer produced by indentation is
2

removed, the photoelectric and optical properties of the crys-
FIG. 1. Photoconductivity specttg, of p-type CdTe crystals with different ~ tal are restoredFigs. 1 and 2, curvé).

types of surface treatment:—Mechanical polishing1-um grain sizg; 2, Layerwise etching showed that the PC and absorption
3—free chemical etching to depths of 20 and 106, respectively4— thi
indentation;5—chemical-dynamical etching to a depti200 xm. ChanQEd when an up to 2Qdx thick Iayer was etched off

the treated surface. This is much greater than the light ab-
sorption depth in the region of the fundamental absorption
(111) working surface and the monitored damaged layer, inedge(for CdTek~10* cm™). An increase in light absorp-
troduced with different types of treatment as well as by plastion in the transparency range of the crystal is observed in
tic deformation of the sample surface with an indentor. Athe same layer. This increase in absorption passes into the
selective PC band is observed in the initial, mechanicallyexponential fundamental absorption edge shifted, relative to
polished sample with a im grain diameter(Fig. 1, the edge in the undeformed crystal, into the long-wavelength
curvel). side of the spectrum, which is characteristic of a material
with local stresses produced in the lattice by the introduction
of intrinsic and extrinsic defects. F&r=10 cni ! the shift is
AE=0.33 eV, in good agreement with the calculations per-
I formed in Refs. 4 and 5, where the effect of the density of
] the introduced dislocations on the photoconductivity and
light-absorption spectra was studied. The absorption coeffi-
| cient of mechanically polished and indented samples in the
transparency range of the crystal equals 3 and 2'¢crre-
‘ spectively (Fig. 2, curvesl and 4). For crystals without a
| damaged layek=0.2 cni’* (Fig. 2, curveb). For this rea-
son, the additional light absorption in the transparency range
I of the crystal could be due to deformation of the crystal by
| dislocations, which appear when a damaged layer is pro-
duced near the surface of the crystal.
l When the damaged layer is removed, the absorption co-
l efficient decreases and at the same time the PC in the region
of the fundamental absorption edge increases and the selec-
l tive band vanishes. As we showed in Ref. 6, the selective
L I . ) character of the PC is due to light absorption in donor-
* 850 900 acceptor(DA) pairs. Transfer of excitation energy from a
A,nm DA pair to sensitized centers can be achieved by Auger in-
FIG. 2. Optical absorption spectra pftype CdTe crystals with different tera_CtK_)n' when the excitation energy Of. a DA pair go.es Into
types of surface treatment. The numbers on the curves correspond to Fig. gxcitation of an electron from the sensitized center into the
The dashed line indicates the positions of the absorption edge in CdTe. conduction band. For this reason, the vanishing of the selec-

~

W B

1235 Semiconductors 31 (12), December 1997 Baidullaeva et al. 1235



tive PC band after the damaged layer is removed, even in aAv. V. Artamonov, M. Ya. Valakh, V. V. Strel'chuk, P. E. Mozol', and A.
indented crystal, can be explained by a decrease in the con-Baidullaeva, Zh. Prikl. Spektrosk8, 990(1988.
centration of intrinsic defects which form triple associates P M. Amirtharaj and Fred. I. Pollack, Appl. Phys. Let6, 789(1984.

DA pair+sensitized center. Dislocations are sinks for A-V-Bazhenovand Yu.A.Osipyan, Fiz. Tverd. Télzningrad 22, 931
(1980 [sic].

acceptor-type defeﬁis'_ L f th h f th 5A. V. Bazhenov and L. L. Krasil'nikov, Fiz. Tverd. Teld.eningrad 26,
In summary, the mve_stlgatlon of the ¢ aract(_er of the 590 (1984 [Sov. Phys. Solid Stat26, 356 (1984].

photoconductivity and optical absorption spectra with differ- sa. Bardullaeva, V. V. Dyakin, V. V. Koval', P. E. Mozol', and E. A.

ent treatments of CdTe crystals yields information about the sarkov, Fiz. Tekh. Poluprovodr20, 398 (1986 [Sov. Phys. Semicond.

state and degree of structural perfection of the surface of the20, 252(1986].
samples. "A. Baidullaeva, N. E. Korsynskaya, P. E. Mozei al, Fiz. Tekh. Polu-

provodn.26, 801(1992 [Sov. Phys. Semicon@6, 450(1992].

1G. V. Idenbaum, R. P. Baronenkova, and N. M.i@dh, Fiz. Khim.
Obrab. Mater. No. 2, 551971). Translated by M. E. Alferieff
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Properties of p-PbTe (Ga) based diode structures
B. A. Akimov, E. V. Bogdanov, V. A. Bogoyavlenskil, L. I. Ryabova, and V. |. Shtanov

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted April 1 1997; accepted May 15 1997
Fiz. Tekh. Poluprovodr1, 1431-1435December 1997

Single crystals op-PbTdGa) with gallium density too low for complete compensation of
uncontrollable impurities and intrinsic lattice defects and realization of Fermi [§glpinning

were investigated for the purpose of producing diode structures In cohabTdGa) |—Pt

contact. It was found that the properties of the structures obtained have a number of features that
distinguish them from Infp-PbT¢g Schottky barriers. The current-voltage characteristics

(IVCs) of the experimental structures are not described by the standard relation of the Schottky
theory not only in the region of reverse bias but also in the region of direct bias. Residual
photoconductivity(PC) is observed under illumination with a thermal radiation source in the
temperature rang€<80 K; after the illumination is switched off, the IVCs are linear.

Under constant illumination a photo-emf appears and the branches of the IVCs in the region of
reverse biases rectify. The experimental results are discussed on the basis of the assumption
that regions witm-type conductivity form and FL stabilizes near the nonohmic contact as a result
of band bending. It has not been ruled out the®PbT&Ga) regions are initially present in

the sample, but they are not manifested under ohmic contact conditiond.99® American
Institute of Physicg.S1063-782807)01811-3

1. INTRODUCTION 2. EXPERIMENTAL SAMPLES

Investigations of gallium-doped lead telluride have con-  PbTdGa) single crystals were grown by vapor—liquid—
centrated, as a rule, on samples in which the amount of Gerystal(VLC) mechanism in small temperature gradients be-
introduced was sufficient for complete compensation of theéween the vaporization zones using a procedure similar to
uncontrollable impurities and intrinsic defects. Interest inthat described in Refs. 4 drb . The amount of gallium and
such samples is due mainly to the pinning of the Fermi levethe character of its distribution in the volume of the crystal,
(FL) inside the band gap, the low electron densities, and théhe charge-carrier density, and the type of conductivity in the
appearance of persistent photoconductivity at temperaturésgots grown were varied by varying the temperature regime
below 80 K! However, samples with a low Ga content that of growth. Since the concentration of gallium telluride in the
exhibit p-type conductivity are also an interesting object of melt is much higher than in the growing crystal, excess im-
investigation, since they possess a number of propertigsurity from the crystallization front is displaced into the vol-
which are uncharacteristic of nondoppePbTe. Investiga- ume of the layer of melt in the crystallization zone. If the
tion of the galvanomagnetic characteristics of such samplegelocity of the crystallization front is higher than the rate of
have led to the suggestion that the samples consist of struequalization of the gallium telluride concentration by diffu-
tures which contain, together wigittype undercompensated sion from the crystallization front into the volume of the melt
regions, high-resistanaetype regions. The samples exhibit and establishment of equilibrium in the volume of the melt
a weak photosensitivity, and under illumination inversion ofas a result of mass transfer from the vapor phase, then melt is
the type of conductivity is observédNonetheless, it has not trapped by the growing crystal and inclusions of a second
been ruled out that the impurity level ptPbTdGa) samples phase are formed. These inclusions occupy energetically
exists in the entire volume of the sample, but since thestressed regions in the volume of the crystal. When the mi-
amount of gallium is too low for pinning of the FL, the crostructures of the samples grown by the standard VLC
impurity centers are completely empty. An argument in favormethod or Bridgman’s method is investigated, these micro-
of this assumption is that thp-PbT&Ga) samples can be inclusions are easily reveal@dDuring crystal growth in
transferred into a high-resistancetype state by irradiation small temperature gradients with gallium telluride concentra-
with radiation that generates donor-type defects whichiions much lower than the maximum possible solubility, it
changes the degree of compensation of the safiphlere-  can be expected that the dissolution process will lead to vir-
fore, the study of the properties pfPbT&Ga) can shed light tually complete vanishing of the growth inclusions in a large
on the mechanism leading to the formation of a high-part of the crystal volume or even to depletion of growth
resistance state in Pb{k@a). On the other hand, it was of inclusions in regions with excess internal energynall-
interest to analyze the possibility of usirgPbT€Ga) to  angle boundaries, grain boundaries, and blincks
create diode structures, since the condition for pinning of the  The study of the structure of the obtained crystals by
FL can be realized and a qualitatively new type of nonohmicsecondary-ion mass spectroscg@ameca IMS 4fshowed
content can be formed in the near-contact region depleted dhat regions along small-angle boundaries, depleted of gal-
the majority charge carrieroles. lium compared with regions inside the blocks, do indeed
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exist in the sample studied in this work. However, isolatedof the signal. The other curves shown in Fig. 1 were all
inclusions of a gallium-enriched second phase are clearlgpbtained from measurements on the structures Pt contact—
seen inside the gallium-depleted regions. There are notic§p-PbT€Ga)]—In under a direct bias in a stabilized current
ably fewer such inclusions in the regions inside blocks. regime withl =0.075 mA (plus on the In contact, curves

The crystals were cut perpendicular to the growth axisand2’) and with a reverse bias in the voltage-stabilized re-
using a circular saw with an inner cutting edge mounted on @imeU=—0.1V (curves3 and3’). The curve® and3 were
ring. The damaged layer was removed by grinding andneasured under conditions when the sample was screened
chemical-mechanical polishing. Two types of contacts wergrom the background illumination, and the cunsand 3’
attached to the samples. Contacts using the alloy 95%IQere obtained under illumination with a thermal radiation
+4%Ag+1%Au were soldered with a microsoldering tool. gorce. An activation section is observed on cuda high
These contacts to the-type samples are ohmic and they (o mperatures. The activation energy, determined using
produce a Schottky barrier witrtype samples. The contact the relationR~expE,/kT), was found to be~110 meV.

OT the secpndltype isha A4m in _diametltlar shpark-welded fThe same activation energies were obtained for the tempera-
thtntﬂum wire. htvx_/ast S owg eﬁperlrgir%ta yt :Itl contac_:ts %hure dependences of the resistance, which were measured

IS lype are onmic I@- andn-type €Ga. All experi- iy reverse biases U=0.2, 0.3, and 0.4 eV. Under illumi-
mental data presented below refer to samples \pittype

o . nation conditions the resistance of the structure decreases
conductivity (according to thermal probe data at room tem- . = . : )
perature. and the relative photoconductivitfPC) signal in the region

. of reverse biases is much higher than the corresponding sig-
The measurements were performed in a chamber screen-

ing the sample from the background illumination. A minia- na!['ln rgglon;s r\:w;h dflfrectt lblastes. Afte; the sourc% OfIIHL;]m;-
ture incandescent lamp with a maximum power-a30 mwW nation is switcned off, at ‘ow temperalures a residual pnoto-

was used as the radiation source. conductivity is observed. The onset temperature of the
persistent PC i§.~80 K.

Figure 2a shows a family of current-voltage characteris-
tics (IVCs) of a structure at different temperatures. The re-

The temperature dependence obtained for the resistan¥@rse branches of the IVCs for temperatures below 62 K are
R of a p-PbTdGa) sample with platinum contacts in a po- not shown in the figure. The currents corresponding-d
tential scheme is shown in Fig.(turvel). At a temperature =0.1 V do not exceed A in this case. A characteristic
T~160 K a sharp inflection is observed in the curve, &d feature of the IVCs obtained is their pronounced nonlinear-
drops continuously at low temperatures. In the case of illuity. However, the form of the IVCs is not described by the
mination with a thermal source @t=4.2 K the conductivity relationl =14(exp@U/KT)—1), known for Schottky contacts,
of the sample increased very little-6% of the magnitude not only in the region of reverse biases but also for direct

3. EXPERIMENTAL RESULTS
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biases. For example, the presence of sections of weak curretibns (with the illumination switched ojftransform into lin-
growth, which are replaced by rapid growth infor U ear ohmic characteristics.

>0.1 V, on the direct branch is characteristic of the low-
temperature IVCs.

A qualitative change occurs in the form of the IVC under
illumination with a thermal sourcéig. 2b. Curvesl and?2 Analysis of the experimental data obtained reveals the
were obtained under screening conditions and cutvemd  following most characteristic features. The diode theory does
2’ were obtained with the illumination source switched on.not describe the dark IVCs. Under continuous illumination
At T=4.2 K, after the illumination with a thermal source is conditions the reverse branches of the IVCs rectify. Under
switched off, the IVCs under residual conductivity condi- residual conductivity conditions the nonohmicity vanishes

4. DISCUSSION
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completely at low temperatures. It should be noted that thevill be determined by the activation of extrinsic conductiv-
IVCs of the structures which we studied are qualitativelyity. Indeed, the activation energy of the conductivity, deter-
different from the IVCs of Cu- and Inp-PbTe contacts mined from the temperature dependences of the resistance of
which were described in the literatufe=or this reason, to the structure in ac measurements in the temperature range
describe all the experimental data obtained it is necessary t>77 K, is virtually identical to the activation energy for
take into consideration both the characteristic features of thRigh-resistance-PbT&Ga) (E,~ 75 me\).
Schottky barrier arising at the Ip-PbTdGa) contact and The contribution of the high-resistanoetype regions to
the structure of the sample itself. the conductivity may be very large and even dominant, both
The presence of persistent PC at low temperatures i the region of reverse biases and for low direct biases. The
characteristic of the high-resistangePbTe&Ga) samples. n-type regions are responsible for the high photosensitivity
This phenomenon is essentially not observed in the experpf the structure and for the residual photoconductivity. Rec-
mentalp-type samples with ohmic contacts. Therefore, thetification of the IVCs in the region of reverse biases is due to
regions responsible for the existence of residual PC either arge change in the carrier density in the photosensitivgpe
present initially in the sample, but do not make a large conregions. After the illumination is switched off, the ohmic
tribution to the conductivity under conditions when ohmic |ycs are completely determined by the conductivity of the
contacts are present, or they are formed in the contact regiqutype regions. The displacement of the IVC relative to the
as aresult of strong band bending during the formation of theyigin of the coordinates when the illumination is switched
nonohmic contact. It cannot be ruled out that both possibili¢f is due to the effect of the nonohmic contact on which a
ties are realized simultaneously. Let us assume that undefoto-emf arises. Nonetheless, it is necessary to take into
doping with gallium the impurity level located in 5ccount the fact that the treatment of the structure as an
p-PbTeGa) ~75 meV below the conduction band bottom is ¢qyivalent circuit consisting of two resistances is extremely
also present in samples with gallium density, that is 100 gimpjified, permitting only a qualitative description of the
low for complete compensation of uncontrollable impurities .onquction process. In reality, regions with different types of

and electrically active, intrinsic lattice defed$. Then, in  .onqyctivity are not ideally insulated, and they are separated
p-PbTEGa) this level is completely empty and the hole den-y,, b4 riers whose height can be different as a result of fluc-
sity is determined by the differende; —Ng,. In this case, ; ations in the dopant distribution.

when the band bending near the contact is so large that the It is important to note that the properties of structures

impurity level is below the FL, the unoccupied states at this‘oased omp-PbT&Ga), which we investigated, are character-
level become filled with electrons and conductivity inversion;qi o+ only of samples synthesized by the procedure de-
can be observed in the region of band bending. This situatiogCribeol above, but also gEPbTEGa) single crystals grown

IS very I_|kely,_ since estimates of the h_e|g:h,§ of the Poten- nder different conditiongfor example, by using the vapor—

tial barrier arising on the contact give, in order of magnltude,Crystal mechanism and the Czochralski mettfodiode
~—110 meV. The estimates gfs were made according to the structures based on such crystals possess nonlinear IVCs, but

temperature dependences of the voltage n the region of 1 heir photosensitivity in the region of reverse biases is much
verse biases and from the voltage cutoff in the region o wer

.dlrtht ?la_ste_? atoloi\év templeriltguores. ?/m'(t:? the balr_f ?afhmt Pble We wish to thank A. Trifonov for investigating the real
In the fimit 1 equals mev, 1t1s very fikely that & - o\ cture of the crystals.
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penetrat_ln_g substructures, one of WhI.Ch possesges eIeCtronch. A. Akimov, A. V. Dmitriev, D. R. Khokhlov, and L. I. Ryabova, Phys.
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LOW-DIMENSIONAL SYSTEMS

Annihilation of nonradiative recombination centers in GaAs/AlGaAs multiquantum well
structures as a result of exposure to plasma
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The effect of exposure to a low-energy plas(@d,, Ar, Kr) on the photoluminescence

properties of GaAs/AlGaAs multiquantum well structures is examined. It is shown that the
photoluminescence of the quantum wells in the surface region is quenched after plasma exposure
and the depth of this region increases with increase of exposure time. The photoluminescence
intensity from the quantum wells located beyond this region increases. We associate these changes
in the photoluminescence intensity with the effect of plasma-induced nonequilibrium point

defects diffusing with anomalous rapidity into the depth of the structure.1987 American

Institute of Physicg.S1063-782807)00612-1]

Low-energy plasma processing is widely used in theto 0.5 W/cnf, and the self-bias voltage was set to 400 V, and
preparation of low-dimensional structures and Ill-V-basetthe pressure—to 0.07 Torr. In order to avoid heating the
semiconductor devices. During processing the ions of thetructures during prolonged plasma exposure, the discharge
plasma bombard the surface of the structures and modify thgas extinguished every 120 s and the samples cooled. Pho-
electronic and optical properties of the surface region of thgo|uminescence was excited by a He—Ne-laser with power
structures™ In Refs. 5 and 6 it was established that plasmadensity 20 W/crh The photoluminescence spectra were ana-
processing degrades photoluminescence in the surface regi%ed with an SDL-I monochromator and recorded with an
of n-GaAs layers and GaAs/AlGaAs quantum-well struc-gg .83 cooled photomultiplier working in the photon count-
tures. In the present paper we investigate the effect of plasrqﬂg regime. During the measurements the samples were
processing on the photoluminescence properties of GaAﬂlaced in an optical dewar with liquid nitrogen.

AlGaAs quantum-well structures. It is shown that plasma Figure 1 shows photoluminescence spectra of the B357

exposure is followed not only by quenching of photolumi- structure before and after plasma exposure. The photolumi-

nescence of the surface quantum wells, but also a rapid riSlslaescence peak with maximum at 1.507 eV is associated with

in photoluminescence of the quantum wells located a OIIS'Ehe interband transition in the GaAs layer. The remaining six
tance of several tens of nanometers from the surface.

Quantum-well structures were grown on GaAk0) peaks correspond to transitions between the first electronic

substrates by molecular-beam epitaxy. They consisted of Igvel and th? T'TSt heavy-hole level ¢bh) '|n the qua'ntum .

GaAs buffer layer of thickness 1m, an A, {Ga, /As layer wells. In the initial structurg the photoluminescence intensity
of thickness 0.5um, and an array of quantum wells of vari- of the'quantum wells of width 2.2, 2..8, 3.4, 42 and 5.6 nm
ous width, located within the first 200 nm from the surface.Was high and roughly the same, which testifies to the small

The structures were covered by a GaAs layer of thicknestate of nonradiative recombination in these quantum wells.
10 nm. The B357 structure contained six quantum wells offl "€ quantum well most removed from the surféa8.5-nm

width 2.2, 2.8, 3.4, 4.2, 5.6, and 8.5 nm, separated by barriedepth had substantially lower photoluminescence intensity.
(AlysGay-As) of width 24 nm; inside the 0.m-thick After exposure in Cf plasma for 60 s the photolumines-
Al Ga -As layer a short-period AlAs/GaAs superlattice cence of the quantum well closest to the surface disappeared
was grown to prevent diffusion of impurities and point de- completely and the photoluminescence of the quantum wells
fects into the structure from the substratéhe E138 struc- at 3.4, 4.2, and 5.6 nm did not change, while the photolumi-
ture contained five quantum wells of width 2.5, 3.1, 3.8, 5.2,nescence of the quantum well at 8.5 nm grew by a factor of
and 8.5 nm with barriers (AkGa, -As) of width 22 nm; in  more than 10 to the level of the remaining quantum wells. In
this structure the short-period superlattice was not grown ithe E138 structure, specially grown without a short-period
the Al, Ga, -As layer. The structures were processed in CF AlAs/GaAs superlattice, the photoluminescence intensity of
plasma, which is usually used to remove gi@nhd SiN, the quantum wells was low. After exposure to Jgffasma
films in the preparation of semiconductor devices, and alsthe photoluminescence intensity of all the quantum wells lo-
in Ar or Kr plasma. The plasma power density was set equatated more than 80 nm from the surface grew, as can be seen
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FIG. 1. Photoluminescence spectra of structure B357 bésaoii line) and exposure in Ar2—B357, exposure in Ar3—B357, exposure in GF

after (dashed ling exposure of the structure to ¢hplasma for 60 s.

