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The kinetics of the variation of the electron concentration in electron-irradidted3Q0 K,

E=6MeV, ®<7.1x10Y cm ?) n-Pb,_,SnSe x=0.2 and 0.25alloys in the vicinity of the
metal-insulator transition induced by electron irradiation are investigated. The principal

parameters of the energy spectrum of the irradiated alloys are determined by comparing the
experimental and theoretical dependences of the electron concentration on fluence. It is shown that
agreement between the theoretical and experimental data is possible only under the

assumption that the defect production rate decreases with increasing fluence, and a model, within
which the main defect formation mechanism in the alloys investigated is the formation of
complexes of primary radiation defects with structural defects typical of the as-grown crystals, is
proposed. ©1998 American Institute of Physids$1063-782808)00112-4

INTRODUCTION ture in an EU-6 electron acceleratorf(=6 MeV, ®<7.1
7 —2 ..
It has been reported that the electron irradiation of* 10" cm™?). The temperature dependences of the resistiv-

Pb,_,SnSe alloys leads to the appearance of a broad bany p and the Hall coefficientRy (4.2<T<300 K,
of acceptorlike radiation defects Bt in the energy spectrum B=<0.04T), as well as the field dependences of the Hall
of these alloyd? The positionE, of the middle of the coefficient and the Shubnikov—de Haas effecfTat4.2 K
radiation-defect band relative to the top of the valence ban&Bll{100, B<7T), were investigated before irradiation and

(theL, term) varies with increasing tin concentration in the &t several fluences for each sample.
alloy according to an essentially linear la;=Lg + (87 The results of the measurementsTat 4.2 K were used

—250-x) meV. Therefore, in alloys with an inverse spec- to calculate the free-electron concentration and to construct
trum (0.19<x<0.35) the middle of the bar, is located in plots of the dependence of the electron concentration in the

the band gap, and the production of radiation defects durinjradiated crystals on fluence.
the irradiation ofn-type alloys causes the overflow of elec-
trons from the conduction band into the radiation-defectz. DEPENDENCE OF THE ELECTRON CONCENTRATION ON
bandE, (Fig. 1), a decrease in the free-electron concentraFLUENCE
tion, and a metal-insulator transition under the effects of . . L
. . oa Monotonic increases in the resistivity and the absolute
irradiation” - RN .
. . L N value of the Hall coefficient, which indicate a decrease in the
Under these conditions an investigation of the kinetics of

. . S .. _electron concentration in the conduction band of the alloy,
the variation of the electron concentration during |rrad|at|onWere observed for all the-Pb,_ Sn.Se samples during ir-
in the vicinity of the irradiation-induced metal-insulator tran- —x>'k b 9

. ) L o radiation (Fig. 2). Distinctive oscillations of the transverse
sition permits the determination of the radiation-defect pro- ~ .~ " . . ; ) :
. X . . resistivity, which attest to the highly uniform introduction of
duction rate and provides information on the parameters of "~ . - = .
radiation defects during irradiation, were observed in the

the model of the energy spectrum of irradiated alloys and the : :
. . amples investigated at all values of the fluence. The electron
microscopic structure of the defects. Therefore, the genera

goal of the present work was to investigate the influence O{:oncentra\tions calculated from the absolute value of the Hall
electron irradiation on the electron concentrationnitype Coefficient and the period of the Shubnikov—de Haas oscil-

i = i i ithin+ 590
alloys with an inverse spectrunx£0.20 and 0.2bfor the lations atT=4.2 K coincided to _W'th”?—5 . .
. In n-Pb, _,Sn.Se x=0.25), in which the middle of the
purpose of determining the parameters of the defect- . . . .

. o .. radiation-defect ban#, is located in the band gap near the
formation model and ascertaining the nature of the rad|at|ort10 of the valence bantl- . electron irradiation leads to a
defects in the alloys investigated. P . 6 . .

decrease in the electron concentration and a metal-insulator
transition at a certain fluenc®* ~8x 10 cm 2. At the
same time, in the alloys witk=0.2 the rate of variation of
Single-crystal samples of Pb,SnSe, whose param- the electron concentration decreases appreciably with in-

eters are listed in Table |, were irradiated at room temperaereasing fluence, and the metal-insulator transition is not de-

1. MEASUREMENT METHOD AND SAMPLES
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FIG. 1. Energy spectrum of electron-irradiated, Pn,Se alloys with an L4
inverse spectrum. o

tected in the range of fluences investigated. With consider-
ation of the energy diagram shown in Fig. 1, it can be <I)-10']7 cm'2

assumed that the radiation-defect band in RBnSe '

=0.2), which is located in the band gap near the bottom ofiG. 2. Dependence of the electron concentrationniPb,_,SnSe
the conduction band_* , has a substantial width and =0.25and 0.2at T=4.2 K on fluence. Solid lines — calculation with the
strongly overlaps the conduction band, forming a single ban@arameters listed in Table Il. Samplds— W-6, 2 — W-14,3 — W-4.

of allowed states. Just this circumstance, as well as the high

initial electron concentrations in the samples, probably pre-

cluded reaching the metal-insulator transition during irradia- | the first stage of the calculations it was also assumed
tion in the range of fluences investigated. ~ that the radiation-defect production rad®,/d® does not

~ To determine the defect production rate during irradia-gepend on fluence, that the total capacity of the radiation-
tion, as well as the parameters of the radiation-defect band ijefect band depends linearlly on fluence, i.e.,
the alloys investigated, the dependence of the electron cory, — ¢ (dN, /dd), and that the density-of-states function in

centration atTf 4..2 K on flugnce was calculated in the {he radiation-defect bang,(E) can be approximated by a
present work within the previously proposed model of theggyssian curve:

energy spectrum of an alldyit was assumed in performing
the calculations that the sum of the electron concentrations in N, (E—E,)?
the conduction band(®) and in the radiation-defect band a(E)= 2n ex;{ - 5
L L o o2 20
n,(®) during irradiation is equal to the initial electron con-
centration in the sampley: whereo is the width of the radiation-defect band.
e The preliminary calculations showed that variation of
No=n(P)+ny(P), nt((D):f 0i(E) dE, (1)  the model parameters\g, dN,/d®, E;, and o) does not
- permit achieving satisfactory agreement between the theoret-
whereg,(E) is the density-of-states function in the radiation- ical and experimentah(®) curves for the samples with
defect band, ané is the Fermi energy, which was calcu- X=0.2. In addition, an independent determination of the nu-
lated within Dimmock’s modélwith the dispersion-law pa- Merical values of all the parameters of the radiation-defect
rameters given in Ref. 5. band in Ph_,SnSe x=0.2 and 0.2bturned out to be ex-
tremely difficult because of the low sensitivity of the depen-
dence of the electron concentration on fluence to the param-
TABLE |. Parameters of the Rb,SnSe samples investigated at etersk; and o. Therefore, when the results of calculations
T=42K and experimental data were compared, the position of the
middle of the radiation-defect bari] relative to the bottom

, @

p-104, Ry, N-10Y,  uy-1075

Sample x  Type Q-cm  cnf/C em 3 JRE of the conduction was calculated in accordance with the
formuld E;=Lg +(87—250)-x meV, the -characteristic
w"l“l g'g " j-g g? gg'; 8-822 value of the resonance band width (o~18 meV) for
W-3 095 n 176 13.4 47 0.076 electron-irradiated Bh,SnSe alloys (0.0%¥x<0.34) was
W-6 025 n 13.9 15.4 41 0.111 taken, and only the defect production rath,/d® and the

initial electron concentration, were varied.
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TABLE II. Parameters of the defect formation model for electron-irradiated 1 020
Pb,_,SnSe alloys withN,=®-dN,/d®d.

E.—E, o, No, dN,/d®d,
No. Sample X meV meV cm® cmt
1 W-6 0.25 60 18 483107 6.0
2 W-14  0.20 6 18 28101 6.0 1 019
3 W-4 0.20 6 18 2.6010% 6.0

The theoretical plots afi(®) thus obtained are depicted
by the solid lines in Fig. 2, and the parameters of the model (E) 18
for each of the samples investigated are listed in Table Il. =10
The defect production rate during irradiation was the same
for all the samples, but while the agreement between theory
and experiment can be considered satisfactory for the sample
with x=0.25, the theoreticah(®) curves for the samples
with x=0.2 deviate significantly from the experimental 17
points at low fluences and suggest the existence of a transi- 10k
tion to the insulator state in the range of fluences investi-
gated.

3. MODEL OF DEFECT FORMATION DURING ELECTRON
IRRADIATION 10

16 — .
. . . . 2 4 8

An analysis of the theoretical(®) curves with varia- 0 6

tion of the model parameters showed that the theoretical and d .10‘17 cm‘2

experimental data can be reconciled only if it is assumed that ’

the radiation-defect production rate decreases with increasingG. 3. Dependence of the electron concentrationni®b,_,SnSe

fluence. =0.25 and 0.2 and in antimony-doped G2 (insed on electron flux.
The phenomenon of a decrease in the defect production?™Plest — W-6,2— W-14,3 — W-4.

rate during electron angt irradiation is well known in clas-

sical Ge and Si semiconductors and is associated with the

formation of complexes of the primary radiation defesta- dn/d® = —K exg( — K- ®/ny), (5)
cancie$ with impurity atoms in them. For example, in ger-
manium doped with group-V impurities the formation of ra-  Npy(®)=Np(1—exp —K-®/Np)), (6)

diation defects during’ and electron irradiation is described dNpy /dd =K exg — K - ®/Np), @
as a consecutive-parallel reaction of vacanch} \{ith do-
nor impurity atoms D) and dono#vacancy complexes WwhereK is the initial rate of decrease in the electron concen-

(DV):6-10 tration (the initial defect production rateNp is the concen-
Ky K, tration of donors, andpy is the concentration ddV com-
D+V—DV, DV+V—-DVYV, (3)  Pplexes.