T=77 K. Peaksl-6 correspond to quantum wells with width 2.2, 2.8, 3.4,

4.2,5.6, and 8.5 nm. . .
cence intensity of the quantum wells after plasma exposure

(1), normalized to the photoluminescence intensity of the

from Fig. 2, but to a different degree and to different final quantum wells in the original sampléof, as a function of

levels. Similar changes were also observed in the photolumidistance from the surface to the corresponding quantum well

nescence spectra in argon and krypton plasmas. (d). The normalized photoluminescence intensity reflects

For these two structures Fig. 3 plots the photolumineschanges in the concentration of the nonradiative recombina-

tion centerdNRC) in the quantum wells. As a reference for
comparison, we used the photoluminescence spectrum of the
GaAs layer, which is located at an adequate distance from
the surface of the structure and which was not damaged dur-
ing plasma processing. It can be seen from the figure that the
normalized photoluminescence intensity grew most strongly
in the quantum wells located at large distances from the sur-
face, which testifies to the greater decrease of the NRC con-
centration in these quantum wells.

The photoluminescence of the structures varied with the
plasma exposure time. Figure 4 shows photoluminescence
spectra, and Fig. 5 plots the normalized photoluminescence
intensity, of the quantum wells of the E138 structure for
different exposure times in Gplasma. It is clear from these
figures that as the exposure time was increased, the region in
which the photoluminescence intensity fell broadened, and
beyond the limits of this region the photoluminescence in-
tensity grew insignificantly.

The data show that after plasma exposure two layers are

\ formed in the structure, differing in their photoluminescence
properties. In the firstthe skin layer photoluminescence of
PR X i L L the quantum wells is quenched, while in the secdad
700 0 2 nmw &0 deepey layer the photoluminescence intensity of the quan-
FIG. 2. Photoluminescence spectra of ;tructure E138 be¢soti line) and tum wells (Weakly luminescing in the -mltlal StrUCt-ur)?S e
after (dashed ling exposure of the structure to ¢Rplasma for 60 s. grows. Increasing the pl_asma exposure tlme has an insignifi-
cant effect on the luminescence properties of the second

T=77 K. Peaksl-5 correspond to quantum wells with width 2.5, 3.1, 3.8, A ] ) i
5.2, and 8.5 nm. layer. Changes in the photoluminescence intensity after

GaAs
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FIG. 4. Photoluminescence spectra of the structure E138 after differe
exposure times in Gfplasmat,,s: 1—0, 2—60, 3—120,4—240,5—360.
T=77 K.

the surface region of the structures during plasma processing
and diffuse with anomalous rapidity in the excited cryétal,
with the diffusion coefficient of the one type of defect being
at least an order of magnitude greater than that of the other.
Our data show that the depth of the first damaged laleis(
proportional to the square root of the exposure time, thus
I=(Dt)Y2 whereD is the diffusion coefficient of the non-
equilibrium defects §=10"*? cn?/s) andt is the exposure
time. It is likely that photoluminescence in the surface region
is quenched by nonequilibrium vacancies, which are nonra-
diative recombination centers, while the photoluminescence
intensity of the deeper quantum wells grows as a result of
annihilation of vacancies introduced during growth by non-
equilibrium interstitial atoms. If this assumption is valid,
then the curves in Fig. 3 describe the distribution with thick-
ness of the structures of the vacancies introduced during
plasma processing d&80 nm) and during growth
(d=80 nm). The small changes in the photoluminescence
intensity of some of the quantum well&eakly luminescing
in the original structuresafter plasma exposure can be ex-
plained by the fact that the low photoluminescence intensity
of these quantum wells is determined not by point defects of
the lattice but by nonradiative recombination centers associ-
"Sted with chemical impurities with which the nonequilibrium
interstitial atoms interact only weakly.

In summary, we have examined the effect of plasma
processing on the photoluminescence properties of GaAs/

plasma exposure of the structures show hardly any depertlGaAs quantum-well structures. We have shown that

dence on the nature of the plasma-forming gas—-OH,

plasma processing leads to quenching of the photolumines-

and Kr, and consequently they bear no relation to the elecence of the quantum wells located in the surface region of
ments of the p|asma introduced into the structure. We bethe Structure, and that the depth of this region increases with
lieve that the changes in the photoluminescence intensity af8crease of the plasma exposure time. Beyond the limits of

caused by nonequilibrium point defects which are formed i

er

FIG. 5. Normalized photoluminescence intensitil §) of quantum wells of
the structure E138 versus exposure time in, @Rasma,t,. Dependences

fhis region, the photoluminescence of the quantum wells

grows after exposure to plasma. We believe that these
changes in the photoluminescence intensity are caused by
nonequilibrium point defects arising in the structures during

plasma processing.

We thank M. R. Baklanov and L. A. Nenasheva for per-
forming the plasma processing, and S. I. Chikichev for fruit-
ful discussions of the results of this work.
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Photoluminescence of localized exitons in coherently strained ZnS—ZnSe/GaAs (001)
quantum wells
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The low-temperature photoluminescer&) of ZnS—ZnSe heterostructures grown in the form

of single quantum well$QW) by the non-conventional technology of photo-assisted

vapor phase epitaxy has been investigated. It is shown that the inhomogeneity of the quantum
wells can be explained in terms of a model based on disordering of the heterointerfaces.

It is found that the mobility edge which separates the localized states from the delocalized states
is 6 meV below the heavy-exciton ground state in the quantum wells with a nhominal width
L,=11 A. © 1997 American Institute of Physid$S1063-78207)00812-0

1. Superlattices and quantum wells based on the semachieve a significant temperature gradient in the growth zone
conductors ZnS and ZnSe are considered to be very promig25 °C/cm), which was established at low temperatures in the
ing for building lasers emitting in the blue-green region of vicinity of 200 °C. As the starting materials we used only
the spectrum as well as various optoelectronic devices, inhigh-purity ZnS and ZnSe powders. A description of the de-
cluding bistable elementsThe active region of such struc- tails of the growth process can be found in Ref. 6. The ob-
tures is provided by ZnSe layers in which an electron—holdained structures are coherently strained by virtue of the fact
gas is localized, bounded on either side by a potential barrighat the thicknesses of the corresponding layers are less than
created by ZnS. their critical values 100 A) for the appearance of lattice-

The characteristics of such a structure are determinethismatch dislocations. As a result, sméll, do not cause
mainly by the properties of the heterojunction separating theany deformations in the quantum-well plane.
two chemically distinct materials of the quantum well. The At the commencement of the experiment the samples
simplest and most reliable means of estimating the quality ofvere placed in a helium cryostat with regulated temperature
the heterojunction is to study its exciton photoluminescence]. Luminescence was excited by a continuous He—Cd laser
whose spectral shape and band widths are very sensitive tieam with a wavelength of 325 nm and power equal to 10
deviations of the heterojunctions from planafityhe results mW. The photoluminescence was analyzed with a DFS-12
of numerous studies based mainly on the technology o$pectrometer linked up with a CAMAC system and a per-
molecular-beam epitax¢MBE) and metallo-organic chemi- sonal computer, and was recorded by atUFE® photomul-
cal vapor depositiotMOCVD) have shown that disordering tiplier in the photon counting regime.
of the heterojunction causes inhomogeneous broadening of 3. Curvea in Fig. 1 is the spectrum of the photolumi-
the exciton photoluminescence bards.In the highest- nescence integrated over the surface of the sarfgxeita-
quality structures the amplitudeSl(,) of the fluctuations of tion spot diameted=2 mm of the order of the linear dimen-
the thickness of the quantum wells) arising as a result of sions of the sampjeand is typical of the investigated
this disordering does not exceed one atomic monolayer. quantum wells in the region of their intrinsic absorption

In the present paper we analyze the exciton photolumiedge. The excitonic nature of the observed emission is con-
nescence spectra of isolated ZnS-ZnSe quantum well§irmed by low-temperature measurements of the reflection,
grown by the relatively simple, cheap, and flexible methodwhose spectral dependence is shown by cervEhe spectra
called PAVPE. The results obtained by this method indicateare shifted toward higher energies relative to their position
the formation of a tail of the density of localized states), known for bulk ZnSe. The short-wavelength shift
whose energy length is determined by the,-dependent (~188 meV) due to effects of the quantum well acting in
change in the energy of the exciton ground state. Analysis abne direction and elastic compression deformation arising
the behavior of the photoluminescence bands, measured due to lattice-mismatch between ZnSe/ZnS and GaAs. The
different regions in the quantum-well plane as a function ofdeformation contribution to the observed shift is not greater
the excitation power densityl{,) and temperature T than 5%(Ref. 7).

made it possible to determine the enekgy=2.991 eV cor- The position of the dominant photoluminescence band in
responding to the mobility edge in the system of localizedspectruma in Fig. 1 (energy of the maximuri,,=2.980 eV
states. corresponding to the wavelength 415.9)nvaries insignifi-

2. We examined isolated quantum wells of Zf& A)—  cantly from sample to sample, and the band itself is asym-

ZnSe(11 A), grown on GaAg001) substrates in a horizontal metric with pronounced steps whose nonequivalence allows
quartz reactor. The design of the reactor enables one tone to reject the hypothesis that its limbs are formed as a
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FIG. 1. Total @) and local p)—(d) photoluminescence and reflectioe) (
of ZnS—ZnSe quantum wells &=4.5 K. Spectréb—d were measured at
different positions of the excitation spot on the surface of the sarhglas
400 times larger for casesd-than for casa. The spectra are shifted along
the intensity axis for clarity. The above results can be interpreted directly in terms of

the model of excitons localized in a random potential arising
as a result of the disorder at the heterojunction between the
result of transitions in which phonons participate. At theZnS and ZnSe layers. This disorder, on the scale of the Bohr

same time, the dependence Bf, on the position of the radius of the excitondg), and the corresponding fluctua-
excitation spotdiameterd=100um) on the surface of the tions of the width of the quantum wells unavoidably lead to
sample(spectrab, ¢, andd) provides a basis for linking the the appearance of a two-dimensional well potential and the
appearance of steps with the absence of homogeneity of tf@ssociated tail in the density of localized states, where the
quantum wells. occupancy of this tail is described by Fermi—Dirac
Figures 2 and 3 plot the energy of the maximugy, statistic The applicability of Fermi—Dirac statistics to ex-
for different regions in the quantum-well plane as a functioncitons, which at sufficient separation behave like bosons, re-
of lxcandT. As a rule, with growth of ., the photolumi-  flects the fact that by virtue of the internal structure of the
nescence peak is shifted toward higher energies, tending tgonsidered quasiparticles, each individual potential well that
ward its limiting position at 2.991 eV. Here the degree ofarises can localize no more than one exciton in the case in
asymmetry of the band is increased due to growth of thavhich its characteristic spatial dimensioRs] is comparable
length of its low-energy limb. A similar behavior is also With ag.
observed for variation of. However, there are segments of ~ In light of the discussion above, the dependences plotted
the surface for whiclE,=2.991 e\&=const for anylcand in Fig. 2 reflect the effect of an increagdecreasgin the
T within the investigated intervals. In this case, the asymmeabsolute value of the chemical potential of the degenerate
try of the photoluminescence band is virtually independensystem of localized excitons with increaggecreasgof its
of |, and whenT is increased is even slightly, it is re- density. It is clear that at sufficient excitation intensitigg

stored due to quenching of the low-energy limb. the chemical potential can reach the mobility edge, which
with further growth of excitation causes the delocalized

states to be filled and, as a result, stabilizes the photolumi-
nescence peak ne&;. The reason for such a stabilization
3 resides in the transition to statistics with a quasiparticle dis-
tribution function which is independent of the quasiparticle
density. The excitation level of the quantum wells necessary
for this to occur, in contrast to the case with bulk crystals, is
completely achievable in practice, due to the two-
w'2.986F dimensional nature of the considered system.

- From Fig. 2 we find that in our cade, is equal to 2.991

2.984} ;7 ® eV. We can also state that the width of the photolumines-
% cence band35—40 meV at the 0.1 levglindicates thatsL,
L corresponds to one atomic monolayer.

i
15 _2 700 The key question remains as to h&yrelates to the free
ez W em exciton level. To obtain an answer to this question, it is
N  the bhotolumi _ otted necessary to compare photoluminescence with its excitation

FIG. 2. Energy positionEy,) of the photoluminescence maximum plotted g6 1 m and/or with reflection data. In the absence of mea-
versus excitation intensityH;,). Curves1-3 correspond to casds-d in . L
Fig. 1. The points are the experimental data, the solid lines are draw@ure_ments on ph0t0|um_mescenc_e _exutatlon, we turn our at-
through the points. tention to the existence in the vicinity of the minimum of the

2.990

L

2.986+

N1

m
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reflection curve of a weak photoluminescence peakized excitons and transition of some of them to the delocal-
(2.997 eV/413.5 A which is distinctly observable only in ized states af =15 K. Here the abrupt dependencesf on

the surface-integrated spectrum and denote&,asin Fig. T observed in such a small temperature interval is due to the
la. To within the longitudinal-transverse splitting energyexponentially fast variation of the density of localized states
(1.5 meV for ZnSe; Ref. Bthe reflection minimum defines about the chemical potenti@Ref. 8.

the exciton resonance frequerfé’y.'l’herefore, we believe ) ) ) ) )
that theE,,, peak is a result of emission of free excitons in W€ are indebted to Prof. C. Klingshim for fruitful dis-
the regions of quantum wells having nominal width cussions. The mcorporatlon_ of PAVPE tech_nology b_ecame
L,=11 A (excitation over almost the entire surface of the POssible thanks to cooperation with Dr. P. Lilley within the

sample and the small densities achievable as a result fav§FOP€ 0f NATO Linkage Project 071302.
the observation oE;;). Hence it follows that in the investi- This work was supported by INTAS Program 94-324
gated samples the mobility edge is located 6 meV below th@nd .also by the Ukrainian Foundation for Basic Research
ground state energy of theh exciton in a quantum well with  (Project No. 2.4/85
L,=11A (the Ih exciton level is located 200 meV above
it").
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. . ” Vinokurova, Fiz. Tekh. Poluprovod22, 424 (1988 [Sov. Phys. Semi-
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energy limb of spectrund in Fig. 1). Studies that have ap- 3H. Kalt, J. Collet, S. D. Baranovskii, Rosari Saleh, P. Thomas, Le Si
peared in recent years show that these are exciton states L@ang, ang J. Cibert,kPhy& szﬁ, 4253d<1992. (1999
R ; ; _ T. Taguchi, Y. Kawakami, and Y. Yamado, Physical 81, 23 (1993.
those quantum We”. regions for whidky<ag (Ref. 1D. In 5N. N. Ledentsov, S. V. Ivanov, V. M. Maksimov, I. V. Sedova, I. G.
side each such region the excitons move freely and undergorapatadze, and P. S. Kopev, Fiz. Tekh. Poluprovo2®, 65 (1995
scattering only at its boundariés0On this basis, spectruich [Semiconductorg9, 34 (1995].
corresponds to regions of the surface for which predomi-°A. V. Kovalenko and V. V. Tishchenko, Jpn. J. Appl. Phg, Suppl.
nantly R.<a 34-1,209(1995.
s 9B . . V. V. Tishchenko, Y. S. Partis, E. Anastassakis, and N. V. Bondar, Solid

Thus, we may speak of the inhomogeneity of our quan- state communge, 793 (1995.
tum wells both in the sense of disordering of the heterojunc-8J. A. Kash, M. Zachau, E. E. Mendez, J. M. Hong, and T. Fukuzawa,
tion and in the sense of inhomogeneity of the surface distri-gphﬁs-d'?ev- be$6E’ é247(1i93)bh RevdB 11 218(1
bution function ofRs. This latter circumstance appears to bemé' Toseat G Harbeke. NU 0\)’5'0;:”?(28 o ?1(9330'
due to the transverse inhomogeneity of the PAVPE hydrogeng, m. askinadze, E. Cohen, Azra Ron, and L. Pfeiffer, Phys. Rev7B
fluxes delivering chemical reagents to the GaAs surface.  10613(1993.

In conclusion, we note that the localized-states modeizgi.zs;ilzl,glg. Schwarze, and W. von der Osten, Superlattices Microstruct.
enabled us to uniquely link the observed temperature depen-" (1989.
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Macroscopic, local, volume, charge-carrier states in quasi-zero-dimensional structures
S. I. Pokutnit

Ukrainian State Marine University, 327025 Nikolaev, Ukraine
(Submitted August 7, 1996; accepted for publication May 20, 1997
Fiz. Tekh. Poluprovodr1, 1443—-1448December 1997

A theory of size-quantization of charge carriers in a small semiconductor crystal under
conditions where the polarization interaction plays a large role is constructed. The charge-carrier
spectrum in a small microcrystal and its dependence on the radius of the microcrystal, the
charge-carrier effective mass, and the relative permittivity are investigated. It is shown that the
appearance of local states is of a threshold nature depending on the size of the microcrystal.

© 1997 American Institute of Physid$1063-782807)01911-X

The optical properties of quasi-one-dimensional struc-and permittivitye,, dispersed in a dielectric medium with
tures, consisting of spherical semiconductor microcrystalpermittivity ;. A quasiparticle with charge and effective
(SMC9 with dimensionsa=1-1F nm, dispersed in differ- massm moves in the crystal. As a result, an analytical ex-
ent transparent dielectric media have been widely investipression was obtained for the polarization interaction
gated in recent years? Such heterophase systems are a newdJ(r,a), which arises in such a medium, between the charge
object for the investigation of the quantum-well effects incarriers and a surface charge induced at the spherical inter-
semiconductors. face between the two media with different permittivities. The

The strong nonlinearities of the optical characteristicsinteraction U(r,a) depends on the relative permittivity
and the short lifetimes of photoexcited charge carriers ire=e1/e;; r is the distance of the charge carrier from the
quasi-zero-dimensional structuteé$make such nonuniform center of the microcrystal. For charge carriers moving near
systems promising materials for producing new componentSMCs, there are two possibilities) The polarization inter-
for nonlinear optoelectronicéspecifically, components that action results in attraction of the charge carriers to the sur-
control optical signals®* face of the SMQfor e <1—to the outer surface of the SMC

In the quasi-zero-dimensional structures studied, the miand fore>1—to the inner surface of the SM@nd, corre-
crocrystal sizes are comparable to the characteristic quasi-spondingly, in the formation of external surf&c® or inter-
particle sizes in semiconductors. Under these conditions, theal surfacé'" states; 2for <1 the polarization interaction
interface of a SCM can give rise to size-quantization of thegives rise to repulsion of charge carriers from the inner sur-
quasiparticle energy spectrum of the microcrystal due to théace of the SMC and the appearance of local volume states
purely spatial limitation of the region of quantizatiohand ~ (LVSS) in the SMC'?*?
the polarization interaction of charge carriers with the SCM  In Ref. 8 it was also shown that as the radaisf the
surface® 13 The optical properties of quasi-zero-dimensionalSMC decreases, a quantum-well effect, which impedes
structures are |arge|y determined by the energy spectrum @harge-carrier localization as a result of a relative decrease in
charge carriers localized by electrostatic image forces nedhe contribution of the potential energy compared with ki-
the interface between two different dielectric meWi& netic energy, appears. The smallest critical sizef a SMC,

In Refs. 5 and 6 it was found that the structure of thefor which a local state appears is close to the average dis-
absorption and luminescence spectra of the SMCs investfanceb; (from the center of the SMf ground-state charge
gated was determined by size-quantization of the energgarriers above a flat interface
spectrum of free quasiparticles. The effect of the polarization
interaction on the spectra of the charge carriers and on the a.=b;=6
spectra of large-radius excitons near a spherical interface be- _
tween two different dielectric media was studied in Refs.whereal)=¢%%/m;e? is the Bohr radius in a medium with
8-19. permittivity ¢; and effective masm; (i=1,2).

In Refs. 20—23, the photoionization of CdS single crys-  Since the expressions for the polarization potential
tals, grown in a silicate glass matrix, and CdS and ,;TiO U(r,a) were obtained in Ref. 8 on the basis of macroscopic
SMCs placed in water solutions was investigated experimerelectrostatics, the above-indicated, local, charge-carrier states
tally. It was established that a nonequilbrium electron pro-arising in the field of this potential are of a macroscopic
duced by radiation corresponding to interband excitatiorcharacter and for thern,>d (d is a distance of the order of
leaves the volume of the SMC and is captured in a trap in th¢he interatomic distange
matrix. As a result, an excess charge cariele) remains in Until now, the effect of the boundary of a SMC on the
the volume of the SMC. spectrum of its single-particle states has not been studied

In Ref. 8, a simple model of a quasi-zero-dimensionaladequately. In Refs. 12 and 13, the spectrum of LVSs was
structure was used to analyze the conditions of charge-carri@btained only for the case of low-lying, oscillator-type states
localization near a spherical interface between two dielectriavith arbitrary relative permittivitye<<1. To compensate for
media. This model consists of a spherical SMC with radius this omission in the theory we will find the spectrum of LVS

erte )
#a(sl)' )

€27 &1
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for the charge carriers by using the WKB method with arbi-The criterion(6) is only a necessary condition for the appear-
trary values of the parameters of the quasi-zero-dimensionance of a bound state, and therefore it can underestiate
structure but for the case in which the difference in the per- For small SMC radiiS,<S;, the charge-carrier states
mittivities of the adjoining media is large,>¢, or e<1).  will be delocalized, since the kinetiand centrifugalenergy
(~82‘2x*2) makes the dominant contribution. The charge-
carrier spectrunt,|(S,) (n is the principal quantum num-

1. WKB CALCULATION OF THE SPECTRUM OF LOGAL ben will coincide with the continuoug(or quasidiscrete

VOLUME STATES spectrum

2 2
The expression for the polarization interaction potential Eni(S2) = ¢n/S2. ®
U(r,a) for a charge carrier interacting with the surface which corresponds to “free” motion of charge carriers in an
charge induced on a spherical interface between two differimpenetrable spherical welllp,, are the roots of the Bessel
ent dielectric medidself-action potentialassumes the form functionJ, . 1/x(¢n) =0].
for e<1 (Refs. 8 and 1P For large SMC radiB,> S, states lying below the con-
tinuous spectrum can arise in the potential Wg(lx,S,) (3).