. Plotting the experimental data for the electron concen-
whereK; andK, are the rate constants of the reactions €4 ation in electron-irradiated samples of PESnSe (x
sulting in the formation of donarvacancy and donor P =Rk

. ) =0.2 and 0.2b in logarithmic coordinates gave curves,
+2 vacancies complexes, respectively. - : i
In this caseK.>K. and the accumulation of electri- whose initial segments, where the Fermi level is still fairly
cally neutral DV lcompzjllexes is dominant at firgbefore high in the conduction bantFig. 1), are described well by
n—p conversio As the fluence is increased further, the straight linegFig. 3). Just as in the case of germanium doped

concentration oDV complexes as the intermediate roductby group-V donors, the slope of the straight lines increases
P ) pre with decreasing initial electron concentrations in the sample,
decreases, and the concentration @YV complexes in-

L in correspondence to the approximately identical initial rates
creases and tends to a limiting value equal to the concentra, . . o .
. . . L . of decrease in the electron concentration during irradiation
tion of the donor impurity. In the initial stage the dominant

. : . 4 for all th mples. Th Vi imilarity amon

defect formation mechanism is the formation @¥ com- or all the samples. The obvious similarity among ﬂ(@). .
lexes. At this point the defect production rate decrease§. . shown in Fig. 3 allows us to presume that the princi-
b ' P P al defect formation mechanism in PRSn Se alloys is the

with increasing fluence as a resuit of the decrease in th ormation of complexes of the primary radiation defects with

gg:gg:::Zt:8:nc()zbt)el%Icetgfs;;/ezcg\éio?gaorst,oa::r(\j g)‘(e :rl]z(:trigﬁhe structural defects characteristic of the unirradiated crys-
9 P tals. This circumstance allows us to calculate tn@Db)

law (see the inset in Fig.)3 curves using dependences of the radiation-defect density and
n(®)=ngexp —K-®/ny), (4) production rate on fluence in forms similar @) and (7):
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3 .

In conclusion, we note that the concrete microscopic
structure of the complexes formed during electron irradiation
of the Pl _,SnSe alloys investigated is still not clear. How-
ever, taking into account that electron irradiation leads to the
formation of an unfilled radiation-defect band Bt and a
decrease in the free-electron concentration with a high initial
ratedn/d®~10 cmi !, we can assume that the complexes
have an acceptor character and contain selenium vacancies
(in the free state a selenium vacancy is a source of two elec-
trons. The analogs of the donor impurity atoms in Ge in the
case of undoped Rb,SnSe alloys can include any struc-
tural defects, i.e., atoms of an unmonitored impurtyr
example, oxygen dislocations, and even vacancies which
existed in the as-grown unirradiated crystals.

CONCLUSION

Thus, a decrease in the defect production rate with in-
creasing fluence has been discovered in the present work
during the high-dose electron irradiation nfPb;, _,Sn,Se
(x=0.2 and 0.25 The experimental plots of the electron
concentration in the alloys investigated as a function of flu-

00 . 2 . 4 . 6 . 8 ence have been compared with the theoretical curves within
17 2 a model of the energy spectrum of electron-irradiated
®©-107, cm Pb,_,SnSe alloys, and the principal parameters of the

G, 4. D J  the elect tratiomiPh,_SnSe model have been determined. A model of defect formation
. 4. ependence O e electron concentrationnt _yonoe . . P .
=0.25 and 0.2at T=4.2 K on fluence. Solid lines — calculation with the durmg_the electron irradiation Of_a"oys’ W.hIC.h presumes t,he
parameters listed in Table I1l. Samplési— W-6, 2 — W-14, 3 — W-4. formation of complexes of the primary radiation defects with
structural defects characteristic of the as-grown unirradiated
crystals, has been proposed.
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N¢(P)=Ngy(1—exp(—K-P/Ng)), (8)  investigated with fast electrons.
This work was financially supported by the Russian
dN;/d® =K exp(—K-P/Ny), 9
t W o) © Fund for Fundamental Resear¢Brants 96-02-18325 and
whereNy is the concentration of the structural defects char-96-15-96500.
acteristic of the as-grown crystals aKdis the initial defect | _ _ _
- E. P. Skipetrov, V. P. Dubkov, and B. B. Kovalev, Semicond. Sci. Tech-
production rate. nol. 4, 831 (1989
Variation of the parameteiis andNy enabled us to ob- 2y, B Brandt and E. P. Skipetrov, Fiz. Nizk. Tenf2, 870(1996 [Low
tain satisfactory agreement between theory and experimen3tTemp. Phys22, 665(1996].
within the model of the energy spectrum of ;PhSnSe 45-5- S_'('Pe”ol‘(’v _S%:d gthat‘% COTTSL@Q 1(15|3(19%9N o Sermi
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The properties of silicon structures with silicon carbi@C) buried layers produced by high-

dose carbon implantation followed by a high-temperature anneal are investigated by

Raman and infrared spectroscopy. The influence of the coimplantation of oxygen on the features
of SiC buried layer formation is also studied. It is shown that in identical implantation and
post-implantation annealing regimes a SiC buried layer forms more efficiently in CZ Si wafers or
in Si (CZ or F2) subjected to the coimplantation of oxygen. Thus, oxygen promotes SiC

layer formation as a result of the formation of Sifrecipitates and accommodation of the volume
change in the region where the SiC phase forms. Carbon segregation and the formation of

an amorphous carbon film on the SiC grain boundaries are also discoveretR9®American
Institute of Physicg.S1063-782608)00212-9

1. INTRODUCTION the substrate orientation on the properties of the layer
obtainec?®

Silicon carbide(SiC) is unquestionably one of the most We previously demonstrated the significant stimulating
promising materials in modern electronics. Silicon carbide iseffect of impurity carbon on the formation of a Si®uried
a wide-gap semiconductdits gap width varies from 2.3 to layer in silicon'? Conversely, oxygen influences the forma-
3.3 eV, depending on polytypend exhibits high thermal, tion of SiC layers’
radiation, and chemical stability? Along with the possibil- In this context the purpose of the present work was to
ity of altering the type of conduction and the mobility of its investigate the influence of oxygen on SiC buried layer for-
charge carriers, these properties determine the areas for theation in silicon during high-dose carbon implantation as a
practical application of SiC: from light-emitting diodes to function of the postimplantation annealing conditions.
high-temperature high-speed transistors.

One promising method for synthesizing SiC is the high-
dose implantation of oxygen ions in silic6f° Along with a 2. EXPERIMENT
low degree of contamination and comparatively low synthe- _ )
sis temperatures, this method makes it possible to create a_ WWafers ofp-Si(100 grown by the float-zone technique

SiC layer at a required depth by varying the energy of the_(l_':hZ Si and Czochralski sil_icorsCZ Si wereFigvg_stiggtt(a:dz. <
implanted ions. Silicon structures with a SiC buried layer € oxygen concentration in the as-grown ran :

6 7 —3 i i
formed by ion implantation can serve as S@llicon-on- wafers was< 10" and 6< 10" cm™, respectively. The Si

) . - wafers were implanted by 125 keV'Cions at a dose of
insulatop structures, which have definite advantages over th%, 3% 107 om-2. The ion-beam current densitv did not ex-
conventional structures with a Sj®uried layer obtained by ' y

) ) : ceed 2uA/cm?. During implantation, the wafers were addi-
SIMOX (separation by implanted oxygeff The primary ionally heated on their rear side to 500 °C by halogen lamps.

advantages are the significantly higher radiation stability aniome wafers were coimplanted by 150 keV' @ns at a
thermal conductivity of a SiC buried layer, which enabledOse of 2< 10 cm~2. After implantation, the wafers were

devices to function under more severe conditions. The ProMs hiected to a high-temperature anneal at 1180 or 1250°C
ising nature of the use of SiC layers in Si formed by 0Ny 4 h in anargon atmosphere.

implantation as substrates for the subsequent deposition of The infrared(IR) absorption spectra were measured on
SIC epitaxial films or diamondlike films has been reported inan |FS-113v Fourier spectrometer with a spectral resolution
several publication$* On the other hand, a SiC buried of 2 cmi 1. The Raman spectra were measured using an au-
layer obtained under definite conditions can serve as a St%,mated system based on a DFS-24 spectrometer. A cooled
layer for the etching of silicon in a technology used to pro-FEU-136 photomultiplier operating in the photon-counting
duce various sensofs. mode served as the detector. The spectra were excited by an
Most of the studies devoted to the investigation of theargon laser X =474.4, 487.9, 496.5, and 514.5 hnTo

ion-beam synthesis of SiC buried layers focused on the inavoid heating the sample during the recording of the Raman
fluence of the implantation and postimplantation annealingpectra, the laser radiation was focused on the sample by a
temperatures, the energy and dose of the implanted ions, amglindrical lens, and the total power of the exciting radiation

1063-7826/98/32(12)/5/$15.00 1261 © 1998 American Institute of Physics
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a content of the crystalline phase of SiC is also increased. In
fact, decomposition of the band at 800 ¢hinto two el-
ementary bands corresponding to SiC in the amorphous and
crystalline state'S gives the following values for the ratio
between the integrated intensities of the “amorphous” and
“crystalline” bands: |,/1,=2.9 for CZ Si and 5.13 for
FZ Si, respectively.

The results obtained can be interpreted within the fol-
lowing model. It is known that the synthesis of SiC layers in
a Si matrix should be accompanied by a considerable de-

, ! crease in the crystal volume in the region where the SiC
7400 1200Waue ,,L”,,‘f,’,e, . mff’,o 500 phase formsgby 48%.” On the other hand, the formation of
precipitates or a phase of SiGn Si is accompanied by an
increase in the crystal volunté For example, in the case of
the formation of a continuous SjMuried layer, the volume
should increase by 2.25 fofet* Clearly, when another phase
forms in Si, processes which permit minimization of the free
energy of the system are thermodynamically more advanta-
geous. When SiC buried layers are synthesized in Si, this
situation is realized for CZ Si wafers containing a large
quantity of oxygen in the as-grown state. During the implan-
tation and annealing of the CZ Si wafers, the Sitecipi-
tates forming in the region for formation of the SiC phase

S
>
T

cz
—== FZ

S
+*
1

e
oo
T

e e e = -

IR absorbabee , ard. units

0.9 b

|—(Z,C+0 . .
02r___ FZ.C+0 permit accommodation of the volume change and a decrease
' . , in the free energy of the system. More efficient formation of
0700 1200 w00 400 600 %00 9y y

the SiC phase occurs as a result. In this case, the interstitial
silicon atoms (S) produced upon replacement of a Si unit
FIG. 1. IR absorption spectra of FZ 8l) and CZ Si(2) wafers a — after cell by aﬂ-SiC unit celf” interact with oxygen atoms in the
C" implantation without annealind — after implantation by € ions and f | ted to f . initat Duri th
coimplantation by C and O" ions followed by annealing &= 1250 °C. ree .VO ume (.:rea ed 1o torm .S;(Cpre.upl ates. u.”ng. ) e
postimplantation anneal, the dimensions of the,Jicipi-
tates increase, and the excess oxygen is pushed out onto the
did not exceed 100 mW. All the measurements were perboundaries of the SiC layer formé&dhis model is supported

Waye number, cm™"

formed at room temperature. by the fact the formation of a SiC phase is more efficient in
oxygen-containing silicon already immediately after implan-
3. RESULTS AND DISCUSSION tation (Fig. 18. We note that since a SiC buried layer also

Figure 1a presents the IR absorption spectra of FZ Si anfP™™$ in oxygen-free silicon, the model proposed in Refs. 6
CZ Si wafers after the implantation of carbon atoms. The cZ2nd 7 is most likely operating in this case. In this model, as
Si samples display three characteristic bands at 600, 800, agesult of_ the interaction of interstitial Si atoms Wlth arriving
1100 cmL. The band at 600 cft corresponds to vibrations C atoms in the free volume formed, one Si unit cell is re-
of Si—C bonds, whose carbon atom is found in a substituP'aced by twoB-SiC cells. As a result, the changecreasg
tional position in the silicon lattice. The band at 1100dm in volume should amount to only 3.25%. _
is characteristic of oxygen-containing Si and corresponds to  he contributions of the mechanisms described above to
vibrations of $-O—-Si bonds. The presence of the band atthe formation of a SiC phase should depend significantly on
800 cni %, which is characteristic of Si—C bonds in the sili- the oxygen concentration and should be controlled by the
con carbide lattice, attests to the formation of a SiC buried€lation between the diffusion coefficients or oxygen and
layer right in the implantation process. We note that thecarbon and the critical radii of the Sj@nd SiC precipitates.
spectrum of an implanted FZ Si wafer is similar as a whole  In order to test the proposed model, experiments were
to the one just described, but the band at 1100tis es- carried out to study the influence of the coimplantation of
sentially absent due to the low concentration of oxygen iroxygen(before annealingon the efficiency of the formation
the as-grown wafer. In addition, the intensity of the band a©f a SiC phase in FZ Si and CZ Si wafers.
800 cm ! is smaller than for CZ Si. The IR absorption spectra of structures annealed at

Annealing the implanted structures Bt 1250 °C leads T=1250 °C after the coimplantation of oxygen are shown in
to a sharp increase in the intensity and narrowing of the banffig. 1b. As we see, there are essentially no differences in the
at 800 cm'!, attesting to an increase in the content of theshape, width, and intensity of the band at 800 ¢nfor
SiC phase and its crystallizatiofirig. 1b. More efficient CZ Si and FZ Si wafers in this case, and the parameters of
formation of the SiC phase takes place in the CZ Si wafersthe band at 800 ciit are close to the corresponding values
as is manifested by the significant increase in absorption dbr CZ Si wafers without the coimplantation of oxygéfig.
800 cmi ! in comparison to the FZ Si wafers. The relative 1b). Thus, the coimplantation of Dions stimulates the for-
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FIG. 2. Raman spectra of CZ &i) and FZ Si(b) wafers:1 — as-grown sample® — after implantation of C ions,3 — after implantation of C ions and
annealing aff = 1250°C, 4 — after coimplantation of € and O" and annealing af=1250 °C.

mation of a SiC phase in FZ Si wafers, in support of theing and reverse displacement of the band under discussion in
model proposed above. the Raman spectruifturves3). As a whole, the form of the

It is noteworthy that no changes were observed in the IRRaman spectra for the as-grown, implanted, and annealed
transmission spectra of FZ Si wafers after the coimplantatiosamples of FZ Si and CZ Si is similar. The only differences
of oxygen and an anneal @=1180°C. Thus, the postim- are the small red shift of the band for FZ Si and the blue shift
plantation anneal temperature is the most important paranfer CZ Si relative to the original spectrum. These shifts are
eter determining the kinetics of SiC buried layer formation.evidence of the presence of tensile stresses in an FZ Si wafer
The dimensions of the Si(precipitates are clearly small for and compressive stresses in a CZ Si wafer after SiC buried
lower anneal temperaturdsand do not permit compensation layer formation. These findings can be explained in the
of the volume change in the region where the SiC phaséollowing manner on the basis of the model proposed above.
forms. In an FZ Si wafer tensile stresses appear in the SiC layer

An important characteristic of silicon structures with SiC itself as a result of the decrease in volume in the region
buried layers is the presence of internal mechanical stresseghere the SiC phase forms. As a result, the near-surface Si
in them. An investigation of these stresses, especially theioverlayer is also subjected to tensile stresses. In CZ Si wa-
spatial distribution, can provide important information for fers the formation of SiQ precipitates in the region where
understanding the mechanisms underlying SiC buried layethe SiC phase forms leads to overcompensation of the tensile
formation. A picture of the processes leading to structurabktresses and the appearance of compressive stresses in both
reorganization in the buried layer can be derived from thahe SiC layer and in the near-surface Si layer. This conclu-
magnitude and sign of the mechanical stresses. We investsion is supported by the results of investigations of the spa-
gated the distribution of the mechanical stresses in structurdml (with respect to depth in the sampldistribution of the
with a SiC buried layer using Raman scattering. Figure 2mechanical stresses. In this case the Raman spectra of struc-
presents the Raman spectra of as-grown samples of FZ 8ires subjected to implantation and annealing were measured
and CZ Si, as well as structures subjected to implantation byith excitation by laser radiation at a different wavelength.
C" ions and a high-temperature postimplantation annealThe thickness of the layer tested as a function of the absorp-
The spectra of the as-grown samplesirves 1) exhibit a  tion coefficient of Si wasl« 1/2«, wherea is the absorption
band at~522 cm !, which is typical of Si and corresponds coefficient for the exciting radiation. The magnitude and sign
to scattering by long-wavelength Brillouin-zone-center opti-of the mechanical stresses were estimated from the shift of
cal phonons. A red shift and broadening of this band arghe band at 522 cm' using the known formufa
observed after implantation as a result of structural disorder- _
ing (curves2). The postimplantation anneal, which partially o [Pd=-249<10A, @
restores the structure of the implanted layer, leads to narrowwhereA v is the shift of the Raman band in ¢rh
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FIG. 4. Spectra of structures with a SiC layer after removal of the near-
~1.0 surface Si film:1 — FZ Si, 2 — CZ Si.
-1.5F that the implantation and annealing regimes which we em-
ployed correspond completely to the conditions for the for-

- n n . mation of an effective SiC stop layer during the etching of
0 <0 200 d,nm‘mo 350 silicon® Thus, the signal observed at 770—780 ¢nwas
produced by a silicon carbide layer and corresponds to TO
FIG. 3. Spatial distribution of mechanical stres§§s in structures with a Sicphonon§6'l7 The bands in the Raman spectra of the CZ Si
B e 7 o P! 52~ and FZ Si samples are ai772 and-~774 o *, respec-
tively. The Raman spectra were not investigated in the re-
gion of SiC LO phonons (965-975 ¢ih) because of the
juxtaposition of a second-order Si scattering band. As can be
The results obtained are presented in Fig. 3. It is seeseen from the spectra in Fig. 4, the wave numbers of the
that compressive stresses are observed for the CZ Si waf@®aman bands are considerably lower than the values for the
with a SiC buried layer over essentially the entire regionTO phonon in the spectrum ofG3SiC (796 cm !, Refs. 16
tested down tal~350 nm. At the same time, the stresses inand 17 and approximate the position of one of the TO peaks
the FZ Si wafer are tensile and increase sharply as we apin the Raman spectrum ofH6-Si.!® At the same time, the
proach the region where the SiC layer forms. We note thapeaks that we observed cannot be assignedt<s8C for the
the mean projected range and rms straggling of carbon atonisllowing reasons. For one thing, according to the x-ray dif-
in silicon at the implantation energy used are 330 and 70 nniraction data, the SiC layer that we synthesized had a micro-
respectively. crystalline structure and consisted gfSiC grains. In addi-
As was noted above, the coimplantation df @nsinan tion, according to the data in Ref. 6, inclusions or
FZ Si wafer before the high-temperature anneal stimulateprecipitates of 61-SiC can form in a structure with a SiC
the formation of a SiC phas@ig. 1b. In this case the Ra- buried layer only in the near-surface Si layer. As we have
man spectrungFig. 2b, curved) and the spatial distribution already noted, this layer was removed in a polishing etch, as
of the mechanical stresses in such a structure become similaras confirmed by the results of an Auger analygikich are
to those observed for CZ $Fig. 3, curve?). The precipita- not presented
tion of implanted oxygen in the regions for nucleation and  In our opinion, the observed red shift of the band corre-
growth of the SiC layer, which leads to overcompensation osponding to the3-SiC TO phonon can be explained in the
the tensile stresses and the appearance of compressii@lowing manner. According to data from transmission elec-
stresses, clearly also takes place here. tron microscopy, the microcrystallites in the SiC layer that
It should be noted that the Raman spectra of the samplese synthesized measuredl0—20 nm. When SiC particles
of both types(both CZ Si and FZ Sirecorded after the are of such size, the band at 796 chrundergoes a consid-
implantation of C ions and after annealing did not contain erable red shift’ Sasakiet al}” explained this shift within a
the bands at 760—800 and 965—975 ¢rmwhich correspond  model that takes into account the structural imperfection of
to scattering by TO and LO phonons in Si€" This is due  the near-surface layer of small SiC particles, which leads to
primarily to the substantial absorption of the laser radiation‘softening” of the TO phonon. In our opinion, the observed
in the near-surface Si layer. In addition, the small cross seaed shift of the band being analyzed can also be associated
tion for scattering by phonons in SiC should be taken intowith the presence of considerable mechanical stresses on a
account. After removal of the near-surface Si layer in a pol-SiC-microcrystallite/carbon-film interface. The formation of
ishing etch, the Raman spectra of @nplanted and an- an amorphous carbon film on the grain boundaries in the SiC
nealed samples of CZ Si and FZ Si displayed a clearly exlayer is evidenced by the Raman spectra measured in the
pressed band in the range 770—780 ¢rtFig. 4). We stress  range 1300— 1550 cnt, which are shown in Fig. 5. We note
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4. CONCLUSION
1.0
1. During the ion-beam synthesis of SiC buried layers in
08 Si, oxygen promotes formation of the SiC phase as a result
B of the formation of SiQ precipitates and accommodation of
B06 ) .
<O the free volume created. Overcompensation of the tensile
& mechanical stresses and the appearance of compressive
~0.4 stresses in the near-surface silicon layer are observed during
- .
g this process.
&0.2 2. The coimplantation of oxygen ions in oxygen-free
S Cz-5i silicon (FZ Si) permits the creation of conditions for the
0 ., , L . B formation of a SiC phase similar to those in CZ Si.
1300 1350 1400 7450 1500 7550 3. The formation of a SiC buried layer is accompanied
Raman shift, cm~7 by the segregation of carbon followed by the formation of an