= &2 In what follows, we shall term such low-lying, charge-carrier
U(x,S) 7t - ) . o .
SA(1-X%)  Seq states LVSs. The size of the localization region of such states
Here and below, energy is measured in units of the Bohi" the potential welk(3) must be quite small compared with
energy in thé =2 medium: the radiusS, of the SMC itself. _ _
22 (212 We shall use the WKB method to investigate the spec-
Ry? =nr?2my(ag”) trum E,(S,) of local volume states for arbitrary values of

and dimensionless lengths are useds)d=r/a<l and the parameters of problei®,, n, andl. The quantization

s,—a/a? . The potential energy of the charge carriers in"Ul€ can be represented in the form

the volume of a small SMC 2
;(1_U1/U2)(U1)7l/2

L2
V ’ =U 1 +_
(S =US)t g [ 4221~ 7
1 1 L2 0 [(uy—1)/(1—uy/uy)+22]V1—(1—u;/uy)Z?

TS0 56 Sk @

2N
has a minimum value =V 35" 9

V(S,) =V, (x=Xq,S,) = i [E +4( (1_28)L2) 12 HereN=n,+1/2 (Ref. 25. The variable
| = =X0,S)=

S| 25, 2=1—(u, *—u, ’X%—uu, H/(1—uguy b,

2
% (4) andu, ,, which are associated with the turning poirts in
25, the potential(3) by the expressiom ,=1—x? ,, are deter-
at the pointx=x,, where mined by the relations
142\ 2/ 2\ 12 6 [1—u L2
- il Aa(S)= = + ,
X5 5 (Sz) <1. (5) Ni(S) s | u Tes—uy

The termL?/S3x? in the expressiori3) determines the cen- Uy L2u?
trifugal fthe ch ier, ahd=1(1+1), wh Lo Wt es iy =k (10
rifugal energy of the charge carrier, ab8=1(l+1), where u, 6S,(1—uy)

| is the orbital angular momentum quantum number. Accord- hall he ch . ¢ he mini
ing to the expressiofE), the states are well-localized at the W€ Shall measure the charge-carrier energy from the mini-

min

center of the SMC only if (%/S,)¥2<1. mum valueV,"(S,) (4) of the energy. For this reason, in Eq.
Just as in the case<1, (Ref. 12 and 13 the formation (10 we have
of LVS is of a threshold character and is possible p_nly in )\NL(SZ):ENI(SZ)_VImm(SZ)- (11
sufficiently large SMC, whose radius, exceeds a critical ,
values, . The . quantity  (;/uy)(uy) (10 quals 1 for
Yost—Pais criterioff up=uy=[1+ (.L?/GSZ)]*l. Therefore, to satisfy the inequal-
ity u,/u,=<1, it is necessary that
1
2 2 -1
u(x, 1-x)dx=(21+1 6 L
SZJO (*:S)( ) ( ) © Oiuliugz 1+ @ (12

for charge-carrier states with radial quantum numiyer 0
and arbitraryl gives for the critical radiu$, of the SMC the
expression Uy Lzui
1 1-—=1-u— <1,
Se=(21+1)[In 2+ (1/2¢)] 2. 7 Uz 6S,(1—uy)

If the following condition is satisfied:

(13
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and assuming in the integrand in HY)

V1—(1—uy/uy)z?=1,

we write the quantization rul€) in the form

1 (u;t-1)

2 1-u;luy

1-ug/up| | [2N?
u, =1 )| V3s°

u, -1
We shall consider the case where

1-ug/u;  6Sy(1-uy)?
u,'-1 L%

(1-ug/ux)u; 7

X|1=—~/1+ (14

First, we assume

u;<ud=1-L%6S,<1.

As one can easily see, the solution of Et{) is

[L? \F 2
Ulzl @ 1+ E) .

The requirement that the relatios3), (15), and(16) hold
simultaneously leads to the condition

N 65,
2\[E<1<\/?.

(16)

7

(18)

The condition(18) holds for charge-carrier states with large

orbital angular momentum quantum numbérgsuch that

2/3 1/2
R A -

L ?
The spectrumh ((S,) (11) of local volume states, with al-

lowance for Eq(21) in the range of parameters of the prob-
lem which are determined by the conditiof22), is

L2 6S,
2 Lz
It should be noted that the spectriny(S,) (23) is de-
termined mainly by a dependence of the form

)\N|(Sz)~L2/S§, which is a particular case of tt® depen-
dence of the spectrumy(S,) (8). The latter spectrum is
characteristic of charge carriers executing a finite motion in a
spherical potential well with impenetrable walls. The second
term makes only a small correction to the spect@3).

Let us examine the case where the conditi@i® and
(16), as well as the condition

112
(23

Ai(Sy) = 1+(

1—u1u2_1 1/2
B »
hold. Then Eq(14) has the solution
[2N? [ L2
u;=1- 3s, 1++/1+ W)' (25

The requirement that the inequaliti€$3), (16), and (24)
hold simultaneously reduces to the conditions

N [6S,
1<1 E< ?,

(26)

2\/N/L<1). In this case, the charge carriers undergo motion

in a SMC with large radiiS, (such that/6S,/L?>1).

The spectrum\(S,) (11) with Eq. (17) in the range of
parameters of the problent{,N,L), which is determined
by the condition(18), has the form

AMi(S) = o(Sy)

1+N
2 L

o(Sy) = 4B(LISY?, T <1. 19
The first term, which is proportional td_(S3?), makes the
main contribution to the spectruiny(S,) (19 of local vol-
ume states. The second term in E49) is only a small
correction (of the order ofN/S>?). The spectrumi y (S,)
(19) is an oscillator-type spectrum with the frequengyS,)
of charge-carrier oscillations.

We assume as before, that the conditigb3) and (15)
hold, but now

6
up<ud=~/ L—822< u,<1.

(20
The solution of Eq(14) under this condition is
682 \/ N 172 L2
u;= V? 1—4(E) @ . (21)

The requirement that the conditiofi3), (15), and(20) hold
simultaneously reduces to the inequalities

1249 Semiconductors 31 (12), December 1997

which are satisfied for states with large quantum numbers
N (2N/L>1) for large microcrystal sizes S,
(\/682/L2>1). In the range of parameterSy,N,L), which

is determined by the inequaliti€26), the spectrum\ ,(S,)

(12) with Eq. (25) is of an oscillator form

Mi(S) = w((S;)

1L
2N

o(S)=4V6(N/S}?), LIN<1, (27)

with charge-carrier oscillation frequeney(S,).

It should be underscored that Eq49), (23), and (27)
are particular cases of the more general form(d#, which
describe an oscillator-type spectrum of the low-lying local
volume states of the charge carriers.

Let us consider the case

U L2u? . 28
—=Ut =<1
U 1 6S(1-uy)

Assuming that in the integrand in Eq.(9)

V1—(1—uu, H)Z?=1-27%, the quantization rulg9) can
be reduced to the expression

=
[ u,"—1 1—uy/u
UIllz(l—U1/U2) 1- mtan‘l i S
T 2N
==\ (29)
2 3S,
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Let the condition

1-ugfu; ., [6S; [1-ug|? 1
Vg1 N ]
hold, in addition to the inequalitie®8). Expanding the ex-
pression(29) in a series in powers of the parame{80) and

(30

retaining the first two terms of the expansion, we obtain for

u;

2/3
o

2 82 1/3
57 2 8,

372 N?

The inequalitied28) and (30) together reduce to the condi-

tion

1

V3

6S 1/2 37N 2/3 1

< —
L V3

which holds for states with large values of the orbital angular

momentum quantum numbeér such that

J6S,/L%2<1 and (37N/L)?3<1.
In the region of paramete(S,, N, andL) determined by the

conditions (31) and (32), the charge carriers move in the

potential U(u;,S,)~ (L?/6S,)(1+u;). Since this potential
is a linear function of the variable;, U(u;,S;)~uy,the

spectrumi(S) (11 of the local volume states is, taking

into account Eq(31),
L2

)\N|(S)=§z 1+ (33

L

37N 2/3
e

37N 2/3
e

00

2
2

7
3

0

FIG. 1. Spectrum\y,(S,) of local volume states as a function of the radius
S, of a small semiconductor microcrystal. The numbers on the curves rep-
resent the states,l).

In other words, it takes on the same form as the spectrum of
a particle undergoing a finite motion in a spherical potential
well (8) of infinite depth.

Using the quantization rulé9), we obtain above the
spectrumh y(S,) (12) of local volume states under the con-
ditions (18), (22), (26), (32), and(36) for the parametertl,|,

and has the same depenz(/jgence.on the quantum nurbersands,. Evidently, forS,<S,~1 (just as in the case of the
andL, i.e., A\y(S)~(N/L)", as in the case of the charge outer and inner surface state¥) the spectray(S,) (23),

carriers moving in a central field of the forb(u,)~u, .?®

If the inequality

1-uglu;  ,, [6S[1-u;
Vot Ve |y
holds, in addition to the inequalitig28), then the substitu-
tion

1—u1u2_l ™
tan 1\ —1——~ =

can be made in Eq29).

(34

In this case
4 [6S L 2N\ 2 L as
Ul—? F +T <]1. ( )

The requirement that the conditioi®8) and (34) hold to-
gether reduces to the inequalities

N2 1 4 [6S L 2N\ 2
PN A N A S
In the region(36) the spectrumiy,(S) (11) of the local
volume states is, taking into account Eg5),

772

(36)

2N2

T L2
)\NI(SZ):?

1+ E)+§;E<l.

(37
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(33), and (37) of the local volume states are the spectrum
)\N|(Sz)~82’2 of a particle executing a finite motion in an
infinitely deep spherical well. In the other limiting case, de-
termined by the condition$18) and (26), S,>S.=1, the
spectra(19) and (27) of the local volume states are of an
oscillator charactek y,(S;)~S, *? (Refs. 12 and 18

Thus, for arbitrary parameter${,N,l) of the problem
the WKB charge-carrier spectruimy(S,) (11) in the vol-
ume of a small semiconductor microcrystal of rad#jsas-
sumes the form\N|(82)~S;J(SZ). The parametej(S,) =2
for S,<1 and forS,>1j(S,) = 3/2, the same value as in the
case of the low-lying local volume stat&s'?

The numerical calculations ofy,(S,) [Egs. (9)—(11)],
which are presented in Fig. 1, also confirm the dependence
AN,(SZ)~S;J(SZ). The figure presents the spectg,(S,)
(11) of local volume states with the quantum numbeyrs 0,
1,2,3,and 4 antd=0, 1, 2, 3, and 4 as a function of the size
S, of microcrystals with radii ranging fror$,=10"2 up to
S,=10°. It follows from the computational results presented
above that the effect of the boundary of a microcrystal on the
spectrum of charge carriers moving in infinitely deep spheri-
cal well of radiusS, reduces to quantum-well effects asso-
ciated with purely spatial limitation of the region of quanti-
zation only for microcrystals of sizesS,<10 2. For
microcrystals with radiiS,=10"! the charge-carrier spec-
trum A (S;y) (11) is determined mainly by the polarization
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The kinetics of structural relaxation in hydrogenated amorphous sili@@i:H) deposited by
various methods is investigated by differential scanning calorimetry. The experimental
results are used to analyze the nature of the metastable staeSi:id and to investigate the
relationship between structural relaxation and light-induced metastattiizyStaebler-
Wronski effect. © 1997 American Institute of Physid$$1063-78207)02311-9

INTRODUCTION ture of the metastable statesarSi:H; pursuant to this ob-
jective, the relationship between structural relaxation and
light-induced metastabilitfthe Staebler-Wronski effecis
investigated ina-Si:H films prepared by plasma-chemical
deposition from the gaseous phase with various technologi-
cal parameters.

Hydrogenated amorphous silicda-Si:H) is currently
used in the fabrication of photosensitive devigaisotodetec-
tors, sensors, and solar cellslowever, more universal ap-
plication of this material is deterred by the low stability of its
electronic properties as a result of relaxation processes.

Another obstacle to the full-scale manufacture of instru-
ments utilizinga-Si:H is the low rate of deposition of device-
quality material(1-2 A/9. Any increase in the deposition Hydrogenated amorphous silicon films were prepared
rate produces microstructural inhomogeneities, which lead tby  dissociating mixtures (10%SjH 90%H,) and
structural relaxation and degradation of the electronic prop¢5%SiH,+95%He) in a high-frequenc{l13.56 MH2 glow
erties. However, the role of microstructural inhomogeneitydischarge at a specific discharge power of W/2n? with a
remains as enigmatic as ever, but even material obtained insubstrate temperature in the range 200-310 °C. Fast-grown
setting with optimal technological parameters is known toa-Si:H films were obtained by deposition from pure monosi-
contain microstructural inhomogeneitiémicrovoids, col- lane in a low-frequency glow dischar@excitation frequency
umns, and clustered hydrogen® 55 kH2) at a power of 200 W, a substrate temperature of

Several authors have employed differential scannin®25 °C, and a pressure in the range 55—-95 Pa. After deposi-
calorimetry (DSC, Refs. 5—8 and differential thermal tion the films were subjected to a 0.5-h anneal at a tempera-
analysis(DTA, Ref. 9 to investigate processes in the struc-ture of 240 °C and pressure of 1®Pa to eliminate unman-
ture of disordered alloys of tetrahedral semiconductors. Thageable impuritiegO, N, and G, whose concentrations were
efficacy of these methods has been demonstrated in an analyonitored by Auger analysis according to the film thickness.
sis of relaxation processes in the temperature range 100 The films were deposited on substrates of Corning 7059
—-300 °C (Refs. 5,6, and 9 and hydrogen effusion atglass for measurements of the Staebler—Wronski effect and
T>300 °C (Refs. 5-9. At the same time, there are still also on silicon single-crystal substrates for DSC and infrared
unanswered questions concerning the nature of the lowspectroscopy. For the DSC measurements a sample of mass
temperature exothermic heat-flow process and the(@®@go- 10 mg was prepared in powder form by scraping the films
thermic or endothermjcof the high-temperature heat-flow mechanically from the substrate and transferring the powder
process. It has been shown that the difference in the sign dfito sealed aluminum cells.
the high-temperature process in the allogsGe:H and Quantitative DSC measurements were performed by the
a-CSiGe:H is attributable to differences in the DSC proce-heat-flow method on a Du Pont DSC 910 microcalorimeter
dure and apparatus used for the analy$ the other hand, at a constant heating rate of 5-50 °C/min in the temperature
difficulties are encountered in the quantitative analysis ofange from 20 °C to 570 °C in an argon atmosphere. Each
these resulfsowing to the simultaneous occurrence of sev-analysis was preceded by recording of the heating curve for
eral processes in the same temperature rgegdothermic  the empty cell, and the resulting plot then served as the base-
hydrogen effusion and exothermic structural line.
transformation®’ The IR transmission spectra of tteSi:H films were

Here we report a DSC investigation of the kinetics of measured on a SPECORD M-80 dual-beam spectrometer.
structural relaxation ira-Si:H deposited by various tech- The 630-cm® band was used to calculate the bound hydro-
niques. The experimental results are used to analyze the ngen concentratiof® The structural inhomogeneity of the

EXPERIMENTAL
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FIG. 1. Differential scanning calorimetry curves fa#Si:H films prepared  FIG. 2. DSC curves fom-Si:H films deposited from a gaseous mixture
by the glow-discharge dissociation of mixturd${ SiH,+H,], 13.56 MHz; 10%H,+90%H, at various heating ratest) 5 °C/min; 2) 10 °C/min;
2) [ SiH,+ Hel, 13.56 MHz;3) [ SiH,], 55 kHz. The curves are plotted from  3) 20 °C/min;4) 50 °C/min.
modeling of the low-temperature and high-temperature exothermic transi-
tions.
420-430 °C. An increase in the heating rate raises the tem-

] ) ) perature at which the transition begifzee Table)| attesting
films was estimated by means of the microstructure parany jts kinetic nature. The total heat liberated in the region of

eter the LTT increases slightly with the heating rate, consistent
9100 with the heating-rate dependence of the DSC signal. The
R=-—7—, decrease in the total heat in the region of the HTT is associ-

I 2000 1 2100

ated with the shift of this region toward temperatures exceed-

wherel ;op0 andl 190 are the absorption intensity integrals in jng the measurement limit of our equipment.
the 2000-cm* and 2100-cm* bands. The DSC curves fom-Si:H deposited from a gaseous

The Staebler—Wronski effect was measured on strucmixture (5% SiH,+ 95%He) at a heating rate of 10 °C/min
tures with coplanar aluminum electrodes deposited on th@re shown in Fig. 3. The baseline has been subtracted from
surface of ara-Si:H film and subjected to a 0.5-h anneal atthe curves. The curves exhibit the following characteristics
200 °C. The linearity of the current-voltage characteristics ofgistinct from those in Fig. 2:)ahe LTT is uniformly distrib-
the samples confirmed that the measurement results were ngled in the temperature range above 100 °Civim HTT
influenced by the contacts and surface band bending. Theeaks exist at 315 °C and 420 °C.
samples were illuminated with a He-Ne lasar=633 nnj,
and the intensity of the incident beam was!pBotons/  DPISCUSSION AND MODEL

(cm-s). The applied electric field was 10 V/cm. The defect Att N b 100 °C the low-t t
generation kinetics was measured at temperatures of 8t . ertnperi.ures. adO\;e ted I'e Qw—de_frppere: urﬁ eX(_)'
150 °C in a two-hour radiation exposure. ermic transition is detected earlier in different alloys:

a-SiGe:H (Ref. 5, a-Si:H (Ref. 8, aSiC:H (Ref. 6),
a-SiGe:H and a-CSiGe:H (Ref. 9, and a-Si;_4N,:H
(Ref. 9, and also in nonhydrogenated-Si and a-Ge

The DSC curves foa-Si:H films annealed with various (Ref. 5. In all these cases the samples were characterized by
parameters are shown in Fig. 1. The curves clearly exhibit a

low-temperature exothermic transitid TT) beginning at TABLE |. Heating-rate dependence of the temperafliggof the start of

100 °C. At higher tgmperatgres we observe two high-thermal effects and their total heats of react@iin a-Si:H films deposited
temperature exothermic transitiofslTTs) at 320 °C and from a gaseous mixture (10%H 90%H,).
420 °C for a-Si:H films deposited from helium-diluted

RESULTS

monosilane and one HTT near 420 °C for all otlee®i:H  Heating Tst,"C Q Jg
films rate, Type of effect
. , , °C/min LTT HTT LTT HTT
Figure 2 shows the DSC curves farSi:H deposited
from a gaseous mixture (90%H 10%SiH,) at various > 80 310 18.2 84.6
heating rates: 5 °C/min, 10 °C/min, 20 °C/min, and 2 % 325 18.3 65.7
. 9 . ' . ' P20 100 350 24 62.0
50 °C/min. All the curves contain a relatively weak LTT in gg 115 375 24.9 58.0

the temperature interval 120-280 °C and a strong HTT at
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(Ref. 13. The low-temperature exothermic transition is
therefore a property of a large class of disordered materials,
and its onset is attributable to the existence of nonequilib-
rium weak Si—Si bonds in the inhomogeneous film.

The high-temperature exothermic transition has been ob-
served in amorphous Si and Ge alloys in the temperature
range corresponding to hydrogen effusion, as confirmed by
gas evolution experiments* We have calculated the acti-
vation energy of this process @Si:H films deposited from
hydrogen-diluted monosilane according to the equation

dlin(ry/Thad]l  E

o= @
- [ 1 I 1 |
0Mpo 200 300 _ W0 500 600 dd/Mmad R

T, % wherer, is the heating rateTl .« iS the temperature at which

o _ _ the effect is a maximunR is the universal gas constant, and
FIG. _3. DSC curves fqta—Sl:H films deposited from a gaseous mixture E is the activation energy. For our calculations we have sepa-
5% SiH,+95%He at various substrate temperatuie§: ;=20 °;2) 175 °C; . . :
3) 305 °C. rated out the region of the HTT of the DSC curves in Fig. 1
and subtracted the baselines. The activation energy is
1.68 eV, which is in line with the activation energy of
structural inhomogeneity and, in some cases, by a distingiffusion-controlled hydrogen effusioil.5 eV) from un-
island structure observed with the aid of a transmission elecjopeda-Si:H (Ref. 14. Consequently, the temperature of
tron microscopgTEM).>® the peak of the HTT and temperature of its onset characterize
The structural inhomogeneity of our investigated filmsthe hydrogen-bonding configurations in the fitrlf:
deposited from hydrogen-diluted monosilane has also been Two exothermic peaks are discerned on the DSC curves
detected previously in the TERIIt has been shown in the for a-Si:H films deposited from He-diluted monosilatfig.
literature that the inhomogeneiti¢sicroscopic voids, etf.  3): at 315 °C and at 420 °C, confirming the presence of
originate from secondary reactions in the plasma and frongjifferent hydrogen microstructures in these films. Hydrogen
the dominant role of Sikl radicals in the film growth effusion is an endothermic proce$shut we have observed
process: It has also been showhthat the microstructure of an exothermic process in our experiments. This contradiction
films deposited from monosilane weakly diluted with heliumis explained by the exothermic structural transformation of
is inhomogeneous as well. Finally, the structural inhomogethe silicon matrix in the same temperature interval after the
neity of a-Si:H films deposited from these mixtures is cor- jiberation of hydroger:®* Consequently, the heat-flow pro-
roborated by the high value of the parame®e(Table 1))  cess observed in-SiH is actually a superposition of exo-
obtained from IR spectroscopy data. Consequently, the preshermic and endothermic reactions accompanying the effu-
ence of the LTT on the DSC curves of our samples is als@jon of hydrogen from this material.
attributable to the structural inhomogeneity of the films. We now use the foregoing results, which demonstrate
A distinctive feature of this kind of microstructure is a the relationship between microstructure and relaxation pro-
high fraction of internal boundaries containing weak Si—Sicesses, to investigate the nature of the metastability in
bonds and hydrogen clusters of the $ibt SiH type>® Ac-  a-Si:H. The investigation is based on the following assump-
cording to our calculations, the density of weak Si—Si bondsions: g the onset of the LTT is associated with the estab-
situated at internal boundaries is ¥4)x10°°cm™® in  |ishment of equilibrium between weak Si—Si bonds and dan-
a-Si:H films deposited from hydrogen-diluted monosilane. g||ng bonds; bthe LTT is observed in the same temperature
It has also been shown in the same paper that relaxation @fiterval as the Staebler—Wronski effect. The equilibrium be-
the weak Si—Si bonds induces LTT. Analogous results hav@yeen weak Si—Si bonds and dangling bonds in the presence
been obtained foe-Si; N, :H (Ref. 9 and for porous Si  of free charge carriers is analyzed in accordance with the

mechanisr’

peratrel s of the strt of herml affects, and ttal et of rescpat the €+ N (Si=Siyea>2D° @)

latter in a-Si:H deposited from bt and He-diluted Sik (heating rate . . .