FIG. 5. Raman spectra of structures with a SiC layer after removal of theamorp_hous carbon _f'lm_ on the SiC grain boundar_'es- The
near-surface Si film in the region for the manifestation of C—C bonds. ~ formation of ana-C film is one of the factors preventing the

coalescence of SiC precipitates.

that these spectra were also measured on samples with a

near-surface Si layer removed by etching. The Raman spec-

tra shown in Fig. 5 clearly display two bands-atL370 and  'G. L. Garris,Properties of Silicon CarbidedNSPEC, Londor{1995.

1460 cm . These bands are close in wave number toDhe zg-:elns' and T(-j \T/foéfeghsf“dkStatg Pheno:jﬁ.—;f_i T115 rf;;?:??é(lgga

TR Ih T ST} H . A. lvanov an . E. elnokKov, Ssemiconda. SCI. 1ec .
(“disordered”) and G ( graphltl(? ) bands _m the Raman 4J. W. Palmour, J. A. Edmond, H. S. Kong, and C. H. Carter Jr., Physica B
spectra of amorphous carbon fillfsThus, it can be con- 185, 461 (1993.

cluded that the synthesis of SiC buried layers is accompaniedL. T. Canham, M. R. Dyball, and K. G. Barraclough, Mater. Sci. Eng., B
by the segregation of carbon on the boundaries of the Siq‘}i‘ ?]51R(1990- Lt —_— i Solid &
microcrystallites with the formation of an amorphous carbon 147'(19%%5_()”’ - Stoemenos, and P. L. F. Hemment, Thin Solid EBts
film. The presence of such a film will clearly prevent the 7a. Nejim, P. L. F. Hemment, and J. Stoemenos, Appl. Phys. 62646
growth and coalescence of SiC patrticles. The differences beg(1995- _ . _ .
tween the Raman spectra of the CZ Si and FZ Si samples inC- Serre, A. P_erez-Rodnguez, and A. Romano-RodngueErmeedlngs _
the region 1300—1350 cnt (Fig. 5) are noteworthy in this ig;h4e(|£;irvniztr'°2ﬁq|§§g§;qe nfggir;)'%nzlmplama“on Technology, Catania,
context. While theD bands of both samples essentially co- N. 1. Klyui, D. Kruger, B. N. R(')ma.nyuk, V. G. Litovchenko, and
incide, theG band of the FZ Si sample is much more intense H. Richter, Solid State Phenom7-48, 211(1996.

than the corresponding band for CZ Si. This is evidence o%oéhA“bS”O”;'grxgbAi S’g"kowe“ and B. Aspar, Nucl. Instrum. Methods
the following. First, more carbon atoms reach the graimi %’?baﬁﬁém, K. G_(Bamﬁ;:lough, and D. J. Roberts, Appl. Phys. 5&tt.
boundaries and form a carbon film during the formation of 1509(1987.

the SiC layer in FZ Si wafers. Second, the greater intensity’B. N. Romanyuk, V. P. Melnik, R. I. Marchenko, and N. I. KluPov-

of the G band for FZ Si indicates a greater content of thelgg’k/'l“‘fltei(ga% dlr(')\?:{éggKa'Baranova A E. Gorodetsk. D. Demakov
graphitic phase, which is the thermodynamically most stable . . Kutukova, and S. G. Shemardov, Fiz. Tekh. Pollup.rovﬁdn731‘
allotropic form of carbon. These two factors will impede the (1988 [Sov. Phys. Semicon@2, 455 (1988].

efficient growth of a SiC layer. In fact, as can be seen fromizs- L. E“ri]ngﬁfﬁ &:j”d M. Ck-_ Ridgway, I'V'a:]ef- Sci. Eng.28, 29 (1993.

Fig. 4, the intensity of the band for scattering by SiC TO 16\I1|‘.-|(-)akl?m3fa,l ghs::-léunz,Ig.ol,-lt]Lsg,pH.PMﬁi?j;,(é?Elizéawa, K. Endo, and
phonons is much higher in the Raman spectrum of the CZ Si s vishida, J. Appl. Physs1, 1134(1987.

sample than in that of the FZ Si sample. In addition, as ha¥'y. Sasaki, Y. Nishima, M. Sato, and K. Okumura, Phys. Rev4®
been noted repeatedly above, these differences are clearly!7 621(1989. _

displayed in the IR absorption spectra of CZ Si and FZ Si V- Yoshikawa, Mater. Sci. Forur2&53, 365(1989.

wafers without the coimplantation of oxygéRig. 1b). Translated by P. Shelnitz
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A gquantitative model of the redistribution of rare-earth-ion impurities during the solid-phase
epitaxial crystallization of Si layers amorphized by implantation is developed. The parameters of
the model include the segregation coefficikrgnd the width of the transition layer. The
movement of the crystallization front toward the surface is accompanied by an increase in the
segregation coefficient at a rate which can be characterized by the ratio of the thickness

of the recrystallization layer to the width of the transition layer. The increagesnattributed to
defect accumulation in the transition layer. In the case of a thin Er-containing amorphous
layer, the segregation coefficient does not relaetl, because the impurity is driven back toward
the surface. In the case of a thicker Er-containing layer, the segregation coefficient exceeds
k=1 and prevents the accumulation of impurity atoms near the surfacel998 American
Institute of Physicg.S1063-782808)00312-3

The fabrication of light-emitting structures from rare- enhancement of the trapping of Er by the recrystallized layer
earth-doped silicon is of current interésthe implantation  (k increases from 0.01 to 0.2ccompanied by accumulation
of rare-eartHRE) ions at doses exceeding the amorphizationof the impurity near the surface. Finally, at implantation
dose followed by an anneal, during which restoration of thedoses at which the concentration of Er trapped by the recrys-
crystal structure takes place according to the mechanism aéllized layer exceeds a certain critical value, termination of
solid-phase epitaxySPB is employed to raise the concen- the SPE crystallization process with twin formation takes
tration of optically active centers® The SPE process is ac- place® This critical value decreases with annealing tempera-
companied by redistribution of the implanted impurity as ature from 1.2<10°° cm 2 at 600°C to 6<10* cm 2 at
consequence of the segregation and trapping processes @80 °C. Polmaret al*® showed that the increase in the seg-
curring on the moving single-crystal/amorphous-layefajf regation coefficient of Er with increasing implantation dose
interface. The character of this redistribution depends on thes not associated with variation of the SPE crystallization
implantation conditiongenergy, dose, temperature, and tar-rate. This allowed us to conclude that segregation is con-
get orientatioh and the annealing conditiorienergy supply trolled by equilibrium thermodynamic processes, rather than
method, temperature, and duratidout is determined prima- by kinetic trapping. Within the qualitative phenomenological
rily by the type of impurity>* Slowly diffusing dopants with model that they proposed, the variationlois attributed to
a high solubility in single-crystal silicon, such as B, P, As,the presence of traps for RE ionsarSi. An abrupt change
and Sb, scarcely undergo redistribution, and the segregatidn k occurs when the traps are filled. At this point the amount
coefficientk~1. Rapidly diffusing transition-metal impuri- of impurity in the concentration peak becomes higher than
ties with a low solubility inc-Si, such as Au, Ag, and Cu, are 6x 10" cm™?2, which corresponds to a volume density equal
characterized by driving of the impurity back<€1) with  to 3xX10°° cm 2. The proposed model does not provide an
the formation of a concentration peak in the amorphousxplanation for the results of the experiments in Refs. 7-9,
phase ahead of the crystallization front, which leads to terin which there was no accumulation of Er near the surface.
mination of the SPE process at high concentrations. A dif- The purpose of the present work is to develop a quanti-
ferent type of behavior is observed for In and Ga impuritiestative model of the segregation of rare-earth-ion impurities
which are completely trapped in Si at low concentrationsduring the SPE crystallization of amorphized silicon layers.
(k=1) and form narrow segregation peaks that move to- The SPE crystallization of amorphized silicon is ob-
gether with the crystallization front toward the crystal sur-served already at fairly low annealing temperatures (450
face at large concentrationk<1). A further increase in —500°0), at which the diffusion processes in both the crys-
concentration can be accompanied by liquid-phase crystallital and the amorphous layer are negligibly weak. According
zation. to the current ideas regarding the mechanism of $Ptae

The behavior of impurities of the rare-earth elements EfSPE crystallization rate is limited by the diffusion of matrix
and Pr in Si differs significantly from that of the impurities atoms in a thin transition layer, in which the amorphous
cited abové:® At small amorphizing implantation doses only phase transforms into the crystalline phase. It was shown in
a small part of the impurity passes into the crystak(). At  Refs. 4 and 5 that the diffusion coefficient of Er impurity
higher doses the crystallization process is characterized higns is more than three orders of magnitude higher in the

1063-7826/98/32(12)/4/$15.00 1266 © 1998 American Institute of Physics
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FIG. 1. Concentration profiles of Er in(@00 after ion implantation aE= 250 keV and annealing (600 °C, 15 miiCurvesl-3 (in a—9 — experiment in
Ref. 5, implantation dose, cm: 1 — 7Xx 10" 2 — 7x 10", 3 — 7x 10* curvesl’ -3’ — calculation: a —k=k(Q); b —k=k(C) for C;=1x10"¥cm3
(1), 1x10*° em 3 (2'), and 1X10%° cm™ 3 (3'); ¢ — k=k(x) for ky=0.01,ks=2.5, andL =80 nm.

a-Si layer with a thickness of about 10 nm near the SPE  dC,(z)/dz=(1—k)C,(z)/(L—2), (3)
crystallization front than in the remainder of the amorphous

layer. We suggest that this transition layer can be regarded agherez=L — X is the current thickness of the recrystallized
an analog of the molten zone in the case of liquid-phasdayer measured from a point at a distanceL from the
crystallization, where the diffusion coefficient of an impurity surface. The boundary condition for E§) is the solution of

is much higher in the liquid phase than in the solid phaseEq. (1) for x=L:

However, the known equations of the theory of liquid-phase

crystallizatiod®*! cannot be used to describe SPE, since the = Ca(0)=Ca(Xa—L). (4)
segregation coefficient varies during motion of the SPE crys-

tallization front. The inhomogeneous initial distribution of
the impurity after ion implantation must also be taken into
account.

The variation of the concentration of the impurity in the
transition layerC,(y) during SPE crystallization is deter-
mined from the detailed balance of the impurity between the  1he problem(1)—(5) with the segregation coefficieit,
transition layer, the amorphous phase, and the crystallingnich varies during movement of the SPE crystallization
phase and is described by the differential equation front, was solved numerically by a finite-difference method.

dC,(y)/dy=(Co(y)—KkCu(y))/L, (1) The qxperimental results of Ref. 5 were ar_1alyzed. In that

. ) i study Er ions with an energ=250 keV were implanted at
wherey =x,—x is the current thickness of the recrystallized \ 5rjous doses in an amorphized silicon layer of thickness
layer measu_red from the initial b(_)undary of the amorphousxazo_35lum, which was created by the preliminary implan-
layer xa, x is the current coordinate measured from theiation of Sit jons. In the calculations the original distribution

sample surfaceCo(y) is the initial distribution of the impu- yrofile of Er was described by a Gaussian distribution with
rity in the amorphous layer before recrystallization, and 1o parameter&,=0.102um and ARp=0.027,um.12 The

the width of the transition layer. The boundary condition for .yncentration profiles were calculated for a segregation co-

Eq. (1) has the form efficient specified in accordance with the phenomenological

/ model in Refs. 4 and 5 by the amount of the impurity in the
L.

In both crystallization variants segregation is assumed to
be an equilibrium process, and the concentration of the im-
purity in the recrystallized layer is defined as

C(x)=KkC,(X). 6)

L
Ca(0)= f Co(y) dy (2)  transition layer ahead of the crystallization froft=0.01
0 when Q,<Q;, and k=0.2 whenQ,=Q;, where Q;=6
Equation(1) is valid atx=L. When the crystallization X 10" cm™2. As can be seen from Fig. 1a, calculated curves
front approaches the surface to within a distance equal to th& —3' give a very rough approximation of experimental dis-
width of the transition layek, zone crystallization gives way tributions1-3.
to directed crystallization. The variation of the impurity con- Various monotonic dependences of the segregation coef-
centration in the transition layer at<L is described in this ficient on the impurity concentration in the transition layer,

case by the equation viz., linear, power-law, and exponential dependences, were




1268 Semiconductors 32 (12), December 1998 Aleksandrov et al.

10%
a
{]
A
10"’5"
gq] -
]
iy oA 7 >
E BN VY 7
S \ E
g10”E| /, \ >
3 -y / s
EOfRA e, 5
5 - y
S T AN :
E B -, 1 8
8 “\ | g
10” - K | [
4 A z
s |
i I
107+
16 1 1 § 161 ] 1 L 1 i
0% a1 o0z 03 5% o5 % 01 0z 03 04 05
Depth pm Depth, pm

FIG. 2. Concentration profiles of Er in 300 after ion implantation aE=500 keV and a dos@=28x 10" cm2 before (1) and after(2) annealing.
1, 2 — experiment in Ref. 93-5 — calculation withk=k(C) for C;=1x 10" cm 3 (3), 1x10?° cm™2 (4), and 1x 10** cm™2 (5); 6-8 — calculation with
k=k(x) for ky=0.005,ks=2.5, and various values &f, nm:6 — 15,7 — 27,8 — 50.

tested as possibilities for the next approximation instead oin the concentration-dependent segregation coefficient to
the stepwise form ok(Q,). The best dependence had thek<1 as the SPE crystallization front approaches the surface.
form Thus, the concentration dependence of the segregation coef-
_ ficient does not permit a satisfactory description of the ex-
k(Ca)=ko &xp(Ca/Cy), © perimental concentration profiles of Er in Si after crystalli-
wherek is the initial value of the segregation coefficient at zation of the implanted layer. This is manifested by the
X=X,, Kg=0.01, andC; is the impurity concentration near absence of eithe®; or C; for different implantation doses at
which the increase in the segregation coefficient beg@s ( E=250 keV (Figs. 1a and 1} by the appearance of a false
=Q;/L). The values oCC; were selected so as to achieve thenear-surface concentration peak =500 keV (Fig. 23,
most satisfactory agreement between the calculation and exnd by the considerable deviation of the calculated distribu-
perimental curved—-3 and, as is important, were different tions from the experimental curves.
for different implantation dose@-ig. 1b, curvesl’'-3'). An alternative possibility for describing th€(x) pro-
The dependencé) was also used to simulate the con- files in the recrystallized layer is the coordinate dependence
centration profiles of Er implanted in silicon Bt=500 keV  of the segregation coefficierk=k(x). Various forms of
(the dose was 810" cm 2, and x,=0.235um) after an  k(x) were tested, and the best dependence had the form
anneal (620°C, 1 hfrom Ref. 9. Figure 2a presents the
experimental and calculated concentration profiles of Er for K(X)=Koks/LkoF(Ks—ko)exp( = (xa=X)/L)], @)
various values o€; . As is seen from the figure, satisfactory wherek; is the maximum value of the segregation coeffi-
agreement with the experimental profile is achieved only incient.
the initial stage of SPE crystallization fo€;=1x 107 The results of the calculation of the concentration pro-
cm 3. A concentration peak, which is not observed experi-iles in the recrystallized layer witk=Kk(x) of the form(7)
mentally, forms near the surface at all values@f. The for various values oL and the experimental conditions in
appearance of a near-surface concentration peak in this caBef. 9 are shown in Fig. 2fcurves6-8). A comparison of
is a consequence of the decrease in the impurity concentréhe calculated and experimental curves reveals that the best
tion in the transition layer and, accordingly, of the decreasdit is achieved for the parameter valuks=0.005,k;=2.5,
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and L=27 nm. Concentration profiles calculated for lation of defects that promote the trapping of RE atoms in the
k=k(x) defined by(7) for the experimental conditions in silicon transition layer.
Ref. 5 and various implantation doses are plotted in Fig. 1¢  We thank A. V. Shestakov for performing the implanta-
(curves 1'-3'). The calculated curves fork,=0.01, tion and Yu. A. Kudryavtsev for measuring the concentration
ks=2.5, andL =80 nm are in satisfactory agreement with the profiles.
experimental plots, i.e., if the initial thickness of the amor-  This work was partially supported by the International
phized layer is fixed, the width of the transition lajyedoes  Science and Technology Cent¢6TC, Grant 168 the U.S.
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near the metal—insulator transition
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The tunneling-current anomaly in AgYGaAs, o.Shy g6 CONtacts at zero bias voltag¥ < 0) is
investigated. Epitaxial layers of the solid solution GaiSh, o are doped with

germanium and have a conductivity close to that at the metal-insulator transition. The square-
root dependence of the differential conducta®{@/) = (dV/dl) ! at small values of

eV>KT TT predicted by the Al'tshuler—Aronov theory of quantum corrections to the density of
states at the Fermi level in disordered conductors is observed. Satisfactory agreement
between the experimental data and theory is observed at hole dengjtiesthe layers greater
than the critical density for the metal-insulator transitmn but the relative magnitude of

the anomaly is sharply smaller p&<p.. This confirms the specificity of the conditidq! =1
(instead ofkgl>1) for applicability of the theory for the density-of-states anomaly

appearing as a result of electron-electron interactions in a three dimensional electron gas.