10 °C/min. where e denotes an electrorh is a hole, (Si—Siyeax IS @
silicon weak bond, an®® is a neutral defectsilicon dan-

. Tst,°C Q, Jg gling bong.

Diluent NHL;/ R T HTTType of ‘if;eTCt T This reaction is assumed to be responsible for the onset

gas aL 1 2 1 2 of the light-induced effect and the thermal effect in undoped
a-Si:H, including the generation and annealing of defects.

Ho 140 025 9 - 325 183 - = 657 |\aking use of the fact that the reacti¢®) is also the cause

He 164056 130 240 345 7.0 262 S84 ¢ o4 ctural relaxation, we construct a model of the LTT on

He 72 020 140 240 345 52 79 192 ' Ce

He 77 019 115 240 360 132 289 431 the DSC curves to calculate the kinetic parameters of the

given process.
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According to existing model5,*8the annealing kinetics the superposition of LTT and HTT contributions. Model
of metastable defects obeys a stretched exponential law: curves of various films are shown in Fig. 1 together with
-~ experimental data. It should be noted that the HTT calcula-
[NS(t) = Ng(=) J[N(0) = Ng(e=) ] =exif = (t/n)?], tions giveE,=0.7 eV, which is far below the value calcu-
T=const, (3) lated from the experimental results. This disparity implies
that the HTT cannot be fully described by the given model,
because the latter disregards hydrogen effup@nse
The results of measurements of the Staebler—Wronski

where Ng(t), Ng(0), andNg() are the densities of meta-
stable defects at any tine at the initial time, and in the

equilibrium state, and is a characteristic time constant. The effect[the time de o
. : B = pendences of the photoconductiwify(t)
dispersion parameteg=T/To, whereTo=600 K (Ref. 17. .and the dark conductivity4(t)] for a-Si:H films deposited

we jsk;surr;]e tr? at th? total_ heatfrehleased n t2he LgT 'Svith various parameters has been least-squares fitted to a
governed by the heat of reacti@, of the process2) an curve described by a stretched exponential ¥3and from

the variation of the density of metastable defects, . - - :
this fit we determine the parameters of the generation kinet-
ANgy(T) =[N4(0)— Ng(*)] at T = const: P g

ics of metastable defects:
Q(T)~QsANg(T). (4)

[o(t) = a(*)I[a(0) — o () ]=exd — (t/7)*], 9
The elementary increment of the heat of reacti@(T) for L
a change of temperatuddT is determined by the heating rate vyhere o(t), o(0), ando(=) denote the conductivities at
v=dT/dt and the differential AN¢(T), which is controlled

timet and in the initial and equilibrium states, respectively,
by the metastable annealing kinetics; accordingly, it follows'S & characteristic time, and is the dispersion parameter.

from (4) that The characteristic time is thermally activated:

dQ(T)/dT~dANg(T)/dT. (5) 7= ToeXP(E,/KT), (10)

Consequently, this approach enables us to describe the cowhereE is the activation energy of the characteristic defect-
tribution of relaxation processes to the exothermic DSC heatdeneration time. Taking into account the fact that the reac-
flow process, which can be used to model the LTT on theion (2) is the cause of the Staebler—Wronski effeauilib-

DSC curves. The quantityANg(T) can be estimated from fium shifts toward higher defect densities under the influence

the iteration of light-induced excess free carrigrave calculate the an-
nealing activation energye2™ according to Ref. 17 as
(dANso(T1))=N1=No E3"4 F=F 4+ E%", whereE, is the width of the band gap,
and andE?"is the generation activation energy.
B 8 The activation energies of generatigf*" and annealing
N1=N..=(No=N..)exd —(dt/)™], ©6) E2" of metastable defects and the activation engig§™

where N, is the initial density of metastable defects at theobtained from modeling the LTT on the DSC curves for
temperaturd*, N, is the density of metastable defectg,is  a-Si:H films deposited with various parameters are summa-
the relaxation time at the temperatufg=T*+dT, and rized in Table Ill. Also shown in the table are the film
B1=T1/T,. The equilibrium defect densiti,. at a given growth ratery, the total hydrogen concentratidd,, the
temperature is determined from the law of effective massegicrostructure parameté&, and the photosensitivity ./ o
in application to the reactiof®) [Eq. (5) in Ref. 171 and is measured at the wavelength=633 nm (T=300 K). It fol-
expressed as follows in darkng$ise prevailing condition of lows from the table that all the samples have good photosen-
our DSC investigations sitivities, regardless of the degree of microstructural inhomo-
geneity(the parameteR). Moreover, the activation energies
No/(Ne=N-.) =4 exp(—F/kT), @) correlate with the parameté&t and with the total hydrogen
whereN;, is the density of weak Si—Si bonds prior to their concentratiorNy for each type of deposition process.

conversion into defects, arlei=2(E4— E,)=0.8 eV charac- Figure 4 shows the dependence of the activation energy
terizes the energy difference between the defégf) (and  on the microstructure parametr It is clear that the values
weak-bond E,) states. of E2™ calculated from measurements of the Staebler-
The density of metastable defetNsat temperaturd; is  Wronski effect are close to the corresponding values of
described by the equation (E2"™ estimated from the DSC data. This result and the de-
Ni s 1~ No= (N — No)exp( — (dt/ 7)), ®) pendence of the variations of these parameterR tinstrate

the general nature of the annealing of light-induced defects
where 7;=70expE,/kT;), and B;=T;/T,. To model the and the LTT. The reactiof2) can therefore be used to de-
LTT, we use the time constam=10"1°s corresponding to  scribe the generation of light-induced defetitse Staebler—
the dispersive diffusion of hydrogen. It is evident that theWronski effeci and the thermal effect corresponding to the
activation energyE, governs the position of the heat-flow relaxation process on the DSC curves. It is evident from Fig.
peak. The given model therefore exhibits the correlation be4 that the reaction kinetid®) is controlled by the hydrogen
tween thermal effects and the relaxation kinetic parametersmicrostructure. An increase iR leads to an increase in the
We have used the same approach to model the HTTactivation energy as a result of the slowing of hydrogen
treating it as the result of structural relaxation after hydrogerdiffusion!® The high stability of films deposited from He-
effusion® The total DSC spectrum is therefore conceived adiluted monosilane afs=300 °C in a 55-kHz discharge is
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TABLE lll. Hydrogen concentratiofN,,, microstructure paramet&, parameters of generation and annealing
of metastable defects, and photosensitivityagdi:H films deposited with various parameters.

Preparation Ty Ny, R E%" eV E2™M eV (E2™M), eV opnlog,
conditions A at.% (SWB (SwB (LTT) T=300 K
H,-diluted 2.0 14.0 0.25 0.088 1.138 0.960 x 104
He-diluted 2.0 7.2 0.20 0.034 0.964 0.990 X 80°
He-diluted 1.0 11.0 0.39 0.155 1.235 1.198 X 10°
55 kHz 11.3 12.3 0.16 0.086 1.046 0.950 X 603
55 kHz 10.1 16.4 0.26 0.107 1.057 0.965 x 10*
55 kHz 10.0 26.6 0.30 0.141 1.071 1.010 X 80°

Note: SWE) Staebler—Wronski effect; LTjTlow-temperature exothermic transition.

presumably associated with the formation of St clusters  nature and are described by a reaction between silicon weak
of the SiH type at internal grain boundaries of microscopicbonds and dangling bonds. The rate of this reaction in both
voids, voids, etc., which act as trapping centers for the disdirections is controlled by the hydrogen microstructure, and
persive diffusion of hydrogen. In this case an increase in thés magnitude diminishes as the microstructure paranteter
microstructure parameté& has the effect of slowing hydro- increases.

gen diffusion and of increasing the activation energy of the  This work has received financial support from the Inter-
characteristic time. It is also important to note that filmsnational Association for the Promotion of Cooperation with
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ductivity. of grants from the Ministry of General and Professional Edu-
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Light-induced processes in  a-Si:H films at elevated temperatures
I. A. Kurova, E. V. Larina, N. N. Ormont, and D. V. Senashenko

Physics Department, M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted October 14, 1996; accepted for publication April 1, 1997
Fiz. Tekh. Poluprovodrl, 1455-1459December 1997

At temperature§ >120 °C the kinetics of the dark conductivity§) of undoped and boron-
dopeda-Si:H films during and after the cessation of illumination is observed to be
nonmonotonic, with fast and slow processes of variatioor §bf opposite sign. A fast or slow

o4 relaxation process described by a stretched exponential function can be isolated by

varying the duration and intensity of illumination or the film temperature. The nonmonotonic
relaxation ofoy is described by a sum of two stretched exponentials, whose parameters

7 and B depend on the film characteristics and on the temperature, exposure time, and intensity
of illumination. The nature of the nonmonotonic relaxation is discussed19@7 American

Institute of Physicg.S1063-78207)02411-3

The formation and relaxation of light-induced metastablefiims were annealed for one hour @,=190 °C and were
(LIM) states ina-Si:H have been investigated in many then slowly cooled down to the temperature at which their
papers:—3 The investigations have been carried out primarilyillumination and the measurements were to be performed.
in the vicinity of room or liquid-nitrogen temperatures, Figure 1 shows the kinetics of the normalized dark con-
where the dark conductivityofy) and the photoconductivity —ductivity o4(t)/ oy for film No. 4 during and after illumina-
(opn have been observed to decrease monotonically in urtion at various intensities and at various temperatures. We
doped and doped-type films after the cessation of illumi- see that the time variation afy during exposure is non-
nation. It has been established that these variations are attrilmonotonic (curves 1); o4 decreases at first and then in-
utable to the formation of neutral, metastable danglingcreases. The postilluminatiary relaxation curves depend on
bonds! An increase inoy has been observédin boron-  the illumination timet;, . If t; is short, i.e., corresponds to
doped, p-type films, but it vanished when the temperaturethe descending part of they(t;) curvel, the relaxation of
was raised to 80 °C. It has been shown that this phenomenang(t) is monotonic(curve 2), and the logarithm of the ratio
is mainly due to optical charge transfer from local states ino4(t)/ o4 is described by the stretched exponential function
the oxide layer or at its boundary with the film and also, as a _
result of this process, the formation of a subsurface accumu- loglao(t)/ a0l =A exel = (t/7)”]. @
lation layer of elevateg@-type conductivity in the film. Non- If the illumination time is increased to values corresponding
monotonic relaxation ofoy has been observed in later to the ascending part of they(t;) curve, the postillumina-
studie§” in boron- and phosphorous-doped films after illu- tion relaxation ofoy is nonmonotonidcurve 3). It encom-
mination at elevated temperatures; increased rapidly to passes two processes: the rapid risergfto values above
values above the equilibrium levely, and then gradually o4, and the slow decay af to the equilibrium value. It is
decreased to the equilibrium value. It has been establishealso evident from Fig. Icurve4) that a slowoy relaxation
that the relaxation processes are bulk proce$3é® authors  process can be isolated by raising the temperature during
of the papers assumed that the rapid risergis caused by illumination of the film. The abatement of the first process
the annealing of light-induced dangling bonds, and the slowcan be attributed to a decrease in the density of LIM states
decline ofay is caused by the deactivation of light-induced, responsible for the first process, owing to an increase in their
electrically active impurities. However, detailed studies ofannealing rate when the temperature is increased.
the laws and nature of the nonmonotonic relaxationrgf The investigations show that a slowy relaxation pro-
were not carried out in the cited work. cess can also be isolated by decreasing the intensity of illu-

Here we report an investigation of undoped and boronmination of the film without changing its temperature, i.e.,
dopeda-Si:H films. All the films were grown at the State by decreasing the rate of formation of LIM states responsible
Scientific-Research and Design Institute of the Rare Metalor the first process. Figure 2 shows typical plots of the
Industry (GIREDMET, Moscow by deposition in an rf dis- relaxation kinetics for film No. 3 after its illumination with
charge plasma, and doping was implemented from the gasarious intensities at a single temperatgcarves1 and 3)
eous phase. The characteristics of the investigated films a@nd after illumination with a low intensity at different tem-
given in Table I. The boron concentration in the investigatedoeratures(curves 2—4). It is evident from Fig. 2 that at
films was determined by secondary ion spectroscopy. t=400 K after illumination of the film by high-intensity light

The kinetic behavior ofry during and after the cessation (W=90 mWicn?, t;; =109 the relaxation ofcoy is non-
of illumination of the films at elevated temperatures monotonic (curve 1), and after low-intensity illumination
T>120 °C was investigated. The light source was a halogefW=4 mWi/cn?, t;,=300 9 the relaxation ofo4 is mono-
lamp, and the intensity of illumination of the films was var- tonic and corresponds to the gradual decreaseqofo the
ied by means of neutral filters. At the start of each test theequilibrium value. This monotonic, slow relaxation @f is
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TABLE I.

No. d,um T¢,°C Ng,cm 3 EgeV 4,0 'cm? E;eV v,5' E,eV v,s!?

(T=290 K)

1 1 250 - 0.74 &10 1 1.00 4% 10° 1.05 5x 10°
2 1 290 X 10Y7 0.83 2<10710 1.05  1x10Y4 1.1 5% 10°
3 4 290 2x< 10V 0.85 1.2<107 ¢ 113  2x108% 127  1.%10°
4 1 300 2< 108 0.66 2x107° 0.86 1x10° 0.88 1x10°

Note: Hered is the film thickness] is the substrate temperature during film growhly is the total Bohr
concentrationk, is the dark conductivity activation energy, is the dark conductivity af =290 K, E, is the
activation energy ofr; ,, andv, , is the preexponential factor far, ,.

also described by a stretched exponential function, whose AE./kT. Assuming that the density of states is constant in
parameterg and 8 depend on the temperature and the illu-the vicinity of the Fermi level during illumination, we can
mination time for each film. assume that\Er(t)~N(t), whereN is the density of LIM
Figure 3 shows the 4 relaxation kinetics of the undoped states above or below the Fermi level; the kinetic behavior of
film No. 1 after illumination at various temperatures by light the density of LIM statedl(t) is thus described by stretched
of intensityW= 90 mW/cnft for a durationt;; =15 s. Clearly, exponentials under the stated assumptions.
two o4 relaxation processes are observed in the undoped film Temperature curves of the parameters of the stretched
after illumination at elevated temperatures, the rates of botlexponential functions, 7, and 8,8, for the investigated
processes increasing with the temperature. The behavior défms are shown in Fig. 4 and the insets to Figs. 2 arithd
log[oy(t)/ 4o is described by the sum of two stretched ex-indices 1 and 2 refer to the fast initial process and the slow
ponentials, whose parameters depend on the temperature, darminal process, respectivélyNote that values of, and3,
ration, and intensity of illumination. These parameters weraletermined from the monotonic relaxation a@f at a low
determined as follows. The fast relaxation process was asumination intensity V=4 mWj/cnf) and from the non-
sumed to terminate at a time=t,,,, Wheret, . is the time  monotonic relaxation at a high intensityMi= 90 mw/cnt)
at which the maximum value of log{/o4) is observed. have been used to plot the(T) and B,(T) curves in the
Initially, therefore, the parameters of the slow process werénset to Fig. 2. It is evident that, andd7, depend expo-
determined from the behavior of Ipgy(t)/ogo] at t>tax- nentially on the temperature for all the films:
The parameters of the fast process were determined from the
sum of the two st.retched exponentialg de.scriping the non- 1= VizleXp(El,zlkT)- )
monotonic relaxation ofry over the entire time interval of
the measurements, taking into account the resulting param-
eters of the slow process.
The logarithm of the ratiery4(t)/ o4 determines the time
variation of the position of the Fermi leveAEg) in the
band gap relative to the equilibrium value: log(oy)
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FIG. 2. Kinetic behavior of the normalized dark conductivity of film No. 3
t,s after the cessation of illuminatiorl) t; =5 s, W=90 mW/cnf, T=400 K;
2-4) t;; =300 s,W=4 mW/cnf, T=400 K, 407 K, 420 K, respectively. In-
FIG. 1. Kinetic behavior of the normalized dark conductivity of film No. 4 sets: temperature dependences of the parametdrsper inset and 8
at T=415 K. 1) During illumination with W=90 mWi/cnf; 2—4) after the  (lower inse}: 1) fast relaxation2) slow relaxation; aresult of processing
cessation of illumination2) t;;=3s,T=415K; 3) t;;=60s,T=415K; 4) the nonmonotonic relaxation curves) tesult of processing the monotonic
ty=60s,T=430K. relaxation curves.
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FIG. 3. Kinetic behavior of the normalized dark conductivity after the ces-

sation of illumination for film No. 1 at various temperaturgg=15s,
W=90 mWi/cnt: 1) T=423 K; 2) 443 K; 3) 455 K. Insets: temperature de-
pendences of the parametgtgleft) and 7 (right) of the stretched exponen-
tial functions describing the nonmonotonic relaxation curdg<ast relax-
ation; 2) slow relaxation.

The activation energieg,; andE, of 7, , and the preexpo-
nential factorsy, and v, are given in Table I. Clearly, they
differ for different films, and in all the filmE&;<E, and
v1>v,, i.e., they violate the Meyer—Neldel rule. This fact

An increase of with increasing temperature has been
observed in several studies during the annealing of LIM
states identified as neutral dangling boAdehose annealing
causesoy to increase in relaxation. A decrease @fwith
increasing temperature has been obsehiredhe relaxation
of thermally induced metastable bonds in undoped films that
had been grown at low temperaturés~100 °C and had
many voids as a result. The authors attributed this depen-
dence ofB(T) to the relaxation of metastable dangling bonds
on the surfaces of the voids, whose dimensions decrease as
the temperature increases. In our investigated films grown at
high temperaturesTg>250 °Q the presence of a high con-
centration of voids is not very probable and, hence, the prob-
ability is low that the slow relaxation af4 is associated with
the annealing of metastable dangling bonds on the void sur-
faces. On the other hand, the presence of the slow process
with a characteristic dependengé€T) in all the investigated
films with bothn-type andp-type conductivity leaves us no
choice but to postulate a single mechanism for this process.

Previously'’ the slow o4 relaxation process has been
explained by the deactivation of light-induced, electrically
active impurities after the cessation of illumination. In accor-
dance with this hypothesis, the slow relaxation of the con-
ductivity in our investigateg-type film (No. 4) is attribut-
able to the deactivation of light-induced, metastable,
electrically active boron atoms. For thetype films (Nos.
1-3 not specially doped with a donor impurity, the presence
of uncontrolled impurities must be assumed. Such impurities
can be carbon, nitrogen, and oxygen, the introduction of

suggests that the two processes differ in nature. The maiion shifts the Fermi level toward the conduction bafid.

difference between the fast and slow processes shows up
the temperature dependence @f We observe thaB; in-

creases, while3, decreases with increasing temperature in

all the investigated films in both the monotonic and the non
monotonico 4 relaxation regimesgsee Fig. 2, i.e., irrespec-
tive of whether or not the fast process is present.
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FIG. 4. Temperature dependences of the parametarsl 8 (insej for film
No. 4 after illumination at the intensity=90 mW/cnt and different ex-
posure timesl) 5 s, fast relaxation2) 60 s, slow relaxation.
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t@onsequently, the slow processes of variatiomgin films

1-3 during and after the cessation of illumination can be
identified with processes of activation and deactivation of
‘these impurities, and the observation of the nonmonotonic
variation of oy in undoped films provides the potential basis

of a method for determining the presence of uncontrolled
impurities in them.