© 1998 American Institute of Physids$1063-782808)00412-§

1. INTRODUCTION of the ee interaction®>* e<#/r is the quasiparticle energy

measured from the Fermi leve} , 7 is the momentum relax-
An investigation of the tunneling conductance of a con-ation time,
tact with a metal provides a direct measure of the density of
states of the electron gas in the material in the barrier contact o
with the metal. Tunneling-current anomalies at zero bias Dzm @
voltage (V—0) were observed experimentally long ago in F
various types of barrier structures and reported in numerous the diffusion coefficiento is the conductivity,p is the
publications' However, despite the availability of complete charge-carrier concentration, adg/deg= vg.
experimental facts, a satisfactorily convincing theoretical ex-  For our investigations it is important that the theory of
planation was not provided for this effect for a long time the density-of-states anomaly for a three-dimensional con-
(see, for example, Chap. 27 in Rej. The development of ductor is valid even if
the theory of Fermi liquids for disordered systems of charge
carrieré~* permitted reevaluation of many previously known — A/7<&f 3
32?;5'?;2;13}?? iﬁglllj?j\i/\r/]-temperature_: phenomena in dlsor(t'see Ref. 3, p. 31 while the ordinary condition for the ap-
' g the tunneling-current anomaly & licability of theories of quantum corrections is
V—0. It was shown that the wave functions of electrons of" y q
similar energy are strongly correlated_ in space in .such kel =2epr/h>1. (33
systems. The diffusion of electron-density fluctuations in a
field of lattice defects leads to significant enhancement of thdhe condition(3) permits the analysis of data obtained near
electron-electronde) interaction? As a result, a singularity the metal-insulator transition on the metal side. When the
Sv in the single-particle density of states appears at thénteraction in the diffusive channel efeinteractions is taken
Fermi levelve=(m% kg /i), wherek is the wave vector into account), is a sum of two terms:
of a charge carrier with the Fermi energy. The correction to
the density of states d&t—0 has the forn{see, for example, )\V:)\<i:0>+ E)\U:l) _ (%)
Ref. 3, p. 29: v 27

The first of them is always equal to

\,Je|M2 _
(1) Ni=0=2

V=" 5"
427 (h D)%

and describes the interaction of quasiparticles with a total
Here\ , is a constant, which is determined by the charactespin j=0. The second term

1063-7826/98/32(12)/7/$15.00 1270 © 1998 American Institute of Physics
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_ = conductor is of the same nature. There have been several
A=Y= —4( \/ 1+ 5—1) (5)  experimental studies of the tunneling differential conduc-
tance of Schottky barriers fabricatédefore the theory of
corresponds to the interaction of quasiparticles with a totajuantum corrections appeajeon a fairly close analog of
spinj=1. HereF is the amplitude of thee interaction and  our material, viz. p-type GaAs(see, for example, Refs. 12—
can vary as a function of the band structure, the presence df6). For example, performing measurements on GaAs doped
paramagnetic impurities, the occurrence of interactions wittwith Zn and Cd(Pd served as the electrodélora et al.*?
phonons, etc. In the three-dimensional case this quantity cadiscovered that the magnitude of the tunneling anomaly in-
be defined in terms of = 2kgRg as’ creases rapidly with increasing resistivitymfGaAs and that
) its full width at half-maximum has a minimum in the vicinity
Fo In(1+y ). © ©f the metal-insulator transitiofthey used the position of
y? this minimum to estimate the critical hole density at the tran-
sition pointp,=2x 10" cm™3). In Refs. 13 and 16 the dif-
ferential conductance of ApfGaAs Schottky barriers was
analyzed for the purpose of determining the ‘“density-of-

Here Rg is the screening radius:

=+, (7)  states tails” in accordance with the theory in Ref. 6.
4me(dp/deg) In Ref. 17 we reported the results of an investigation of
wherey is the dielectric constant. the differential resistance of Ap/GaAs_,Sbh, structures

The singularity in the density of statés) leads to an fabricated on conducting-GaAs substrates. We observed a
anomaly in the tunneling conductan€(V)=dl/dV (at Square-root dependence of the tunneling conductance_ on
small values of the bias voltagé) relative to the value de- Voltage atv—0, but we were unable to measure the resis-
termined by the ordinary density of states. As a result, tivity of the layer on which the Schottky barrier was fabri-

the quantityAG(V) =G(V)—G(0) equals cated in order to analyze(p) in the form(9). Therefore, we

made another attempt to test the theory in Ref. 5 on Au/

AG(V) 1 Jm ov(e,T) p-GaAs, o.Shy o6 Schottky barriers, setting up the experiment

G(0) 4kT J_. € v so that the value of the resistivity of the GaAsSh, og Ge)
layer would be known.
1 1
x e—eV * eteV|’
cosﬁw cosf?w 2. EXPERIMENTAL METHOD AND DISCUSSION

. ] . ] ) Unlike the investigations described in Ref. 17 for Au/
i.e., it varies proportionally to €V/kT)* when |eV|<KT, p-GaAs_,Sh, (0.02<x<0.125) contacts, in the present

and it takes the following forfwhen |eV{>KT: work the GaAgq.Shy o6 layers were grown in two variants
AG(V) S ~e \ lev|12 smultaneously[m one .technologlcal experiment: on ;gb—
V) = v(e=eVD) = ”2| v T 8 strates of semiconducting GaAs to measure the resistivity

G(0) VE 4\27(hD)¥ve and on p-GaAs substrates with a hole density (8.5)

9 —3 H
The theory of the tunneling anom&lwas tested on contacts < 10°° €M ? to measure the tunneling conductahc@he
of metals with films of granular A(Ref. 7 and Ga(Ref. 8), methods for preparing Ga’l\sxSF’x ep!layers _d_oped with Ge
with both three-dimensional and quasi-two-dimensionalflom 0.5 to 2 wt. % were described in detail in Ref. 17, and
In,0; films? and with films of Ga_,Au, (Ref. 10 and the method for creating Schottky barriers was described in

Nb,Si, , (Ref. 11 solid solutions. Some studie¥ were Ref- 18.In the present work, as in Ref._l?, we used
performed in the vicinity of the metal-insulator transition. In AU/GaA%.9:Sky g6 contacts with a diamete®=0.25 mm.

all cases, in accordance witB), a square-root dependence According to estimates made on our structdrethe thick-

of the tunneling conductanceG on the bias voltag¥ was ~ N€SS of the layer of the native oxide separating the Au film
observed, the proportionality coefficient and the layer of the solid solution did not exceed 30 A. The

results of an investigation of the barrier height, in
Au/GaAs _,Sh, structures (0.0 x<<0.125) for layers with
NP ve 9 both n- and p-type conductior(based on the spectral depen-
dence of the photoresponswere presented in Ref. 20,
depended on the resistivity of the film a&. It is noteworthy  and the results of a study of the electrophysical properties
that in metalsye scarcely changes in response to the intro-and  low-temperature  galvanomagnetic  effects in
duction of impurities or defects, whose presence influencep-GaAs, .S o5 Were presented in Refs. 21-23.
only 7, i.e., p, but not the carrier concentration. In this case = The zero-bias anomalies in the tunneling conductance
we should havep=3/2, but »=1 was obtained in the ex- were investigated at helium temperature. When the tempera-
perimental studies in which the dependencexobn p was  ture was raised, the form of the differential resistance curve
determined:!? changed, and the anomaly became less pronounced, vanish-
Heavily doped superconductors have metallic conducing entirely atT=60 K.!® The tunneling anomalies were
tion whene>kT, and it should be expected that the tunnel-measured on samples with a hole density equal teo §2
ing anomaly for a Schottky barrier on a heavily doped semi-x 10'® cm™3, i.e., samples close to the metal-insulator tran-

_AG(V)
“T GV
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FIG. 1. Typical current-voltage characteristic of a pvGaAs _,Sh tunnel
contact atT=4.2 K. Applied voltagel — V>0, 2 — V<0. The dashed
straight line denotes a segment of the plot Bf=expEeVEy).

sition. At hole densities less thanx2L0'® cm™2 the resis-

tance of the tunnel contact was so high that we were unabl

to measure its differential resistance.

*

Figure 1 shows a typical current-voltage characteristid'ih
(IVC) of the contacts investigated &t=4.2 K. It is seen that

inversion of the IVC(greater values for the reverse currents

than for the forward currenksoccurs at voltages less than

0.15 V in accordance with Wilson’s theof§.The forward

branch of the IVC at large bias voltages obeys the depen-

dence characteristic of a tunneling curfént

/1 gcexpe VIEq), (10
where
il €2(NsA—Np) |2
0= %5 Tl*h , (13)

L

=35 g 25 50
V,mV

FIG. 2. Dependence of the differential resistaf{®/) =dV/d| on the bias

voltageV at T=4.2 K for the same contact as in Fig. 1. The arrow points to
the voltageV ., corresponding to the differential resistance maximum on n

the forward branch of the current-voltage characteristic.
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FIG. 3. Dependence of the differential resistai{&/) on the bias voltage
V at T=4.2 K for structure 1(see Table ). The values ofV for curve 1
correspond to the upper scale, and the values for c2rv@respond to the
lower scale.

= 13 is the dielectric constant of GafsSh) s (the
method for estimatingy was described in Ref. 23and
=0.082n, is the light-hole mass, since tunneling occurs
from that band. The slope of the dashed straight line in Fig.
1 givesEq;=41 meV. A calculation using formuld.l) gives
Eq=40.2 meV if

Na—Np=p,(T=295 K)=1/eR;=5x10" cm 3,

(12
whereRy is the Hall coefficient in a magnetic field— 0 at
T=295 K.

Figure 2 presents the dependence of the differential re-
sistance on applied bias voltagéV)=dV/dl=1/G(V) for
the same sample dt=4.2 K. Both the peak on th&(V)
curve atV—0 (the zero-bias anomaghand the maximum of
R(V) at the bias voltag¥ =V ,,,=23 meV are clearly seen.

Conley and Mahat showed that the characteristic fea-
tures of theR(V) curves for any semiconductor, particularly
the value ofe V4 (in comparison te¢) and the “width” of
theR(V) curve, i.e., the sharpness of the maximRQV,,,,),
are determined by the parameters/Eqy, and ¢,/Eg. A
fairly sharp peak can appear in the region RfV,,,,) at
Vimax=¢k, If the relationse,/Eq=1/2 andeg/Egy<<1 hold
for the specific material. Ifp,/E;=1/2, buteg/Egp>1, a
“diffuse” differential resistance maximum should be ob-
served. Let us estimate these parameters for our structures.
The gap widthEy for GaAs ,Sh at T<77 K varies from
1.52 to 1.3 eV in the composition ranges®<0.13, and
Ey=1.4 eV whenx=0.06. The barrier heighgy, for our
structures on g-type material equals (0.820.06) eV at
T=77 K As a result,ey,,/E4=0.6, and the ratio

8_'::1 96x 10~ 4 \/X m|*hm0 (n[cm73])1/3 (13)
Boo (m})?

varies in the range from 0.4 to 0.6 as the hole density varies
in the range 1< p<10'*° cm™3. The value for the density-
of-states effective mags’* =0.473n, and the value for the
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TABLE I. Principal characteristics of epilayers of the solid solution
GaAg 9sShy o5 doped with Ge.
“ T=4.2K T=295 K
-3 Ge Layer
‘B content, thickness, , p=1/eR,,
"f Sample at. % um 10 2Q-cm 108 cm™3
o
& 1 0.5 18 14 2.3
- 2 0.5 19 7.6 2.6
] 2 5 0.65 20 6.5 2.8
N A~ 3 0.7 20 47 3.4
o - 4 0.75 26 6.8 2.7
6 0.85 24 4.4 3.7
7 1.0 14 3.6 4.2
8 2.0 16 2.6 5.0
] [ J

[ ]
-60 40 ~20 0 20 40 60
y,mv

FIG. 4. Dependence of the differential resistaR{&/) on the bias voltage zero-bias anomf_i'Y k_)ecome_s comparable_ to or grea_ter than
VatT=4.2 K for structure 3see Table)l The dashed curve corresponds to R(Vmay), SO that it is impossible to determing,,, (see Figs.
Rn(V), which is specified by the “normal” density of states. 3-5 and Ref. 1)

Figures 3-5 show thdr(V) curves for a series of
samples, whose parameters are listed in Table I, and Fig. 6
presents the relative amplitude of the anomaly relative to the

. x :
light-hole massmj,=0.082n, were taken in(13). For “background” valueRy(V—0)2

GaAs _,Sh, with n-type conductivity ¢,,/Eq=0.7 [¢p
=1 eV at 4.2 K(Ref. 20], and the value otg/Eqyyis 2.5 B R(V)—Ry\(V)
times greater for the same carrier densities. A(V)= Ry(0)

In accordance with these estimates, we observed a broaoLe background (relative to the anomaly dependence
u iv y

(diffuse) band on theR(V) curve with a maximum a¥/ .« B

— & [with a weak surge ifR(V) atV— 0] for contacts on a [Ry(V)] is assouatgd WI"[‘h thg n,ormal density of _statgs

solid solution with n-type conductiot® The contacts on *F and was determined “by sight(see the dashed line in

p-GaAs_Sh, clearly display a peak a/=V,.,, and the F|g. 4). Becausg of thg small width qf t.he zerq—bla§ anomaly
in the samples investigated, determiniRg(V) in this way

value of V. IS, in fact, close to the values ef- for p=5 _ .
X 10" cm~3, s0 thatV,,p?. The same phenomena were should not introduce a large error. Figure 6 shows the fea-

also noted in Ref. 16 for Ap.GaAs contacts ap> 10 tures of A(V) previously noted in Ref. 18, viz., the increase
cm 3. As the hole density decreases and the metal- msulatdp A with decreasing acceptor_ concentration and th_e “asym-
transition is approached, the peak on tREV) curve at metry” of the A(V) curve, which stems from the displace-

V—0 becomes increasingly sharp, and the amplitude of the

v
]
=4
=)
: 2
~ 1 S
=<
~
N
-]
2
[} J
1 2 ) 1 L ! -20 -10 0 10 20
=720 -80 —40 0 40 80 120 V,my

V,mv !
' FIG. 6. Relative amplitude of the zero-bias anomaly extracted from the
FIG. 5. Dependence of the differential resistaR{&/) on the bias voltage dependence oRy on V specified by the “normal” density of states for

VatT=4.2 K for structures §curvel) and 7(curve2). The numbers of the  contacts fabricated op-GaAs ¢.Shy o5 layers with various Ge concentra-
samples are the same as in Table I. tions, at. %:1 — 0.2,2— 1,3 — 2.
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FIG. 7. Differential resistancR(V)=(dl/dV) ! atV=0 andV=46V as a
function of the resistivity of thep-GaAg oSk o6 layer atT=4.2 K: 1 —

Ry=R(V=0), 2 — Ry=R(V=6V).

ment of the position of the maximum &(V) from V=0
toward forward biases by the small quant&y. The values

of Ry=R(V=0) andRy,=R(4V) are plotted as functions of
the resistivityp at T=4.2 K in Fig. 7. If the large spread of
the experimental data is taken into account, the distribution

of Ry=f(p) can be described by the power law

ROOCP?;' (14

wherem=1.4+0.4 (see the line in Fig. )7
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28
26
24 200
22 780
20 160
18 140
16 120
14 100
TG 12 v
'?Q 10 '?0}
e S
5 |
'y y 472
60
# -
150
140
ik 430
20
] i (] L 1 i i

1 1 [
071 2 3+ 5677 8 94
[v]*%,mv?

FIG. 8. Differential conductanc&=dl/dV under a reverse-bias voltage as
a function of y|V| at T=4.2 K. The numbers on the curves correspond to

the numbers of the samples in Table I.

Allen et al.

[ R S i | b
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prSe-cm

FIG. 9. Values ofy; (1) and vy, (2) [slopes of the linear segments of the
G(VV) curves in Fig. 7 as functions of the resistivity of the
p-GaAg o.Shy s layer atT=4.2 K.

Figure 8 presents plots of the differential conductance
G(V)=dI/dV as a function of\[V[ at small reverse-bias
voltages for several samples. There are two segments with
different slopesy; and y,, which are defined as

AG(V)
|V|1/2 '

The voltage corresponding to the change in slope was deter-
mined from the point of intersection of the straight lines and
lies in the range from 7 to 19 mV. Plots of the dependence of
v, and y, on the resistivityp of the epilayers are shown in
Fig. 9. Within the experimental error

v=aG(0)=

Y1, ¥2%p 2

Let us now compare our experimental results with the
theory in Ref. 5. Figure 10 presents the values of
AG(V)

y1Ry=————
G(0)|V|¥2
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(o] ) FIG. 11. Conductivity ¢) and Hall mobility (x) of p-GaAg ¢,Shy os Mea-
sured afT=4.2 K as functions op,=N,—Np .

e o resistivity. The dependencep="f(p) is described by a
power function with the exponeni=1.43+0.01(the line in
Fig. 109. The value ofy differs from the theoretical value of
3/2 because , and v depend on the hole density. The same
- g data are presented in Fig. 10b as a function of the concen-
tration No—Np=p,. It can be seen that the experimental
(v1Rp) and theoretical ¢p) values of the coefficients begin
° 1 to diverge dramatically wheN,—Np becomes less than the
! critical density for the metal-insulator transition estimated in
2 J 4 ) Ref. 23, i.e., whemp,<p,=3.6x 10" cm 3.
;),.,70"’::m"3 The satisfactory agreement between the experimental
values of y;R, and their theoretical equivalents, in the
FIG. 10. Experimental valuegl) of y,Ro=(AG(V)/A(eV)')/G(0) at  hole density range considered should be noted, since the
;;jé Ei’;\i ‘;’st‘r';‘igitﬁ?n‘éaéﬁrsegﬁoﬁSa;‘fzt,'fr\;f@':g:f:iii"gﬁ; value ofkel for the Iaygrs investigatgd ogsthe metal side of
(a) and the carrier concentratigni=N,—Np measured al =295 K (b). the transition (3.X 10t <P <5X 10" cm ) varies from
The arrow points to the concentration corresponding to the metal-insulatod.6 to 1. This finding confirms the validity of the special
transition. condition(2), under which the theory of the density-of-states
anomaly in a three-dimensional conductor is applicable.

®o

[

as a function of the resistivity of the epilayghe values of 3. coNcLUSION
v, and Ry=1/G(0) are shown in Figs. 8 and 7, respec-

tively], as well as the values of We have discovered that the tunneling conductance of

Au/p-GaAsg oSk, o5 Schottky barriers at small bias voltages
\, lszkF< e? )3’2 (the zero-bias anomalyis proportional to the square root of
h? ’

ap=g ﬁ the voltage and that the slope of the linear segment is in
satisfactory agreement with the theory of quantum correc-

which were calculated on the basis of the transport charadions to the density of stat@sbut only for hole densities
teristics of the epilayeréFig. 11), and the values of the con- p>p,, wherep.=3.6x 10'® cm 3 is the critical density for
stant\ , of theeeinteractions in the diffusive channel, which the metal-insulator transition ip-GaAg) .S 6-
were calculated on the basis @)—(7). It can be seen from It was stated in the first publications on quantum correc-
Fig. 10 that the theoretical values ofy are close to the tions, for example, Ref. 26, that the density-of-states
experimental values of,R, only for samples with a small anomaly specified by thee interaction increases in disor-
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The kinetics of electric field screening in a space-charge region with a leakage channel is
considered on the basis of an experimental study of the conductance of surface chanfgis in