At the same time, other mechanisms are possible for the
generation of LIM states during illumination in undoped and
dopeda-Si:H films. In particular, Cranddft has proposed
the transfer of positively and negatively charged silicon dan-
gling bonds formed during the growth of both doped and
undopeda-Si:H films'? as the mechanism underlying the
generation of metastable dangling bonds during injection and
illumination of the films. This mechanism has been invoked
in an interpretation of the relaxation processes of metastable
dangling bonds formed during carrier injectionpgftype and
n-type films!® Finally, the fast and slow variations afy
during and after the cessation of illumination can be identi-
fied with various regions of the film having different proper-
ties resulting from the nonuniform distribution of hydrogen
and impurities, the types of bonds that they form with sili-
con, etc. It follows, therefore, that further investigations are
needed to resolve the question of the nature of the slow
variation of oy in a-Si:H films during and after the cessation
of illumination.
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THE PHYSICS OF SEMICONDUCTOR DEVICES

Manifestation of percolation conductivity of short-channel field-effect transistors in the
spectrum of shallow interface states
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Kurchatov Institute (Russian Scientific Center), 123192 Moscow, Russia
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The effective density of shallow interface staids; is investigated in the temperature range
T=77-300 K using the field-effect method in short-chan{@®eb-5 um) Si-MNOS and GaAs-

based FET’s with higligreater than 1 cm™2) concentrations of built-in charge in the sub-

gate insulator. A peculiarity of the density of electronic stagswas found having the form of a
peak, which manifests itself more distinctly at lower temperatures, higher concentrations of
built-in charge, and shorter gates. The peak was observed at the same values of the channel
conductances~ q?/h, regardless of variations in the above-enumerated parameters, the
thickness of the sub-gate insulator, and the channel-length-to-width ratio. This means that the
energy depth of the peak-40—120 meY varies in proportion tol, which contradicts

the current understanding of the interface states caused by both the fluctuation pEeEhtaadd
surface defects or traps. The results are interpreted within the framework of percolation

theory applied to the conductivity of strongly disordered systems.Nh@eculiarity is associated

with a transition from the conductivity of a two-dimensional effective solid, which occurs

when the fluctuation potential is strongly screened by surface electrons, to conductivity via a quasi-
one-dimensional potential trough organized by local regions with reduced surface potential

under conditions of a strong fluctuation potential. 197 American Institute of Physics.
[S1063-78207)01212-X]

1. INTRODUCTION have been described in detddee, e.g., Refs. 8-10In
quasi-two-dimensional systems of semiconductor layers with
The electronic properties of disordered systems, in parenhanced impurity concentration these phenomena also take
ticular, quasi-two-dimensional systems realized atplacel*? with the difference that the nature of the fluctua-
semiconductor—semiconductor and semiconductor—insulataion potential in this case is known and the main parameters
interfaces, continues to generate sustained scientific ansf its sources(concentration and the average distribution
technological interest. According to the present thinking orrelative to the inversion channeare controlled during the
scaled miniaturization, decreasing the dimensions of the befabrication process. In other words, systems of such type can
sic elements of integrated and microwave electronics, whiclve considered as controlled—disordered, allowing a descrip-
reveal a need for transistors with submicron gate length, retion of their electronic characteristics within the scope of the
quires a radical increase in the dopant-impurity concentratiofamiliar fluctuation potential theory.’
in the active regions of the semiconductor layers up to  Turning now to the discussion of our study, we note that
10'%-10cm 3, e.g., in GaAs—AlGaAs-based transistors methods of capacitance—voltage spectroscopy have a very
(of HEMT type) and structures withs-doped layers:? In narrow region of applicability, limited to room temperature
turn, increasing the doping level leads to an amplification ofmeasurements and structures with relatively large area of the
electrical inhomogeneity as a result of growth of the fluctuafield electrode, exceeding the area of the gate of field-effect
tion potential(FP) induced by the randomly distributed ion- transistors by several orders of magnitude. At the same time,
ized impurities® allowing for the particular features of the microelectronic
According to Refs. 4—7, it appears that the most strikingdevices associated with their small dimensions, in particular,
manifestation of the surface fluctuation potential in MIS-typethe fundamental possibility of manifesting mesoscopic
systems is electrorthole) localization in the vicinity of effects™®!*it may be expected that the electronic character-
minima (maxima of the random potential well and, as a istics of short-channel transistors and large-area test struc-
consequence, the appearance near the edges of the semictures can differ substantially. In this regard, the development
ductor band gap of the so-called tails of the density of local-of experimental methods for determining the spectra of shal-
ized interface states with characteristit-shaped energy low interface states formed by the fluctuation potential ap-
spectrum. Spectra of such type, obtained by using theears promising® (A particular example of such approaches
method of capacitance—voltage characteristics in MIS sysis the field-effect method, which is based on measurements
tems with high surface concentration of charged centers anadf the dependence of the conductance of the surface channel
generally uncontrollable, built-in charges in the insulator,of the transistors on the gate potenji#ls the results of our
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recent spectroscopic studies of GaAs—AlGaAs—HEMT's
with a long gate ~0.5um in the temperature interval
T=77-300 K have showt? the effective density of states 1
exhibits a peak-like feature whose energy depth varies witl

temperature. This does not fit within the framework of clas- -4
. . . . 70
sical theory of the interface states of “fluctuational” origin.
In the present paper we show that this feature is of a gener: 2
character for short-channel transistor structures with higl °
concentration of charged centers and is a consequence of t
manifestation, under conditions of a strong fluctuation poten ~8] p
tial, of the percolation regime of conductivity in the early G
stages of formation of the surface electron channel. }
* 15
2. EXPERIMENTAL TECHNIQUE 81 1;;
The formalism of the experimental approach to the 70 ’
analysis of the spectrum of interface electron states consis
in the following. For a small longitudinal voltagé,~kT/q 0~
the conductance of the inversion channel of a field-effec ) 3} 1;'

transistorG=14/V4 is measured as a function of the gate
potential V4 (14 is the current strength in the source—sink
circuit, k is the Boltzmann constant, amgis the elementary ] )

IG. 1. Dependence of the conductance of the inversighannelG on the

Charge' The g_ate potentllal is related to the surface Charg ate potential for a Si—-MOS field-effect transistor, plotted both semiloga-
concentration in the semiconductor by the equdtfon rithmically and on a linear plotinsed. T=300 K (1) and 77 K(2).

CO(Vg_QDs):q(ns-" Na), N

whereC, is the sub-gate specific capacitangg,is the sur- is determined mainly by the localized electrons. Under these
face potential of the semiconductang=(psNo)*? is the  conditions the free-electron concentration in the channel var-
charge density in the depleted layer of the semiconductoies according to the lam «<exp@es/kT) (Refs. 5 and §
formed by the dopant impurity with concentratiblg, andng  which allows us to eliminate the unknown parameter from
is the charge-carrier concentration in the surface channegxpression2) and rewrite it in terms of measurable quanti-
The effective density of electron states, including free andies: Geen, (to within the concentration dependence of the
localized charge carriers, is given Bgs=dn./d(ges) (Ref.  electron mobility and A

5). Differentiating Eq.(1) with respect tops, we find NSS:(Colqz)[(q/kT)dVg/d(In G)-1]. 3

— 2
Nss=(Co/q7)(dVy/des—1) —dny/d(qes), @ The experimental setup realizing the given approach is
where the termdng/d(qes) = (No/ @s) Y2~ const is a known  described in Ref. 16. Results of validation of the method on
function. In the cases under consideration, of a strong fluca commercially fabricated transistor test structure with an
tuation potential and low substrate doping level, this terrm-type inversion channe{thickness of the sub-gate oxide
makes an insignificant contribution My (Ref. 5; we there- 500 A, gate length mm, width 50um, substrate weakly
fore drop it and define the effective density of states by  doped p-Si of type KDB-12 with orientation(100)), are
_ 2 _ shown in Fig. 1. The field-effect curv€Big. 1) demonstrate
Nss=(Co/a™)(dVg/des—1). (23 the classicgl mechanism of formatio;J of the inversion
Under conditions of a strong fluctuation potential channef® for smallV, the conductanc& varies as a func-
(A>KT, A is the energy scale of the fluctuations statis-  tion of V, according to an exponential law, typical of the
tical fluctuations of the built-in charge density induce a ran-weak-inversion regioffl); at higher values oY the depen-
dom potential well in the skin layer of the semiconductor.denceG(V,) becomes linear, which indicates a transition to
Local (bound states are formed in the region of the minima strong inversion dn./dV,=Cy/q). The functional depen-
of this random potential well. The electrons filling these denceN,(G) (Fig. 2) at 300 K illustrates the contribution of
states are lower in energy than the percolation level detethe free electrons and impurities from the space-charge re-
mined by the average surface poteniial therefore, they do  gion of the semiconductor to the effective density of states
not contribute to the conductance of the surface channel, an@®), and at 77 K it also illustrates the appearance of the tail of
only those electrons remain free whose energy lies above theie density of shallow localized states due to fluctuation-

percolation level. In the absence of degenereay long as potential effects which grow as the temperature is lowered.
the Fermi level does not intersect the average position of the

bottom of the conduction baindhe electrons in the channel
are predominantly localized and only an insignificant frac-
tion of them (with concentrationn.<n;) determines the As our objects of study we chose structures of three
magnitude ofGxn;. In other words, under conditions of a types: Si-MNOS transistor structures, fabricated by inte-
strong fluctuation potential in the absence of degenefdgy, grated circuit technologyPPZU SBIS, selectively doped

3. OBJECTS OF STUDY AND RESULTS
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FIG. 2. Effective density of interface states as a functioGadccordingto  FIG. 3. Dependence oviy of the conductance of the-type inversion chan-
the data in Fig. 1T=300 K (1) and 77 K(2). nel of a “long” (150X 20 um?) Si-MNOS transistor, plotted both semi-
logarithmically and on a linear pldinsey. T=300 K (1) and 77 K(2).

GaAs—AlGaAs-HEMT's, and GaAs-based Schottky—barrier—ing to Refs. 4-7, the energy scale of the fluctuation potential
gate field-effect transistoSchottky-gate FET)s A general 'S

feature of these systems is their high concentra'tion of'built-in A= (g2 x)(mn)¥2 (4)
charge—electrons captured by traps on the,Si85N, in- ) , , )
terface, and also ionized impurities in the AlGaAs-HEMT wherey is the average d|electr|p constant of the semlconduc-
donor layer and in the barrier layer of the Schottky-gate FETOr and sub-gate insulator, andis the surface concentration
An advantage of Si-MNOS structures as model objects 9 the built-in charge. For the experimental défag. 3) the
that controllable electron injection can be used in them tdl€nsity of charge trapped at the $iBisN, interface, found
modify the built-in charge concentration within wide limits.
For all these systems the depende@®/y) was measured
in the temperature interval 77—300 K and the density of in-
terface state§3) was determined as a function 6f. R

MNOS-systemgsub-gate insulator—layers of8l, and
SiO, of thickness 350 and 30 A, respectivelyith n-type
inversion channel were built in the form of “short{gate
length 5um and width 50um) and “long” (length 150um
and width 20um) transistors on the same substrates as th
Si-MOS transistorgFigs. 1 and 2 Figures 3—6 plot the field
dependences of the channel conductance, measured for
fixed charge state of the SJOSkN, interface, and also the
corresponding density of states for the lofiigs. 3 and #
and short(Figs. 5 and b transistors.

Let us turn our attention first to the long transistor. Its
field-effect curveqFig. 3) are qualitatively similar to field-
effect curves considered earlier for Si-MOS transistéiig.

2): in the weak-inversion region they have a segment of ex
ponential growth ofG, transitioning to a linear dependence
in the strong-inversion region. At the same time, it can be
seen by comparing the data in Figs. 1—4 that the charge bui w0? 0? w07 0-° 07

into the sub-gate insulator of the MNOS structure leads to i ¢,1/Q

noticeable “flattening out” of the dependen€(V,) as a

result of substantial localization of the electrons in the strongc. 4. Effective density of interface statiis, as a function ofs according
fluctuation potential of the Si—SiOsurface. Indeed, accord- to the data of Fig. 3T=300K (1) and 77 K(2).
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FIG. 5. Dependence 0w, of the conductance of the-type inversion chan-
nel of a “short” (5x50 um?) Si-MNOS transistor, plotted both semiloga-
rithmically and on a linear plotinsey. T=300 K (1) and 77 K(2).

from the threshold bias voltage, is roughly<802cm™
which corresponds td~40 meV, a value which exceed
even at room temperature.

The character of the behavior &f;(G) under condi-
tions of a strong fluctuation potentiah&kT) was consid-
ered in Refs. 5 and 6, where, in particular, it was shown tha?
in cases of practical interest{=n.'’d, whered is the thick-
ness of the sub-gate insulatothe regime of nonlinear elec-
tron screening is realized. In this regime we have

L i
0° 07 10

FIG. 6. Effective density of interface statig; as a function of5 according
to the data of Fig. 5T=300 K (1) and 77 K(2).
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N> quq(Ps/ZA)OCnIéTIZA . )

Noting thatNg=dn./d(ges) and invoking relation5), we
have

Nss: ns/onanT/ZAochT/ZA. (6)

Increasing the electron concentration increases the screening
of the fluctuation potential; as a result, fog~n, it disap-
pears. Under these conditions, the electrons in the channel
are predominantly freen.~n,) and, taking Boltzmann sta-
tistics into account, we have

Noe~n,/kTeG. )

This segment, in particular, is distinctly noticeable in the
graph ofNg(G) in Fig. 2. We may also note that expression
(7) is a particular case of expressidB) for the strong-
inversion region in whicldn./dVy~C,/q.

Thus, according to existing idedd varies withG ac-
cording to a power law with an exponeat=kT/2A<1 in
the weakly opened channel regigine regime of nonlinear
screening of the fluctuation potenfisdnd a~1 in the re-
gime in which the fluctuation potential is strongly screened.

The density of states in the considered Si-MNOS struc-
ture (Fig. 4 exceeds the value dflg; in the case of the
Si-MOS transistor(Fig. 2) by an order of magnitude and
varies withG according to the expounded theory of the fluc-
tuation potential: the exponent in the weak-inversion region
is proportional toT and givesA~38 meV, in agreement
with its estimate from the threshold bias voltage for charging
f the traps on the Si©-SiN, interface.

As for the short MNOS transistord-igs. 5 and § in

them the field-effect curves and also the functhdyy(G) in
the weak-inversion region have a different character. In par-
ticular, the density of states reveals a distinct peak-like fea-
ture. It is remarkable that the position of the peak on@&e
axis is nearly temperature-independent. Under conditions in
which Boltzmann statistics apply, this means that the energy
position of the maximum o varies relative to the bottom
of the conduction band in proportion Ig consequently, the
peak cannot be associated with recharging under field-effect
conditions of the interface traps or defects. Note that its ap-
pearance also cannot be caused by the concentration depen-
dence of the electron mobility in the inversion channel
me(ng), which we assume to be weak: measurements of the
Hall effect have shown that aT=77 K in the weak-
inversion regimeu, is determined by mixed scattering of
electrons by phonons and charged surface centers and there-
fore varies weakly withn, (Ref. 19. In other words, the
feature of the density of states in short-channel MNOS tran-
sistors cannot be described in terms of interface states, either
of “fluctuational” origin® or bound to concrete surface
centerd We especially stress the fact that an increése
roughly a factor of 2 of the built-in charge concentration has
hardly any effect on either the position of the peak\gf on
the G axis or the nature of the dependence of the channel
conductance on the gate potential, where this dependence in
the weakly opened channel region is not exponential, but
linear (see Fig. 7.
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FIG. 7. The dependendg(V,) for a short Si-MNOS transistor at 77 K for
different charge states of the SiGSipN, interface forn,=2.5x 10' (1), ¢, 1/Q
5.3x10% (2), and 6.3 10%%cm™2 (3).

FIG. 8. Effective density of stateN s as a function ofG for a GaAs—
AlGaAs-HEMT. T=300 K (1) and 77 K(2).

Another example of short-channel transistors with en-
hanced concentration of charged centers near the electron
channel is afforded by GaAs—AlGaAs-HEMT's with a thin
(~30 A) spacer, in which the surface fluctuation potentialSink 3um). At 77 K it exhibits the above-noted feature in
induces ionized donors in the-AGaAs layer (their typical  the rangeG~10"°-10"* Q~*, which disappears at 300 K,
concentratiorNy~ 10 cm™3). Under the considered condi- reflecting the shift from a strong to a weak fluctuation poten-
tions n;~N2"° (Ref. 11; hence, A~18 meV. Figure 8 plots tial.
the dependence dfl (G) for a HEMT with gate length
0.6 um (gate width 6Qum, distance between source and
sink 3.m), fabricated by molecular-beam epitaxy. As in the
case of the Si-MNOS short-channel transistor, the density o”
states exhibits a peak in the same range of values
G~10°-10 4 Q !, which is clearly evident at 77 K
(A>kT) and which is barely seen at room temperature 9
(A=KT).

Somewhat unexpected was the discovery of a similai
feature in the effective density of states in the GaAs-base:
Schottky-gate FET'’s. In such transistors the channel it
formed in the dopedh-GaAs layer and the conductivity, in .
general, has a three-dimensional character. At the same tim < 4
a number of paperésee Ref. 2 have noted that for suffi- 73
ciently high depleting voltages the sub-gate region of the "&
channel layer is almost completely depleted of electrons
with the exception of its interface with the semi-insulating
substrate in which a quasi-two-dimensional electron channe
appears. In this case, electron transport is realized in th
fluctuation potential of the ionized donors of the barrier
layer, which at 77 K for smalhg satisfies the criterion of a
strong fluctuation potentidf Figure 9 plots the dependence 101" 10‘-4 ,0'-5 11;" ;051
of the density of state (G) for the GaAs-based Schottky- §,1/0
gate FET (thickness of then-GaAs:Si channel layer
0.15um, donor concentrationNg=~3x10'"cm™>, gate  FiG. 9. The same as in Fig. 8, but for a GaAs-based field-effect transistor
length 0.8um, width 200.m, distance between source and with a Schottky barrierT=300 K (1) and 77 K(2).
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4. DISCUSSION AND CONCLUSIONS wherez is the mean distance between the electron channel

lane and the built-in charge plane; for an MNOS system

Let us summarize what has been presented so far. WitB% 30 A (the thickness of the SiDlayen. In practice, for
the exception of two cases—a weak fluctuation potentia[ex‘,mme for smalin R.~d and exceeds the electron
1 Sy S

(Figs. 1 and 2and structures with a large gate lengfigs.  avelength by several orders of magnitude; therefore, these

3 and 4, in transistor structures with enhanced charge CONiegions can be characterized by the local conductivity

centration in the sub-gate insulator a peak-like feature ariseg§nich has exponentially strong spread over the channel sur-
in the effective density of states. This feature becomes morg, .. 8(In 0)~qde/kT>1. Under these conditions the con-

pronounced as the temperature is lowered and with increagy, civity is percolational,i.e., stationary trajectories of elec-

ing built-in charge concentration and shortening of the chang,, transport exist, which, in systems of unbounded
nel. Regardless of variation of the enumerated parameters, gfmensions, form the so-called infinite percolation cluster, in
the thickness of the sub-gate insulator, and of the length-t05,,r case a two-dimensional network, whose characteristic

width ratio of the gate, this peak is observed in the Sameq|| size is determined by the correlation length
range of conductance value~10°>—10 % O~ 1=qg?h,

which leads to the conclusion that this is a manifestation of
the quantum nature of the conductivity of short-channel tran-
sistors under conditions of a strong fluctuation potential. )
Confirmation of this conclusion is provided, in particular, by Obviously, the sample can be considered to be unbounded
the absence of a dependence of the conductance of ti@ly when its dimensions are much greater than As es-
weakly opened inversion channel of Si-MNOS transistors orfimate shows, the magnitude bf for MNOS structures ap-
the built-in charge concentratioFig. 7), whereas in the proaches units of microns, which is commensurate with the
classical regime the conductanGe is proportional to the 9ate length of transistors (@m). Consequently, their con-
electron mobility, which, because of scattering by surfaceductivity can manifest mesoscopic effects.

charge centers, decreases with increasingRef. 19. In It is especially noteworthy that the width of the objects
other words, in this regime one should expect a decrease inder consideration is much greater than their length. Ac-

the S|Ope of the Corresponding dependences in the Weag.ording to the results of studies which have addressed meso-

inversion region. scopic phenomena in semiconductor structures of small

Si-MNOS transistotFigs. 5 and § in which, due to the high ity iS played by relatively rare, random, low-resistance cir-
concentration of built-in charge, the detected effects aréuits formed by neighboring regions with conductance sub-
manifested even at room temperature. The dependence fantially exceeding that of the unbounded sample. These
N on the left side of the peak varies wi@ according to a  low-resistance circuits short out the intermediate region be-
power law with an exponent=1 (i.e., G=V,+const), tween the current-delivering electrodéise source and sink
which is characteristic of strong inversion, when the fluctua- ~ We believe that it is precisely this mechanism in our
tion potential is almost completely screenéd. In other ~ case that drives the conductivity of transistors under condi-
words, the left side of the peak is, as it were, the dependené&?”s of a strong fluctuation potential, in particular, the for-
N.{G) in the strong-inversion region@=10"4 Q1) rig-  Mation of an additional channel with low threshold voltage.
idly shifted into the weak-inversion regioiG< 10 50 1), It seems that the statistical fluctuations of the density of

Such a situation can be observed if two transistors with idenPUilt-in charges form regions in the channels of transistors
tical gate lengths are switched on in parallel, where the firspaving depressed local potential which join together to form
transistor has a lower threshold voltayg (Fig. 7) and a & low-resistance circuit—a potential trough. The nodes of
roughly 200 times narrower channel, according to the data ifiS circuit are joined by passes located much lower in en-
Figs. 5 and 6. The appearance of this additional channel witgr@Y (in units of kT) than the level of the mean surface
depressed threshold voltage is, in fact, responsible for theotential which determined the percolation level in an un-
characteristic feature in the effective density of states, whicpounded sample. In the early stages of formation of the in-
becomes more distinct with increasing separation of thversion channel, when the electron concentration at the en-
thresholds of these two channels. ergy level corresponding to the mean surface potential is
The physical picture of the formation of the additional exponentially small, the conductance of such a trough ex-
conductivity channel, in our view, looks as follows. In the ceeds that of the infinite percolation cluster by an order of
presence of a strong fluctuation potentials¢kT) the sub- magnitude. The electrons filling the deepest potential wells
gate surface of the semiconductor consists of a set of micrd? the weakest possible inversion regime, including those
scopic regions with dimensions on the order of the screeninflat form the given trough, naturally increase its conduc-
radius of the potential fluctuation®s~min{d;(n,/m)Y?ng  tance, which is limited by the energy position of _the h|ghe_st
(Refs. 5—7. Each of the regions is characterized by some'®gion of the bottom of the trough. If the dimensions of this
value of the local potential, which fluctuates from region to"€gion are commensurate with the electron wavelength, then
region within the limits of the amplitude of the fluctuation in the presence of degeneracy its conductaBge=2g°/h
potential, an estimate of which is given by the rms deviation(Ref. 21, and in the absence of degeneracy its conductance

Lc~Ry(q8¢/kT)>R. (9

of the potential from its mean value: is determined by the probability of population of the corre-
2010 sponding level and consequently has an activation character:
op=(A/q)[In(1+Rsz%)]™ (8  G~G,exp(-¢/kT), wheree is the energy separation be-
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tween the given level and the Fermi level. In this situation,YAs a rule, in the hopping conductivity reginisee, e.g., Refs. 3, 13, 14,
the dependenc&(V,) is obviously in a certain sense uni- and 20 and the references cited there
versal.
grOV\\gltTe:Zi(i::legazgygl\D{[%iiCt;]l?y (tgnduv(\:/:ﬁ(r:]r? ?s?’feézﬁegoljjr?h 1A, A. Kal'faand A. S. Tager, iMultilayer Semiconductor Structures and
= * o WHLELE " Superlatticedin Russiar (Gor'kit, 1983.
der conditions of degeneracy. In this situation, however, be2m. Shur, GaAs Devices and Circuitdlenum Press, New York, 1987
cause of the growth of the electron concentration nonlinears. I. Shklovski.and A. L. Efros,Electronic Properties of Doped Semi-
screening effects come into play, causing an abrupt decrea Ogdugfgcvsésg”g?ﬁvsg;ﬁé '\;‘91";3’1\:‘1’3;51984
of the .screening. rad.iuRs and amplitude of the fluctuation sy A Gerge], and R. A. Suris, Zh, Esp. Teor. Fiz84, 719(1983 [Sov.
potential (8), which is accompanied by a decrease of the Phys. JETR7, 415(1983]. )
correlation length9). As a result, the system gradually trans- 62/1'9A9'3(E§rge|’p?1nd (jiE\T/-Fyithtzfsl(klg\;S;]aya, Zhkdp. Teor. Fiz.102, 640
. . . oV. yS. , .
forms from a pgrcqlatlon sy;tem into an effective system, " Effos, F. G. Pikus, and V. G. Bumett, Phys. Revd 2233(1993.
whose conductivity is determined by the electron concentra<g. N, Nicollian and J. R. Brews, MOShysics and Technologiiley,
tion at the level of the mean surface potentiathich under New York, 1982.
the conditions of the experiments corresponds to the transla\sl- ’\A/'- zzePfll’yslcz OAf Sﬁmlsccindtctor':pevgekuru]leg ll\lew Yoé;,?uiggl_e
. . A, ergel’ an . N. So0lyakov, Fiz. Tekn. Poluprovol y
t|_on from the left growing branc_h dﬂss(c_a) to the analpgous (1983 [Sov. Phys. Semicond.7, 641 (1983].
right branch. In our opinion, this constitutes the main reasonta. s, vedeneev, V. A. Gergel’, A. G. Zhdan, and V. E. Sizov, JETP Lett.
for the fact that the detected feature is observed in different 58, 375(1993. _
samples in the same ran@~G, , regardless of their ge- %eﬁkﬁgonqiggaAél-sg-(;/;s’;”ee"' A. G. Zhdan, and V. V. Rylkov, Mik-
ometry, temperature, or the value mfj . 13A. 0. Orlov, M. E. Raikh, I. M. Ruzin, and A. K. Savchenko, Solid State
We note in conclusion that the identical feature of the commun.72, 169(1989.
field-effect curves for the weakly opened chann@l. 7), 1A, S. Rylik, A. O. Orlov, and E. I. Laiko, Phys. Low-Dimens. Semicond.
L.e., the lack of any dependence of the funca{¥/,) on the 15?“;“-\/3(;(?;(33\?4,& G. Gavonskil and A. G. Zhdan, Fiz. Tekh. Polu-
buﬂt-m _charge concentration, leads to the conclusion that it 1, 04n 26, 2017(1992 [Sov. Phys. Semicone®6, 1135(1992].
is possible, in principle, to create a new class of reproduci®a. s. vedeneev, A. G. Gawonskii and A. G. Zhdan, Prib. Tekh k&p.2,
ible, radiation-hardened, short-channel transistors based qre46(1992.
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A new approach is developed to describe isothermal ion depolarization of Si—MOS structures in
the regime of linear variation of the gate electrode poteMjal The approach is based on

the experimentally proven fact of the substantially nonequilibrium nature of ion transport in such
structures, with the ions initially localized on the Si3i interface in shallow bulk traps.

Dynamic current—voltage characteristics of the depolarization are calculated on the basis of the
thermal-emission mechanism of ion transport through the barrier formed by the polarizing
voltage (V4>0). The calculated results afford a good description of the experimental data: narrow
current peaks with half-width-kT localized neaV,=0, their temperature dependence, and

the sweep rate and initial ion density at the $Si6i interface. On this basis, the effective ion
mobility u6=(2.5—-11)x 10 8cn?/(V-s) (0 is the sticking coefficien activation energy

w (E,=0.6 eV) and depth of the bulk trapgrap energyin SiO, (E;=0.2 eV) have been found

in the temperature range 423—-453 K. According to the available data, the &)|ee8.6 eV

are characteristic of mobile Naions. © 1997 American Institute of Physics.
[S1063-78267)01312-4

Isothermal studies of mobile-ion transport processes iwith the Si wafer. Therefore, in the analysis of the depolar-
the silicon-based metal—-oxide—semicondu¢iOS) struc-  ization kinetics we can ignore the presence of free ions in the
ture in the dynamic regime should yield extensive and valuimetal electrode.
able information about the kinetics of ion transport, which In this light, we developed, on the basis of the results of
substantially influences the stability and duty cycle of MOSdetailed experiments on the dynamic ion polarization of Si—
devices and integrated circuité. Polarization (depolariza- MOS structures, develops new ideas about its mechanism,
tion) of the insulator caused by varying the field electrodebased on the substantially nonequilibrium nature of ion
potentialVy at a constant rat8, =dV,/dt=const ¢ istime)  transport in such structures.
manifests itself in the dynamic current—voltage characteris- The measurements were performed under atmospheric
tics in a very suitable form for identification—as narrow cur- conditions on Al structures(field electrode of area
rent peaks, localized neafy=0 (Ref. 3. The small half- S=2.4x10 % cn¥), SiO, (thermal oxide of thickness
width of the peaks kT, where k is the Boltzmann h=1700 A, formed in dry oxygen at 1100 jCand(100Si
constant,T is absolute temperaturavas previously inter- (free electron concentratiam=1x 10 cm™2 at T=300 K).
preted solely within the context of the assumption of a quasiCare was taken not to introduce mobile ions into the ,SiO
equilibrium (Boltzmann distribution of the ions in the layer, and the samples chosen for study had positive flat-
insulator®® However, such an interpretation flies in the faceband voltages \(rg=1 V). The sample was placed in the
of the known experimental results. Second, at intermediatbermetically sealed chamber on a massiwiameter
temperaturesT{<500 K) narrow peaks arise only in the de- 110 mm, thickness 6 mmcopper washer with polished
polarization current—voltage characteristics, while in the pochrome-plated surface, which was mounted in a ring bushing
larization regime for the same values 8f the current de- of alundum ceramic to the housing of the measurement cell.
scribes relatively low, broad maxima, shifted somewhat inThe washer was heated by a 500-watt halogen lamp placed
the direction of the polarizing voltag&s (Fig. 1). This does underneath it with a thyristor-regulated power source. The
not agree with the assumption of quasi-equilibrium, whichtemperature of the sample was monitored by a copper—
requires rough equality of the ion fluxes from the Si/giO constantan thermocouple with an accuracy=d.2 °C. The
interface to the field electrode and in the opposite directionfield electrode was in contact with a spring-loaded probe of
Second, under quasi-equilibrium conditions the ion densityelectrolytically tapered, gold-plated, tungsten wire of diam-
at the Si/SiQ interface depends only oviy, and therefore eter 0.5 mm, ensuring electrical contact of the metallized rear
the current(time derivative of the surface chajgehould be face of the silicon wafer with the surface of the washer,
directly proportional tg3, , which is not observed in experi- which was coated with a thin layer of In-Ga alloy. A special
ment(Fig. 1). The differences in the shape of the polariza-waveform generator was used to produce triangular voltage
tion and depolarization current—voltage characteristics arpulses, which made it possible to assigp over a wide
indicative not only of the absence of quasi-equilibrium in therange of values. The chamber was hermetically sealed by a
ionic subsystem of the insulator, but also localization of themetal hood, which also served as an electrostatic screen. Ra-
ions at the interface with the metal in states energeticalidiation reflectors were placed inside it to ensure a uniform
deeper than in the bulk of the SjQayer or in its contact temperature of the working space. The sample was heated to
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amplitude of the current maximum increases and its position
is shifted toward depolarizing voltage¥ {<0). As N, is
increasedFig. 2), the shape of the peaks remains essentially
fixed, their half-width grows somewhat, and the current
maximum is shifted towar/;>0.

Disregarding the reverse ion flux from the field electrode
to the semiconductor on the basis of the above-indicated
facts, and noting that in the region of sufficiently large po-
larizing fields ion depolarization is hindered by a barrier of
heightU’ =qVj (q is the elementary chary® based on the
thermal-emission mechanism of transport, we have

| =qSuNgene VoK, (1)

15 10 05 0 05 Y,V wherel is the ion currentS is the area of the structurg, is
the ion mobility, N, is the three-dimensional concentration

FIG. 1. Dependence of the depolarization curileah the sweep ratg, for ~ Of free ions on the Si/SiQinterface, andey, is the electric
T=423 K for Ng;=1x10"cm™2; B, grows from curvel to curve6inthe  field at the field electrode. Expressi¢éh) remains valid in
sequence 0.02, 0.03, 0.04, 0.06, 0.1, 0.2 V/s. Curpéts the polarization the presence of ion traps in the insulator or at its interface
current[ | - (—1x 1019, A] for 8,=0.02 V/s andT =423 K. The values of ith th . duct h th ¢ t ilibri
are measured from the level of the quasi-constant capacitance current. TIY&I € semiconductor, W ere ese. rr?\ps are a _eql'" | r"‘_Jm
inset illustrates the substantial qualitative differences in the course of thaVith the free charge carriers. The variation of the ion density

depolarization (upper curvgé and polarization processedower curve, Ng with time at the Si/SiQ interface is governed by the
B,=0.02 V/s, T=423 K (compare with the experimental data in Ref. 3. kinetic equation

dNg I
dt  gS

a prescribed temperatuig=150 °C at a moderate depolar- 2
izing voltageV,=1 V to eliminate any effects of residual or
random polarization. The initial ion densit)s, at the We assume that ion traps are absent. Then, for interme-
Si/SiG, interface was varied by varying the polarization time diate electric fields:, in the oxide and at its interface with
(t=<5 min) and voltage Vy=<+5 V) for To=const. The val-  the metal ¢,<2mqNs/x, wherex is the dielectric constant
ues ofNg, were determined from the area of the depolariza-of the oxidé No=2mwq?N%/»kT, and it follows from Egs.
tion current peaks. The quasi-constant component of the cu(4) and (2) that

rent 1=Cgio, B, (CSi02 is the capacitance of the
intermediate insulating layer of the MIS structyrevhich

_ qzsﬁu { ( ZWqMStho) o 4V
= so

was distinctly manifested in the initial stage of variation of I kT %0, e x
Vg, Was subtracted from the total current. 12 -2

Figures 1 and 2 show typical families of depolarization +(27'fQ/-L8h|\lso) e% 3)
current—voltage characteristicsTat 423 K for different val- %z,

ues of 3, andNg,. It can be seen that for sma#<0.06 V/s ) ) ) )

the peaks are nearly symmetric; the region of initial current It iS obvious that expressidi3) describes a narrow, sym-

growth coincides for all the curves; @ is increased, the Metric peak (Vq) with half-width A ,=(4kT/q)In(1+ \/_E)' .
Expression3) coincides with the expression obtained in

Refs. 4 and 5 in the equilibrium approximation to within
5 reassignment of the constants. It would appear that this was
the basis for the erroneous interpretation of the depolariza-
2+ tion kinetics in the context of the quasi-equilibrium model.
3 At the current maximumlI(=1,, V4=Vg,) we have

qVv/ 2
;t. 2 e—kg?m= 27'r(:]:""shm’\lso, m=q SBUNSO7 (4)
h wheree, is the electric field foV g =V, enm=Vgn/h. As
in the case of quasi-equilibriufit, the current at the maxi-
mum grows with increase g8, and N,; however, in the
situation under consideration the position of the pebggw
begins to depend on the sweep r@teand the initial polar-
0 1 1 N . . , .
-Y, 08 04 0 0.4 0J+V,,v |zat|o_n_leveINso. asp, is mcre_as_edvgm shlft_s toyvarql de-
polarizing voltages, and aY, is increased, it shifts in the
FIG. 2. Dependence of the depolarization curiefdar 8,=0.02 V/s on the O[?pOSI,te direction. In th? reglo.” of initial g!’OWth
initial ion densityN., at the Si/SiQ interface forT =423 K.N, grows with Vg~ Vgm>KT/q the current is described by expressidn
curve number in the sequen¢28, 4.0, 6.2, 7.0, 8.0§ 10" cm™2. with N0=37Tq2N§(/%kT and does not depend @8), .
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FIG. 3. Dependence of the positions of the maxima of the dynamic current— 0 0.5 1.0
voltage characteristicglém= Vi +Vgm ONn the sweep ratgs, (V/s) for V,,V

Ngo=1X10cm~2 (1) and on the initial ion densityNy, (cm~2) for
B,=0.02 V/s(2) and T=423 K. For curvel the Vém axis is on the right,

and for curve2, it is on the left. FIG. 4. Dynamic current-voltage characteristics legVy in the initial

growth region of the depolarization at 423 Kl) and 453K (2) for
B,=0.02 Vis andNg,=1X 10'2cm™2. The inset shows the qualitative de-

As can be seen from Fias. 1—3. all the indicated Conse[gendence of the potential energy of the i&hsn the insulator intermediate
gs. ! layer in the absencél) and presencé?) of a built-in barrier created by

quences are distinctly manifested in experiment. Figure Hjiing of the bulk ion traps in the Si@surface layer at its interface with the
plots the observed dependence\tgm on B, and onNg,, silicon layer. The insulating layer occupies the regiea<h, z=0 corre-
which, in agreement with Ed4), are linear when plotted on sponds to the Si/SiQinterface andz=h, to the boundary of the field elec-
the scales/{,—logB, andVy,—IlogNs,. According to Eq. trode.
(4), their slopes should be equéin absolute value to
kT/0.43y. The actual values of these slopes are nearly equal, N . L .
3 . . b yed The situation under consideration is realized only for
but approximately two times smaller than the calculated

value(2.2 times smaller for curvé and 2.1 times smaller for ?nrgigféd(ﬁﬁz Oﬁg?ugs(’);r;izgegk?gﬁénl_et )rA\asdgvallls' the
curve2, Fig. 3. Correspondingly, the Idg—Vé curves in the ' P g y: y

region of initial current growthVé—Vém>kT/q, are straight become increasingly more asymmetric, and following the

lines whose slopes are less than the theoretical JakeEq. zzig;nvla s(';;%r;gli);] Shclflfg:qr: t:e ilgfcéfr:h?ju?\’/etsalgnc?ffinall
(1)] by a factor of v=2.05 (423 K) and »=1.82 (453 K), y decaying PP ’ y

respectively(see Fig. 4 The appearance of a nonideality the current in the tails generally ceases to depend/gn

factor v>1, decreasing with increase @f is characteristic beCOm'_”g only a function of time (Fig. 5. The 1(Vy)
. L curves in the region of current growth and the dependence of
of thermal-emission phenomena at contddisis important

" : L
to emphasize the closeness of the values fifund by inde- the voltag_e positions of their maX|m\a(gm(,Bv) ceases to

i : obey relationg1) and(4). These facts point unambiguously
pendent measurements at identical temperatures.

. o the presence in the SjQayer of ion traps which do not
The good agreement between theory and experiment ave enough time, for large sweep to empty them-

lows us to estimate the ion mobility and its activation energy . S .
) - . selves during the thermal-emission times of free ions through
E,. Introducing the coefficient into the argument of the

u N . the barrierU; and are the reason for the appearance of the
exponential in Eq(4), we obtain . g . . i .
P a@) classical exponential relaxation law-e~Y" in the tails of

CE KT x8,h aVgm the depolarization curvesy is the lifetime of the ions in the
K=o = o V. N.© VKT traps(see the insets to Figs. 5 and én this case it is nec-
TYVgmNso

essary to assume that at the start of the experiitientarge
Substituting the experimental data in this expressioryolarizing voltagesessentially all of the ionic charge is con-
[B,=0.02V/s, h=1.7xX10"°cm, Ng,=1X10" cm 2  centrated in the traps since for the very fastest sweep rates
Vk=0.64V, Vy,=0.7V (423K); Ng,=0.8<10"%cm™?, (B, >0.2 V/9 the main contribution to the area of the depo-
Vk=0.67V,Vy,=0.765 V(453 K)], and also the most reli- |arization peak comes specifically from the exponential tail
able values forv, found from the slopes of the current— of the relaxation curved.This state of affairs is manifested
voltage characteristiod-ig. 4 v=2.05(423 K) andv=1.82  (clearly observein the increase with increasing sweep rate
(453K), we find for xsio,=3.9: u(423K)=2.5x10"% g of the half-width of the falling branch of the current. The
w(453 K)=1.1x 10" cn?/(V-s), andg,=0.8 eV. filling of the traps cannot be assumed to have reached its
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FIG. 5. Dynamic current—voltage characteristics at high sweep réie3 FIG. 6. Semilog plot of the time dependence of the current in the tails of the
for T=423 K andNg,=7.4x 10" cm™ 2. B, grows with curve number inthe  depolarization curves foB,=0.5 V/s: ) T=423 K, 9 T=453 K. Curve2
sequence 0.06, 0.2, 0.5, 1.0, 2.0 V/s. The inset plots the time dependence lifs near curvel since the relative contribution of the exponential tail to the
the current in the tails of the depolarization curves Byr=0.5 (a), 1.0 area of the depolarization peak decreases with increasing temperature. The

(b) and 2.0 V/s(c). inset graph plots the ion densiﬁ/so, calculated from the amount of charge
passed through the insulator intermediate layer during “exponential” relax-
atior; atT=423K, as a function of the sweep rag (Ng,=7.4x 10
cm .
maximum value, at least not for the valuesNf, achieved )
in our experiments:Ng,<2Xx10?cm 2. Otherwise, for
large B, the thermal-emission law of the depolarization ki- the SiQ, boundary layer adjoining the Si/Sjdnterface. As-
netics of the free iong§l) should be obeyed on the growing suming that this distribution is uniform, the volume concen-
branch of the current for values f, corresponding to the tration of the traps is equal f§;, the free and localized ions
initial polarization state, which contradicts the results of ex-are at equilibrium, and the potential incursion into the layer
periment(Fig. 5). Thus, for largeU! , as long as the charac- of filled traps (27q°NZ/»N)<kT,® we have
teristic thermal-emission time,~ exp(—Ué/k‘D exceedsr;, No=6- (27rq2N§/sz), where 6=Ny,/N, is the sticking
the traps are able to come into equilibrium with the free ionscoefficient. Consequently, for small enoughy and 3, or
and depolarization of SiQis governed by ion transport large enoughN; (in the situation under consideration
through a barrier of heigHJJé (the inset in Fig. 4 As Ué is  N=6x10"®cm 3 is sufficieny, as in the case of purely free
decreased, the relationship betweerand 7, inverts, depo- ions, depolarization should take place as prescribed by Egs.
larization ceases to be limited by the barrier, andBass  (1)—(4), but with a renormalized value of the mobility, and
increased, a continually shrinking part of the polarizationthe values ofu and E, obtained previously should be
charge runs off via the thermal-emission mechanism. changed to reflect the actual valueséohnd the trap activa-
The linearity of the log—t curves(Fig. 6) testifies to the  tion energy; i.e.u— 6-u andE,—E, +E;. This gives the
single-energy character of the ion traps. This allows us tdrue valuekE,=0.6 eV, which is very close to the activation
find the values ofr,=,e5’T and from their temperature energy of mobility of Nd ions determined by the collision
dependence to determine the trap activation enéigyOn  time method for very highNg(=5x10"%m?), i.e., for
the basis of the datéFig. 6) we haver,=2 s (423 K), 1.4s  what appears to be maximum filling of the trajRefs. 1 and
(453 K), andE;=0.2 eV. 114 This fact, like the dependence of the shape of the de-
Two important questions arise: where are these traps Igpolarization current peaks o, (which are symmetric for
cated(on the SiQ surface of the interface or in the bulk of small 8, and which exhibits an exponential tail for large
the SiQ) and how does the fact of their existence affect theB,), confirms the concept of bulk traps. The maximum
results obtained above within the context of a purely freesweep rate at which the growing branch of the current can
state of the ions on the Sj@Si interface? By analogy with still be described by the “stationary” relatiail) is bounded
equilibrium electron phenomena in semi-insulatare have by the rate at which the diffusion-drift equilibrium is set up,
for surface traps with concentratioNg, the result the Maxwellian time 7y~qh¥ukT. At 423K
No=Nys(Ns/Ng), whereN,,, is the characteristic concen- [u=2.5x10 8cn?/(V-s)] this time is ~0.3s and for
tration of free ions at which the traps are half-filled. There-B,>0.05 V/s is of the order of the characteristic depolariza-
fore, for smallg, relations(1) and(2) describe an asymmet- tion current growth time. Precisely such a signal delay is
ric peak, which is characteristic of relaxation spectroscopypbserved experimentally, as clearly shown in Figc@rvel)
with half-width of the growing branch approximately 1.4 in the form of an abrupt departure of the dependence
times greater than the half-width of the falling brafic®ince IogﬁU—Vém from the linear law of Eq(4). The experimental
experiment shows the peaks to be symmedffigs. 1L and 2  values of Vém at large values of, become noticeably
the traps should be assumed to be distributed in the bulk cmaller than the theoretical values. Here the delay increases
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with increasing value 0B, ; i.e., the rate at which the cur- difference. According to Ref. 6, qV,=0.38+{kTIn[N(T)/n]}

rent maximum shifts in the direction 8,<<0 increases. As —{[KTINN/10"]+_300 } €V, whereN_ is the effective density of states in

B,—®, a progressively increasing fraction of the ions mi- the conduction band of Si at the temperatiiréor n=10"cm 3. For the
v 1 . .

grates toward the Sidmetal interface in an increasingly Zﬁii‘ iz'fétltee; ;?Oagti-eldaeniﬁzgiﬁg \(/)f the fon densioRo, T n/qS

stronger depolarizing field fo:‘é<0. Under such conditions, P n so= " 7id

. (T is the current at the time corresponding to the transition to the expo-
one should see evidence of the well-known effects of SPaCEential relaxation layw The given dependence has a distinct tendency to
charge-limited currents, the front fly-by effétt dispersive  saturate at a level near the original valueNa, (the inset in Fig. &
transpor&3'14 etc. It is natural to attempt to observe such 3If the concentration N, of the bulk traps is not too large
effects not in the dynamic sweep regime, but with Stepped(ZquNﬁ)/%Nt>kT, then a built-in barrier of height), (curve2 in the

voltage signals, ie. fOUéZ const, both in the isothermal inset' in Fig. 4 can ar_ise in the surface Iayer_of the ineulator adjoining the
d thermallv stimulated relaxation regimes semiconductor. In this case, the depolarization kinetics becomes different,

an y e ) g9 o . and emptying of the traps is delayed since delocalization of the ions and

In summary, the qualitative picture of the kinetics of ion their migration to the Sigmetal interface become possible only in the

depolarization in the3, = const regime is extremely simple. regionz>z* (Fig. 4). Such a delay should lead to a non-exponential time
In the dielectric interlayer at the silicon surface the ions are, dependence of the depolarization curréht.
localized in shallow bulk traps where the width of the local- “Determination of the trap concentratith and, consequently, is possible
ization reaion is less than ité maximum corresponding to only for values ofNy, ensuring maximum filling,which we were not able
. .g . . . P 9 to achieve in our experiments.
potential incursion into the layer of filled traps, on the order
of E;/q. For intermediate values g8,, the depolarization
rate is determined by two characteristic times: the time of
thermal emissionr, through the natural barrier created by *J. F. E/ervgey, E. A. Amerasekera, and J. Bisschop, Rep. Prog. BBys.
1297(199

the polarizing charge\( >0), and the lifetime of the ions, 2G. S. Horner, M. Kleefstra, T. G. Miller, and M. A. Peters, Solid State
in the bulk traps. Therefore either the quasi-stationary re- technol.79, (June, 1995

ime of ion transport through a barrier of hei small 3M. Kuhn and D. J. Silversmith, J. Electrochem. Soc.: Solid State Science
g p g

B,) or the classical kinetics of trap emptyiriarge 8,) is 118 966(1970. )
A. G. Tangena, J. Middelhoek, and N. F. de Rooij, J. Appl. PA9s2876
realized, depending on the value 8f . (1978, 9 i J. Appl. PA9
The good agreement between the experimental dataa. G.Tangena, N. F. de Rooij, and J. Middelhoek, J. Appl. PH9s5576
which we obtained and the results of independent experi- (197&

mental studies testifies not only to the possibilities of infer- °S- M- Sze,Physics of Semiconductor Devic/iley, New York, 1969.

rina the presence of mobile ions in the insulator from the7M Shur,GaAs Devices and Circuit®lenum Press, New York, 1987
Ing p ile i i insu 8M. Lampert and P. MarkCurrent Injection in SolidgAcademic Press,

dynamic current—voltage characteristics, and estimating their new York, 1970.
density, but also to the possibility of determining the IeadlngQE I. Goldman and A. G. Zhdan, Semicond. Sci. Tech6pb75(1990.

arameters of ion transport by applying extraordinarily;.E: - Gol'dman, Fiz. Tekh. Poluprovod8l (in press (1997.
P | hod P y applying yllR J. Krieger and T. F. Devenyi, Thin Solid Filn3s, 435 (1976.
Slmp e methods. 12K, €. Kao and W. HwangElectrical Transport in SolidsPergamon
We are grateful to N. F. Kukharskaya and N. I. Tulya- press, Oxford, 1991
kova for constructive assistance on many levels. 3E. W. Montroll and G. Weiss, J. Math. Phy,. 167 (1965.
141, P. Zvyagin,Kinetic Phenomena in Disordered SemiconducfimsRus-

X . sian] (Moscow State Univ. Press, Moscow, 1984
Here and below, the quanntyé should be understood as the sum

of the applied voltageV, and Vi, the AI-Si contact potential Translated by Paul F. Schippnick
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Characteristics of a far-infrared germanium hot-hole laser in the Voigt and Faraday field
configurations

L. E. Vorob’ev, S. N. Danilov, Yu. V. Kochegarov, and D. A. Firsov

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
V. N. Tulupenko

Donbass State Mechanical Engineering Academy, 343916 Kramatorsk, Ukraine
(Submitted November 18, 1996; accepted for publication February 25) 1997
Fiz. Tekh. Poluprovodn3l, 1474—-1481(December 1997

A far-infrared laser utilizing intersubband transitions of hot holes in germanium with a hole
density of 2.5 10" cm™3 is investigated in the Voigt and Faraday field configurations. New
comparative data for both configurations are given on the field ranges in which lasing takes
place, the emission intensity and spectra, and their dependence on the temperature of the crystal.
The Voigt configuration is shown to be preferable, having a broader lasing field range, a

higher working temperature, a richer emission spectrum, and a higher intensity. Prominent details
of the laser characteristics are discussed, and a comparison is made with calculations.

© 1997 American Institute of Physids$1063-782@07)02711-7

INTRODUCTION tor. Diffraction by a plane mirror created the radiation out-

Put. A mesh of criss-cross grooves was formed on the side

Hole population inversion and lasing in the presence o :
direct transitions of hot holes between the subbands of Iighftaces .Of the crystal (366 mnf) to exclude total-intemal-
reflection modes.

holes(LH) and heavy holegHH) are possible in Ge by vir- The electric field was measured with point probes in the

tue of the different dynamics governing the motion of heavy, , . . . . i
and light holes in momentum space in crossed ele¢gic Voigt configuration(Fig. 1b). The fieldE was found to be

: ’ . ; imately 1.6 times smaller thdfy,,=V/h in strong
and magneti€B) fields (EL B) (by virtue of stronger heating approximat . . pp : ?
of heavy holes compared with light holes ELB fields) magnetic fleldg(F|g. 15. For_ the given sample n the Voigt
(Ref. 1; Fig. 12 configuration, in contrast with the Faraday version, the Hall

Many studies of lasers operating on hot holes inf|eld is zero essentially throughout the entire sample, because

germaniun and their applications in scientific research have't Is shorted out by the cantacts. In the Faraday configuration

appeared since the 1982 discovery of the stimulated emissiotrf'?e two fieldsE andV/h almost coincide. The duration of the
leld pulse was equal to 2s.

of far-infrared radiation from germanium in fielé&s. B, and In the Voiat v th | d heat laced
the number of papers continues to grow both in Russia and in n the Voigt geometry the sample and heater were place

other countries. By far the majority of investigations have' & vacuum cavity with a templefpoly-4-methyl-pentene-1

been conducted in the Faraday field configuratioy| B, Ela}gtlc, _elzhcounter{)a[t of TB?N'ndOW |mmerse§i mﬂilqwd b
where x is the light wave vector; Fig. Jbat liquid-helium elium. The sample temperature was measured with a carbon

temperature. However, it has been remarked, first in Ref. ﬁeS'ﬁ_tﬁr' . i ded either b f
and subsequently in Refs. 3 and 4 that the Voigt configura-,. € emission spectra were recorded either by means ot a
tion (x.L B, Fig. 1B is more efficient. diffraction spectrometer ofat temperatures above 4.2 K,

An important problem governing the domain of practical when th_e.em|SS|on mten.sny was small t_)y means qf a

application of a laser is how to raise the operating temper novel miniature tunable interferometer with mirrors in the

ture of the crystal. The maximum laser operating temperatu?gm/ 3 qugoat|ng metal meshes. The contrast was

in the Faraday field configuration has been estimated on thgmax’ ~'min=2-

basis of investigations of the dependence of the emission

intensity on the duration of the current pulde=20 K—30K 2. RESULTS AND DISCUSSION

(Ref. . In the Voigt field configuration, however, lasing at A, Range of the Lasing Fields and Emission Intensity

liquid-nitrogen temperature has been obser’/&f. _ L _ o
In the present study our objective is to carry out a com- The el_ectrlc and magnetic field ranges where4|n Ia_s;ng is

parative investigation of the characteristics of a laser utilizCPS€rved in a germanium sample with=2.5x 10tem ™

ing hot holes in germanium in the Voigt and Faraday con-2"® shown in Fig. 2. In contrast with the results of Ref. 3, in

- . . . . — 3 73
figurations and to discuss the results in relation to the lattetVNich an investigation of a sample witif, =6 10" cm
only atT=4.2 K is reported, the lasing range for our samples

at T=4.2 K is shifted toward higher values BfandB, ow-

ing to the higher impurity concentration. As the temperature
The samep-type germanium sample with a hole density is raised, the lasing range becomes narrower and shifts to-

Np=2.5X 10" cm™2 (see Fig. 1b was investigated in the ward higher fields. The maximum working temperature at-

Voigt and Faraday geometries using a semiconfocal resonaained 28 K for the Faraday configuration and 68 K for the

1. SAMPLES AND EXPERIMENTAL PROCEDURE
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7 {110} tures. Hole concentratioM,=2.5x 10" cm 2. Inset: emission intensity
<> measured by a G&a) photodetector versus crystal temperature for the
hv a=4 Voigt and Faraday configurations; the maximum absolute value of the in-

tensity is several watts.
X X
4 e (E) | | |
(ExB) B Two main causes are responsible for the decrease in the

emission intensity as the temperature increases: a reduction
Voight configuration Faraday configuration in the amplification of light by free hot holes and an increase
1.0 in the absorption of radiation by lattice vibrations.
E/vm) Below we carry out a simplified calculation of the coef-
0.8 ficient of absorption of far-IR radiation by hot holes.
The coefficient of absorptiofgain forg<<0) of light by
hot holes is

0.6

9= a1t @ingir 1

wherea,; is the absorption coefficierivalues ofa,;<0 can
b lead to light amplificatiopfor direct LH transitions into the
HH band (2-1), ande;,q; is the absorption coefficient for
FIG. 1. g Diagram of direct intersubband hole transitions with the emissionjndirect intrasubband and intersubband hot-LH and HH tran-

of a photon from the light-holé_H) band 2 to the heavy-holg¢iH) band 1. . . . . .
b) Geometry of thep-type germanium sample, crystallographic directions, §|t|ons involving optlcaI(O) and acoustiqA) phonons and

and relative orientations of the electric and magnetic fields; the graph showknpurities (I ). According to Ref. 8,
the ratio of the electric field measured between probes in the middle section

. ) - . 2
of the sample to the applied fiel,,,=V/h as a function of the magnetic e
field. i =5 f €, P21 *[Fa(k) = f2(K)]
7TCMyNw Jk
X 8 e5(k)—e(k)—hw]dk, @)

Voigt configuration. Lasing in the Voigt configuration at @ \yperem, is the free-electron mass;is the refractive index,

higher temperature is reported in Refs. '6,7, and 2. It shoul ,(k) andf (k) are the distribution functions of hot LH and
be notgd,.hovyever,'that both the working 'temperature angy, | [if £,(k)>f,(K), we havea,;<0, and the amplification

the emission intensity depend on the quality of the crystag o giation is possiblk e, is the unit vector in the direction
(the presence of dislocations, doping homogeneity, and thgs e electric field of the electromagnetic wave, gng is

degree_of compensatinnthe 980'_“9"}’ of the sample, anq the matrix element of the momentum operator. For small
properties of the resonator, the directions of the field relat'v‘?/alues of the quasimomentukn(Ref. 9

to the crystallographic axes, and other factors.

The inset to Fig. 2 shows the dependence of the maxi- mg —

- ina fi i |e,pa1l 2~ = N2 —k?sir’(e k) ©)

mum (in the range of lasing fields at a certain temperature wP21"~ 3 72 wK) s
laser emission intensity on the temperature of the crystal.
The absolute value of the emission intensity attained severavhere N is a parameter determined by the band structure.
watts. It will be evident below that the spectral range of theThe matrix element averaged over all directions can be writ-
emission in the vicinity of the intensity maximum varies only ten in the form

2

slightly asT increases in the Voigt configuration, obviating > m2
the need to correct for the spectral sensitivity of the photo- <|ewp21|2>: < @Nzkzzhzsziz. (4)
detector. 9 42
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According to Ref. 10, for spherical bands and a parabolic  To simplify the calculations, we assume that the hot-HH
dispersion law and LH distribution functiong,(k) andf;(k) with respect
to the momentgp =7k in fields EL B are biased Boltzmann

1/{mg mg\2 T
2 _—|0_"0 distributions,
A12 8 m, ml) (5)
h N2 327 3N(.
wherem, andm; are the effective masses of LH and HH. fi(p):Aiexp(p Pari) A= V2m®HeN, . i=1,2,
Equation (2) is transformed as follows for isotropic 2mikgT; mis/z(kBTi)S/Z
hot-LH and HH distribution functions: (12
ez(mz’l— ml’l) K3 f,(e1)— Folss)] wherepg,; andT; are the drift momentum and temperature of

, (6)  hot HH (i=1) and LH {(=2). The representation of the
distribution functions in the forn{12) is valid when hole-

wheree,(k)=¢4(K) + A w. hole collisions control the rate of dissipation of the energy

For indirect transitions involving phonons and impurities pulse in both the passivesKe) and the active £>¢)

the resultant absorption probability is characterized by thenergy ranges. The frequency of hole-hole collisiopsin

difference in the probabilities of induced absorption andgermanium atT,~200 K for Np~1016 cm 3 is approxi-

emission of photons: mately equal to the reciprocal time constant of optical pho-

non emissionrgl. Consequently, the representation of the

o=
21 2cn o

w=w2—w¢, (7) RN . . )
distribution functions in the biased Boltzmann fo(i®) for
27 - ny~2.5x 10" cm™2 is not entirely correct. Nonetheless, the
WaZTE > 2 IMP[?iko) final results of the calculations using the distribution func-
Ko K 1 tions (12) give results qualitatively and even quantitatively
X[1—fi(k)]8(e1—€0), closer to those obtained using the exact hole distribution
o function determined by the Monte Carlo method.
ei—eo=8(ko) —hvEeg, 1,j=1,2. ®) To determin€T; andpg,;, we use the balance equations
Herek, andk; are the electron wave vectors in the initial for the momentum, power, and number of particles:
and final statess , is the phonon energy, ard;, is a com- 1 e
posite matrix element incorporating the matrix elements of pdri<;> =eE+ m—c[pdrixB]; (13
interaction of an electron with lattice vibratiom3'® [with : !
the emissior(e) and absorptiorta) of phonong or with im- e de\ i~ de\ i
purities H¢ and with electromagnetic radiatidt,,, N; deriE= Ni< (a) > + Ni< (a) >
! A+0 A+0

H ie 1 ( de © R
=Rl I Sl I8 €

nvVa (vV)¥21 7 ok —N,—< (H) >; (14)
whereV is the volume of the crystal. For HH transitions ATO

within the same band (+ 1) and into the LH band (£ 2), 1 1
taking into account intermediate states in bands 1 and 2, we ™ J =N P (15)
have

where the angle brackets signify averaging over the HH dis-

eh 12 tribution function. In Eq.(13)

Mg t=—(H2®)1 1 e, (ki—ko), (10)

27rnm1v3’2
1 :ij e Nir 1o)Xy, xi=el(kgTi). (16)
eht [k kg il 3w Lo
Ml—>2:_(Ha,e)1—>2 e .| ——— (11)
fo s 232 ¢ \my, my)’

In Egs. (14) and (15 the energy dissipation rate and the

To determine the interaction matrix elements for intrabandrédquency of intersubband hole transfers are averaged as fol-
LH transitionsMZ;°2 and intersubband LH transitions into 1OWS:
the HH bandM?,"?, it is sufficient to replacen; by m, in 2
Egs. (10) and (11). From now on, assuming that holes are ()= _J e—xiq,(xi)ximdxi;
nondegenerate, we replace-1;(k¢) by 1 in Eq.(8). Jm
The probability of induced photon emissiovf can be

calculated analogously. It can also be obtained by making X~ &/(keTi); ¢(e)=17(s) or de/dt, (17)
the substitutiorhv— —hv in Eq. (8). The absorption coeffi-  Selving Eq.(13), we obtain
cient aindir=W/(C/n) .

Calculations show that the main absorption contribution MiE+ ,uiz[EX B]/c e[/1\]°¢
at low temperaturekgT<gq (g4 is the optical phonon en- Pari = M 1+ u2B%/c? ' "’“i:ﬁ <?IH . (18
ergy, andkg is the Boltzmann constants from intraband Hi
HH 1—1 transitions with the emission of optical phonons The left-hand side of Eq.14), which describes the buildup
and with scattering by impurities. rate of hole energy in crossed fielsandB, is now equal to
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Wor The light absorption coefficienfgain g (g<0 corre-
sponds to amplificationis also calculated by the above-
described scheme. the lower inset in Fig. 3 shows a graph of
g(T) for those values dfiv, E, andB from the lasing ranges
in the Voigt configuration(Fig. 2 at which|g| is a maxi-
mum. Clearly,|g(T)| decreases &b increases, owing to the
increase in scattering by acoustic phonon3 agreases and,
accordingly, to the decrease i, («@i,q, IS almost totally
independent of).

The experimentally determined emission intenggge
the inset to Fig. 2decays far more rapidly. Even though
is not directly proportional tg in the linear regimé? it still
follows from a comparison of the data in the inset to Fig. 2

300

x 200 and the lower inset to Fig. 3 that other factors influence the
= g(T) curve as well. One such factor might be the sharp in-
crease of the multiphonon light absorption coefficief as
T increase$? In this event we have in place of E€l)
- 9= a2t Qingir + Alat- (20
001 — 0.05 W 4 60TK The following two-phonon and three-phonon light absorp-
- ] ) B S s S e tion processes contributing tey, are possible at wave-
i 3'0-05 7 lengthsA~100um in germanium: TO-LA, LA-TA, TO
§-0.70 + TA-LO (Ref. 13. For two-phonon processes
- 33-0.15 % hw=hwy —heg, and the temperature dependence is ex-
b+ 1+ el pressed as @ayr)~ Ng,~ Ng,» where
1 2 J 4 5 6 Ny =[expfiw, /keT)—1]*. For the three-phonon process we
ExV/em : i

have iw=fiwq +thwg,~lhwg, and a;a(T)~ng(1+ng,

FIG. 3. Temperatures of hot holésiH) and light holes(LH), calculated +nql)_nqlnq3- In all these cases the temperature depen-
from the balance equations f40r the3 momentum, power, and number of padencea,,(T) is fairly strong, as observed experimentéﬂy.
ticles, T=4.2K, N,=2.5<10" cm ?, B=2.2T. The points represent ex- 4,,r shonon and higher-order processes can also contribute
perimental values determined from the equation (R{X)=(s;), where the ianifi | light ab ion by Vi fthe | b
average HH(=1) and LH (=2) energies are obtained from experimen- S'gn.l 'Qamy to '9 t?. sorption by V'”U? oft e arge number
tally determined hole energy distribution functiddsUpper inset: field ~ Of distinct combinations of phonons with various wave vec-
variation of the LH density; the points represent the density ratio obtainedors ¢; near the boundary of the Brillouin zone.

from the experimentally determined LH distribution functidnLower in- Comparing the numerical values sz +a - anda

set: temperature variation of the light absorption coefficignigain for 17 “indir lat
g<0) at the maximum ofg(\,E)| for the range of lasing fields in the Voigt from Ref._14, we conclu_de that the working 'FemperatL_Jre of
configuration (Fig. 2; parameters used in the calculations: the laser is restricted primarily by the sharp increasejp
Np=2.5x10" cm 3, A~100-120um, B=2.2 T; also shown are the tem- with increasing temperaturg

perature dependences @$;, and i -

B. Emission Spectra

e wiE? The emission spectra of the hot-hole laser has been in-
NiﬁE'pdriINie—lJerlecz- (19 vestigated by various authors in the pagtlmost all the
i

spectra have been obtained in the Faraday configuration and
It follows from Eq.(19) that in a certain interval oE andB, mainly for relatively pure germanium samples
wherein u;B/c<1 andu,B/c>1, the HH energy buildup (N,<10" cm™3). In such samples the details of the inver-
rate is higher than the LH rate, anth>T,, despite the sion mechanism and the principal characteristics of stimu-
strong intersubband scattering of holes during the emissiolated emission near liquid-helium temperature can be de-
of optical phonons and scattering by acoustic phonons anscribed qualitatively by analyzing the almost ballistic
impurities. The more pronounced increase in intersubban¢collisionles$ motion of heavy and light holes in the passive
HH scattering in comparison with LH in a fiellL B (due to  energy range<eqy (Ref. 15. At high hole (and impurity
the higher average HH enernggauses the LH densiti, to  concentrations or at higher lattice temperatures it is more
increase and, accordingly, the HH density to decrease. practical to approach the qualitative description in the
To illustrate the foregoing, Fig. 3 shows calculateddiffusion-drift model*® as reflected in the system of equa-
curves ofTq, T, andN,(E) /N,(0) [N,(0) is the LH den- tions (13)—(16).
sity atE=B=0] as functions oE in crossed field& andB. The emission spectra of pure samples in the Faraday
Also shown for comparison are the HH temperatures and theonfiguration have two lasing ranges, a short-wavelength
ratio N,(E)/N,(0) obtained from experimentally determined range A~70-120um and a long-wavelength range
HH and LH distribution functiond! Good agreement is A~170-210um (Ref. 1). Lasing usually does not occur in
noted between the experimental and calculated results.  the interval between these ranges, possibly because light is
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FIG. 4. Emission spectra Qf a Ge hot-hole laser in the Faraday geometry, ~ Spectral dependence of the absorption coeffidigait for a,,;<0
Here J” denotes the signal recorded by the detectdi=4.2K, andg<0) for various electric and magnetic fields. The dotted and dashed

— 4 -3 — _ . _
Np=2.5x 10%em™=. 1) B=15T, E=24kvicm; 2) B=18T, curves represent the results of calculations using the Boltzmann energy dis-
E=2.9kV/cm;3) B=2.1T, E=3.2kV/cm. Inset: calculated spectral de- tribution functions of heavy and light holes(12, T=4.2K,

pendence of the light absorption coefficient for two samples with differentN —25x10M cm 3 N =5x10%cm3 1) B=1.5T. E=2.4 kv/cm: 2
hole and impurity concentration§,=4.2 K, B=1.54 T,E=2.4 kV/cm. 1) P om s cm =, 1) - : cm; 2)
No=6x10%cm 3, N=1.2x10"cm™3%; 2) N,=4.8x10%cm 3,
N,=9.6x 10" cm 3.

B=2.2 T,E=3.3 kV/cm. The solid curves give the results of calculations of
ay and g using experimentally determined distribution functitins
T=4.2K,N,=2.5x10" cm 3, B=2.2T,E=3.3 kv/cm.

absorbed by impurities, some of which remain filled with perimental valu€$ of f,(e,) and fi(e;), rather than the
holes in a strong field”*® The long-wavelength range does Boltzmann distribution functiong12). Clearly, qualitative
not exist in more highly doped regiofBig. 4). Its absence is agreement prevails for thg{\) curves obtained using both
probably attributable to the abrupt increase in the absorptiothe experimentally determined distribution functions and
coefficient in the presence of indirect transitions involvingthose approximated by Boltzmann distributigi&) with the
impurities, which increases asj,q;~N/N,A™ (N, is the calculated values of; andvg;; .
concentration of ionized impurities, including acceptors and  Figure 6 shows the emission spectra of the same sample
donors:N;=Nz+Np). A calculation shows thain~3.5 in  that had been investigated in the Faraday geomigy. 4),
the long-wavelength IR range. & 70—250um). For absorp-  but now for the Voigt configuration. As in the Faraday ge-
tion involving optical phonongring,~NpA™, andm~2 for  ometry, the spectra shift toward the short-wavelength end as
the same range. Thg(\) curves for samples with two dif- E and B are increased. In addition to the higher emission
ferent hole densitiegsee the inset to Fig.)&xhibit a sudden intensity relative to the Faraday configurati@h. Fig. 4), we
drop in the gain in the long-wavelength spectral range for also observe a flareup of the long-wavelength lasing range.
sample having a high impurity concentration. This range has not been observed before in samples with
As mentioned earlietfor pure samples’ the emission Np> 10 cm 3. Its occurrence implies an increase in the
spectrum shifts into the short-wavelength region when theyain in the Voigt configuration over the Faraday configura-
electric and magnetic fields are increas€dy. 4). This be-  tion.
havior is consistent with the calculatiofBig. 5). It is evi- The emission intensity falls off abruptly as the tempera-
dent from Fig. 5 that the maximum gain shifts into the short-ture of the crystal increases. The emission spectra were
wavelength range a& and B increase. The same figure therefore investigated by means of a high-transmission, tun-
shows curves ofry; and g= a1+ ajngir, for which the ab- able Fabry-Perot interferometer. The inset to Fig. 6 shows
sorption coefficient(gain a,; associated with direct inter- one of the interferograms, from which the emission spectrum
subband transitions has been found from Ex).using ex- is found by forming the inverse Fourier transform. Figure 7
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FIG. 6. Emission spectra of a Voigt-configured laser for the same sample as E 0.2 -
that investigated in the Faraday geomesge Fig. 4 HereJ” denotes the - B
signal recorded by the detectof=4.2K, N,=25x10"cm 3. 1) N -
B=1.54T,E=3kV/cm; 2) B=1.71 T,E=4 kV/cm. Inset: intensity of la- -
ser radiation transmitted through the interferometer versus distrime |
tween the interferometer mirrors; the semitransparent mirrors are flat metal 0.1k
meshes with a reflection coefficieR~0.68; the temperature of the laser :
crystal isT=4.2 K, N,=2.5x 10" cm™3, B=1.54 T, E=3 kV/cm; Voigt i
geometry. -
shows the resulting emission spectra. The electric and mag- 0 \~"\150 L 1110

netic fields were chosen to maximize the emission intensity
at a given temperature.
We see at once that the spectra obtaineti-=a#.2 K for o . _ _ . _
the same fields, using the spectrometer and the tunable intdp.>: 7: Laser emission spectra in the Voigt configuration, determined from
.. . an analysis of interferograms similar to the one in the inset to Fig. 6,
fer(_)m_eter_, are _S|m|la(F|gs. 6 _anc_;l Y. No_t only does the N,=2.5x10“ cm 3. 1) T=4.2K, B=154 T, E=3 kV/em; 2) T=24K,
emission intensity decrease with increasing temperature, be=2.3 T, E=3.5 kv/cm; 3) T=43 K, B=2.3 T, E=3.5 kV/cm. Inset: ab-
there is also a noticeable shift of the emission spectrum intgorption coefficient versus light wavelength at two temperatures, calculated
R . ; _ 4 -3 _ 4 3
the long-wavelength range. The inset to Fig. 7 shows thd" @ sample with N,=25x<10"cm™ and N;=5x10"cm * 1)
: T=4.2K,B=154T,E=3kV/cm;2) T=43K, B=2.3 T,E=3.5kV/cm.
spectral dependence of the gajncalculated for the same
values ofT, E, andB as those used in finding the emission
spectra(Fig. 7). It is evident that the maximum d§| shifts

slightly toward longer wavelengths &B increases. Most : i
likely, however, a more important cause of the shift of thependent States of the Former Soviet _Um(rRFFI—II_\lTAS
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Amplification of radiation in the far infrared range by hot holes in germanium in
crossed electric and magnetic fields
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The results of direct gain measurements are reported for the amplification of polarized and
unpolarized, long-wavelength, infrared radiation by hot holes in germanium in crossed electric and
magnetic fields in the Voigt and Faraday configurations. The experimental data are compared
with gain calculations. ©1997 American Institute of Physid§1063-78207)02811-]

INTRODUCTION these conditions the optical gain at low lattice temperatures,
when light absorption by lattice vibrations in multiphonon
Since 1982, when stimulated radiation in the far-infraredprocesses can be ignored, is
range was observed for the first time, studies of far-IR lasers
utilizing intersubband transitions of hot holes in germanium 9= @21 @indir » @

have been reported.in many pap(see Ref. 1 Interest in wherea,; is the absorptioffor a,,>0) or gain(for a,;<0)
such lasers and their applications have not waned in recep adiation in direct transitions between the light-hélld,
times among scientists either in Russia or elsewhere in thg, e 1) and heavy-holéHH, curve2) subbands, and;,g;
world. To date, however, the optical gaj has not been s the |ight absorption coefficient in indirect intrasubband
measured by direct means. Various authors’ calculatios of 4 intersubband hot-hole transitions involving acoustic and

for light wavelengths in the vicinity oh=100um in an  gptical phonons and impurities. The coefficients; and
electric fieldE=2 kV/cm and in a magnetic fielB=2T at a aingiy are functions off andB.

hole densityN,=10" cm~2 and at a temperaturé=20 K
give an approximate value of the amplification cross section
Oamp=09/Np=—(5-6)x 10 '® cn? (Ref. 1). The calculated
value o~ —2x10 ' cn? is given in Ref. 2. Only one
expenmental papérha; been pubhshe?%i.ln _th|s study the _ Germanium samples with hole densities
galn_has b_een determined e>_<per|me_ntally in the Faraday fle|R| ~25x10% cm 3 and 6x102 cm 3 were used. The
configuration §||B, where x is the light wave vectorfor P
samples with hole densitieN,~4.5x10cm™3 and
1.7x10" cm™3 at T=4.2 K, in this case from the transient-
rise kinetics of the intensity of stimulated emission. Accord-
ing to Ref. 3, the gain isg=-7.4x10 %cm™ ! at
E=1.2kV/cm andB=0.77T for the first density, and
g=—2.7x10 ?%cm ! at E=1.6 kV/cm andB=1.14T for

the second density(the corresponding amplification
cross  sections  are oumy~—1.64x10 °cn?  and
—1.59<10"'* c?). These values are lower than the Calcu'far-IR hot-hole laser emitting approximately at the wave-

lated re;ults. o ) ) . length \~92 um was transmitted through an iris with di-

A high emission intensity and broadening of the lasingyensions smaller than the area of the face on which the
range in the Voigt field configuratiomd B) relative to the 041 \as incident. This scheme prevented the measurement
Faraday configuration has been reported in Refs. 5-7. HOWst ¢ trom peing influenced by the geometrical dimensions of
ever, the optical gains have yet to be determined directly fof, ¢ cystal. To preclude the influence of multiple reflections
either configuration. _ _ and other undesirable effects, the faces through which the

_ The objective of the present study is to determine by, entered and exited the sample were out of parallel by
direct means(from the amplification of radiation in the as much as 3°. The intensifyof the radiation transmitted
far-IR range the optical gains of hot holes in germanium in through the sampléof thicknessL) was compared with the

fields EL B for the Voigt and Faraday geometries. intensity Jo of radiation transmitted through a thin, high-

A diagram of the hole transitions responsible for the am-.qistance germanium waféf thickness <L ). The inten-
plification of light is shown in Fig. 1. The population inver-

. . L _ Sity ratio is
sion of hot holes is possible in crossed electric and magnetic
fields within a bounded domain & andB (Ref. 1). Under JIJo~exp —gl). (2

SAMPLES AND EXPERIMENTAL PROCEDURE

shape and dimensions of the samples are shown in Fig. 1. In
the Voigt geometry the electric field was determined from
the voltage drop between probes in the middle of the sample.
The spacing of the probes was equal to 2 mm. The field in
the middle part of the sample, measured by this procedure,
was approximately 1.6 times lower than the rafith, where

U is the voltage applied to the sample. The electric field
pulse had a duratiodt=1.8 us.

The gain was measured as follows. The beam from a
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FIG. 1. @ Schematic diagram of hole transitions between subbands in light
amplification; ) shape and dimensions of the sample plus crystallographic

directions and field orientations in the Voigt and Faraday configurations. g5 o Gaing (absorption coefficient fog>0) of unpolarized radiation
versus electric field for a sample with hole dendity=2.5x 10" cm™2 at
T=4.2 K in the Faraday configuratio)) B=0.6T; 2) 1.5T; 3) 2T. Inset:
RESULTS AND DISCUSSION the same, but for a sample with hole dengity=6x 10" cm 2.
The experimental results in the form of the electric field
dependence of the gain at a wavelength ofu92 in the
Faraday and Voigt geometries are shown in Figs. 2—4. center of the LH paths lies inside the passive domain for LHs
The most notable observation is that the ratio of the(e2<epn), Whereas the center of the HH paths for the same
gains for two samples with different densities is approxi-ratio E/B=1.5-1.7kV/T-cm is situated close to the bound-
mately equal to the density ratidig. 2). For the Faraday ary between the passive and active domaips &) .
configuration withB= 2 T the amplification cross section at- Figure 5 shows the results of calculations of the function
tains valueso = —1.9x 10" cn? and —2x10 % cn?  9(E) (1). According to Refs. 9-11,
for samples having high and low densities, respectively. It is o2
evident from a comparison of'Flgs. 2. and 3 thf':\t the gain at aZl:—Zf le,Parl A f2(k) = f1(K)]
the maximum ofig| for the Voigt configuration is approxi- Mynw Jk
mately three times higher than for the Faraday configuration.
At B=yZ.3 T andE=394 kV/cm in the Voigt configurationy X dlz2(k) ~&(k) ~hw]dk, ®)
attains the value g=-0.12cm?! (or gamp= —4.8  wherem, is the free-electron mass,is the refractive index,
X 1016 cnr). f,(k) andf,(k) are the distribution functions of light holes
The ranges oE andB in which lasing is possible have and heavy holes with respect to the momeptafk [for
been determined previoudly for a sample with f,(k)>f;(k) we havea,;<0, and light amplification is also
Np~2.5x 10" cm™3. If we assume that lasing occurs for possibld, which we assume to be biased Boltzmann distri-
|g|>0.02 cmi %, the bounds of the functiog(E) for this  butions for simplification of the calculations,, is the unit
critical value ofg correlate with the lasing rangda direct  vector in the direction of the electric field of the electromag-
functional dependence does not exist, because the lasingetic wave, ang,; is the matrix element of the momentum
wavelength shifts slightly a& andB are variedl The maxi-  operator. The drift velocities, temperatures, and densities of
mum of the|g(E)| curve shifts toward higher values Bfas  heavy and light holes in the fieldSL B can be determined
B is increased, consistent with the calculated behavior. Th&om the balance equations for the momentum, power, and
ratio E/B is approximately equal to 1.5-1.7 k\V/@m at the  number of particlegsee Ref. 8 for a more detailed discus-
maximum. This means that in fieldsL B with w,B/c>1 sion).
(5 is the LH mobility) the radius vector of the center of the The absorption coefficient;,q; for indirect transitions is
LH cyclotron pathgg,=m,CcE/B is 0.7-0.8 times the quan- determined using the second approximation of perturbation
tity pos/2 (poy is the LH momentum corresponding to the theory. Scattering by acoustic and optical phonons and im-
optical phonon energy p,= p§2/2m2). Consequently, the purities is taken into account. The results of calculationg of

1281 Semiconductors 31 (12), December 1997 Vorob'ev et al. 1281



a0l o0z}
ot
0
'g =002t
M S
'g -00 »
< R
-0.04}
-0.08 5
-0.06}
| i 1 1 i 1 L |
0 1 2 3 4
012 E,kV/cm
1 " 1 1 | S 1 A
0 1 2 J FIG. 4. The same as Fig. 3, but for the light polarizategE. Inset:
£, kv/em intensity ratio of the laser beam versus magnetic field in the Voigt configu-

ration for two polarizationsJ; (e,[|B) andJ, (e,|E), E=2.5 kVv/cm.
FIG. 3. Gaing (absorption coefficient fog>0) of polarized radiation
(e,|B) versus electric field for a sample with hole density
Np=2.5x10" cm™® at T=4.2K in the Voigt configurationl) B=0.6T;  w,, depends on the direction &f, relative to the directions
9 15T: 3 2T. of E andB. An expression for the HH and LH drift momenta
Pgi is given in Ref. 8. Moreover, for light-absorption pro-
cesses involving phonons and impurities the main contribu-
without anisotropy of the HH and LH distribution functions tion is from intraband HH transitions. In this case
in an electric field are shown in Fig. 5. The points representsy;,q,~[ e, - (ki—ko) ]2, wherek, andk; are the initial and
the results of calculations according to E8), with f;(&) final hole states. After the emission of an optical phonon we
andf,(e) determined experimentally. We note good agree-havek;~0 and aj,g,~€,- Ko, Wherefiky~po; (Po; is the
ment between the values ef,; determined using the pa- HH momentum corresponding to the optical phonon energy
tently crude approximation by a biased Boltzmann distribu-In the case of almost-collisionless motion of HHs in the pas-
tion function and the value obtained from the experimentallysive domain in fieldsEL B the wave vectok, is almost
determined LH and HH distribution functions. parallel toE, so that the absorption must be acutely aniso-
The calculatedy(E) curve is similar in form to the ex- tropic: fore, L kq (or in the Voigt geometrye,||B) the coef-
perimentally determined plot. The decreas¢ghfor largeE  ficient a;nq, must be smaller than fa ||k, (or e ||E). Simi-
is attributable to the increase ing; primarily due to intra-  lar anisotropy of light absorption by heavy holes in indirect
band HH transitions with the emission of optical phonons.transitions has been mentioned previoudsiyn our samples
For this kind of light absorption the coefficient with impurity concentrationdN;=N,+Np~5x 10" cm 3
@ingir~ €XP{—(gpn— hv) kg T1} and increases rapidly with the (N, and N, are the densities of donors and accepttne
temperaturel ;, sincekgT,<gyy, in the pertinent ranges of motion of HHs in the passive domain is not collisionless.
the fieldsE andB (Ref. 8. In the low-field rangeg| is small  According to experimental dat&*however, the anisotropy
by virtue of insufficient hole population inversiofie., a  of the HH distribution function is quite pronounced.
small value of| ay,|). The results of calculations @f(hv), with allowance for
It follows from a comparison of the data in Figs. 3 and 4the anisotropy of the LH and HH distribution functions, are
that the gain depends on the light polarization. The probabilshown in Fig. 6. It is evident that the main factor contribut-
ity of direct 2— 1 transitions isv,;~sir?(k -e,) (Ref. 10.  ing to the anisotropy ofy in the long-wavelength range is
Consequently, if the HH and LH distribution functions are anisotropy of the light absorption coefficieat,y;, for indi-
anisotropic(the hole drift velocity is comparable with the rect transitions. Our calculations with simplified HH and LH
thermal velocity in a strong field at low temperatyregben  distribution functions yield approximately the same results as

1282 Semiconductors 31 (12), December 1997 Vorob’ev et al. 1282



0.2+
- e
o1+
-
; L
£ o
& L
-1 °
o
-02 | NN O NN TS VNN TN SN B
7 2 J 4 5
E, kv/cm L
03l b e 0 boao oo Lo ao g o
FIG. 5. Gaing (absorption coefficient fog>0) of unpolarized radiation 5 10 1) 20 a5
having a wavelengti.~100um versus electric field. The solid curve is hv,meV
calculated for T=42.K, Np=2.5x10" cm 3,

N,=N,+Np=5%10" cm 3, andB=2.2 T. The dots represent the values FIG. 6. Gaina,, (absorption coefficient forr,,>0) of polarized light in

of g obtained using experimentally determined heavy-hole and light-holedirect hole transitions, absorption coefficiemfq; in indirect transitions,

distribution functions. and gaing= a,;+ aingir (@bsorption coefficient fog>0) versus photon en-
ergy. The calculations have been carried out far=4.2K,
Np=2.5x10"cm™3,  N;=Na+Np=5x10%cm™3 B=22T, and
E=3.3 kV/cm. The solid curves corresponddg)|B, the dashed curves to

calculations using anisotropic distribution functions found bye.l|E, and the dot-dash curves &)[ExB].

the Monte Carlo methotf

It follows from the experimental daidigs. 3 and #and

from the calculationgFig. 6) that the optical gairg for light has been investigated earfi@nd is not the object of the present investi-

with a wavelength in the vicinity ok =100 um in the Voigt gation.

configuration with the polarizatioe,|B is higher than for

the polarizatione,||E. Consequently, the intensity of emis- | . .
. . . . . Opt. Quantum Electror23(2) (1991 (Special Issue on Far-Infrared Semi-
sion of light with the two polarizations should be expected to .~ Lase)s

differ, as has indeed been confirmed experimentage the  2Rr. c. strijbos, J. G. S. Lok, and W. T. Wenkenbach, J. Phys.: Condens.
inset to Fig. 4. In contrast with Ref. 6, for our samples in _Matter6, 7461(1994.

3 . .
he Voi nfiquration the intensitv rati ween the two .S Komiyama and S. Kuroda, Solid State Commb®,. 167 (1986.
the Voigt configuration the intensity ratio between the two 4Yu. B. Vasil'ev and Yu. L. Ivanov, Pis'ma zh. Tekh. Fit2, 250(1986

light polarization is greater than unity for all magnetic fields. [go, Tech. phys. Lett2, 103(1986].
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