The characteristic times of the fast and slow stages of space-charge relaxation at the

channel boundary after switching of the reverse bias are estimated. The proposed channel-current
relaxation mechanism can account for the observed large radio-frequency conductance of

surface channels in-Si and the formation of capacitance relaxation spectra similar to those
traditionally associated with the charge exchange of deep centers. The nature of the

surface donor centers responsible for the formation of conducting layers at the gintiace

near 90 K is discussed. @998 American Institute of Physids$$1063-782@08)00512-2

1. The space-charge dynamics observed upon electrithe effects of deep centers from the size effects in leakage
field screening in a semiconductor with a potential barrierchannels. For this reason, we should study these features and
which are slow in comparison to Maxwellian relaxation, areexamine a model of percolative conduction in a leakage
usually associated with the presence of deep centers and theinannel.
charge exchange. This approach has been developed in mod- The interest in this model is also due to some new ex-
els of percolative conduction through drift barriefeind un-  perimental possibilities. The general laws discovered in Ge
derlies the methods for identifying deep centers using barrieand Si, which dictate nonmonotonic variation of the surface
capacitance measuremehtdowever, the possibility of slow electron density with temperature and a tendency for the for-
transient electrical processes associated with screening cumation of electron layers on the surfa@ T=90 K), have
rents in a percolation or leakage channel was not analyzeteen associated with oxygen- and hydrogen-containing do-
Thus, the insensitivity of deep-level transient spectroscopyior complexes and variation of their electronegativity in the
toward surface leakage-current channels was postulated iricinity of “characteristic” temperature® In our opinion,
Ref. 3. This hypothesis was based on a simplified modethe discovery of these general laws makes it possible to
representation of a channel as an active resistance whiahove forward in the study of the electronic properties of a
shunts the barrier capacitaritelowever, numerous difficul- semiconductor/oxide interface, particularly the mechanism
ties in interpreting the experimental data, which point out, inof the formation of built-in charge in the oxide. This research
particular, a relationship between the measured transient caan also provide new information pertaining to the mecha-
pacitance and reverse currents, were resolved only by addingsm of the influence of oxygen and hydrogen centers on the
elements to the model of the charge exchange of hypotheticédw-temperature conductivity of oxides with allowance for
deep centerssee, for example, Refs. 4 angl Blevertheless, the important, but not yet thoroughly elucidated, role of vari-
the radio-frequency reactarfcand the slow dynamics of the ous oxygen- and hydrogen-containing species existing in ox-
transient currertof leakage channels were noted back in theides in the mechanism underlying their conductivity and
early studies, but their mechanisms were not elucidatedsuperconductivity®*

Temperature-dependent relaxation spectra were observed in The purpose of the present work is to examine a quali-
Ge and Si and were associated with the transient currents t¢ditive model of percolative conduction in a leakage channel
surface electronic leakage channels and their dependence by studying the current response of surface channels in
temperature and structural defect den8tyin Ref. 9 an  Schottky diodes om-Si and to advance some hypotheses
attempt was made to relate the increase in the screening timmegarding the nature of the low-temperature surface donor
to size effects in the Debye length in a channel. When deepenters on the basis of an analysis of the results.

centers in real barrier structures are investigated by capaci- 2. The investigations were performed on high-resistivity
tance methods, the main contribution to the relaxation signah-Si with a resistivityp=2 k(-cm. Silicon(100) wafers were
can be made by the transient reactive current of the surfacexidized in dry oxygen or a chlorine-containing atmosphere
leakage channel, rather than by the transient bias curremtt 750 or 1050 °C for 1 h. In addition, near-surface
caused by charge exchange of deep centers. As experimesidation-induced stacking fault©SF's with a penetration
has shown, leakage channels are manifested as characterigdepth(<1um), which is smaller than the equilibrium width
features of the static, radio-frequency, and transient charaof the space-charge layewg), were introduced into some of
teristics of barrier structures, making it possible to separat¢he samples. The method for introducing the OSF's was de-

1063-7826/98/32(12)/7/$15.00 1277 © 1998 American Institute of Physics
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FIG. 2. Capacitance-voltage characteristits2) and calculated barrier ca-
pacitance vs voltage curvés, 4). T, K: 1 — 300,2 — 80. ¢, eV: 3 —

o ) L 0.15,4 — 0.8. Inset —C(T) curves for various values of the bias voltage
FIG. 1. Current-voltage characteristics of Schottky diode$-@i oxidized UV:1—82—43—02.

in dry oxygen(1-7) and in a chlorine-containing atmosphet€ € 7'). T,
K:1,1 —80;2,2" — 125;3, 3" — 165;4' — 185;4, 5 — 210;5,6' —
245;6 — 282;7, 77 — 300. The inset illustrates the character of the varia-
tion of the conductancéG) of the diodes with voltage at two temperatures
T,K:1— 80,2, 3 — 165.

temperatures of the humps on t6¢€T) curves. We note the
identical nature of the spectra a@{T) curves for samples
scribed in Refs. 9 and 12. After the oxide layer was removedf the same series and the absence of a direct relationship
in HF, 3 mm diam Schottky barriers were created on thebetween the amplitudes of the spectral peaks and the value of
surface with OSF’s by sputtering AGin a vacuury, and the dc leakage current.
ohmic contacts were formed on the rear surface by chemi- 4. Let us discuss the results obtained after advancing

cally depositing Ni. some model arguments regarding the current response of a
3. The characteristic feature of the “soft” reverse leakage channel to variation of the reverse voltage.
current-voltage characteristi¢d/C’s) of the diodes investi- A. Mechanism of the influence of a transverse electric

gated is a tendency for sublinearity in the voltage range$ield on the dc and ac current response of the leakage chan-
U<1-2 VandU>4—-10 V and superlinearity at interme- nel The observed IVC’'s have a form which is typical of
diate voltages(Fig. 1). The leakage current was equal to short channels with Schottky gates in unipolar field-effect
107 8-10"°Aat 300 K andU=1 V. Either a decrease or an transistors. Such IVC’s are attributed to variation of the
increase in the leakage current was observed during coolingyidth (a) and length(L) of the conducting region of the
depending on the oxidation regintEig. 1). channel with variation of the voltage on the drain and with
Figure 2 compares the current-voltage characteristiciowering of the internal barrier to electrons by a longitudinal
(curvesl and2) with the calculated plots of the barrier ca- electric fieldE(x).2*~*® The character of the IVC is an indi-
pacitanceCy(U) for Schottky barriers of heightg,=0.15  cation of the existence of a leakage channel and allows us to
and 0.8 eV(curves3 and4). It is seen from the figure that at postulate that the sources of the channels are potential wells
300 K the measured capacitan€s>Cy at U<1 V and in the barrier
C<C4 atU>4 V for all possible values ofp,, while at When a current flows, the penetration of the field into a
80 KC<C4atu>0.4V. channel and the expansion of the depletion region inside it
The temperature dependences of the conductance at cogire determined by the distribution of the potential along the
stant voltageG(T), of Ehe active component of the radio- channelU(x). The distribution of the potentidl (x) is in-
frequency conductanc®&(T), and of the capacitancg&(T) fluenced by the transverse electric fidg(x) appearing on
are reversible and have a nonmonotonic chara@gs. 2 the boundary between the channel and the depletion region
and 3. in response to the abrupt change in the voltdgé concep-
The transient-capacitance relaxation spectra observed fipn of the character of the influence &f(x) can be ob-
the samples with OSF's using transient capacitancéained by examining the model of a symmetric channel with
spectroscopyare presented in Fig. 4. It can be seen froma short-circuited gate located in the plane of the source
Figs. 3 and 4 that peaks are observed in the spectra at tkEig. 53.
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FIG. 3. Temperature dependence of the static conductande9, 10), the

active radio-frequency conductan@e(2-5), and the modulus of the com-

plex radio-frequency conductand¥| (6-8) of Au-n-Si diodes and the
conductance per squafg of an n-Si sample(11). The silicon surfaces

were oxidized in dry oxygeifl-8, 11) and in a chlorine-containing atmo-

sphere(9-10) at two temperature§, °C: 1-10— 1050,11— 750.U, V: 1

T,

FIG. 4. Transient-capacitance relaxation spectra of Schottky diodasSon
oxidized in dry oxygen(1) and in a chlorine-containing atmosphége 3).
Storage time of the samples before the measureménis:— 1 day,3 — 4
months. Switching: 05:2.5 V; t;=2 ms,t,=10 ms,f=160 kHz,U=50
mV.

—01;2,7—4,3—2;489—1,5—03:6—8;10— 7; 11— 6.
U, mv: 2-8 — 50; f=160 kHz.

Eg(x) =

2(U;j+ V)
w2

Ug(x)=

drain regions, obtained from the conditiu‘go(x)zo gives
Since the longitudinal electric field in the Schottky layer Xo=Wo for U<U; andxo=wU; /U for U>U; . WhenE,(x)
Eq(x) decreases linearly with the distaneerom the sur- IS screened, the channel should narrow at the SOEﬂlte
face, i.e., since Xo>x>0) and widen toward the drain asEbf(1—x/w)
in the regionw>x>X,. The character of the distribution of
2(U+Uj) (1_ i) the longitudinal fieldE(x) in the channel tends to approach
w w)’ the distribution ofEgy(x) in the depletion region.
(U; is the diffusion potential, andv is the depletion-layer These estimates pgrmit.drawing a conclusion regarding
width), a potential difference should appear between théhe causes of.the qonlmeanty of the channel IVC. The ten-
channel and the space-charge region. It can be written in th%ency for s_ubllneanty of the IVC at small andllarge vqltages
form can be attributed, respectively, to decreases in the width and
increases in the length of the channel, as in a short chahnel.
Ug (x)=Ug4(x) = IR(x), The observed rise in the channel conductance at intermediate
wherel is the channel currenB(x) is the channel resistance, yoltages can be attributed to the influence of the transverse
andUg(x) is the distribution of the potential of the internal field EY(X) on the channel width and_ to I_ateral current
gate, i.e., the space-charge region adjacent to the channeI:Spreadmg' we note here_ that th_e superh_nearlty of the I\./C n
short channels is associated with lowering of the barrier in
NG the space-charge region by the longitudinal electric field
WX—= j)- E(x) and with an increase in the above-barrier curfént.
The weak temperature dependence of the channel current
For a field which is uniform across the channel width observed in the diodes investigated, as well as the reversal of
Eo(xX)=—U/w, Uy(x)=Ux/w, and the sign of the temperature coefficient of the channel con-
ductance in some of the diodes, attest to the small magnitude
of the above-barrier currents and support the conclusion that
the transverse field influences the channel conductance.

(Ui+U)x] (Ui+U)x2_

i-
W2

50(X)=Ug(x) =Ug(x)=2

The direction of the transverse fielig(x) is different in When a radio-frequency probe voltageis applied, the
the source and drain regions. The estimatexgfi.e., the channel width is modulated by the resultant transverse po-
position of the apparent boundary between the source artgntial differencefJ;(x). This leads to a phase shift between
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a ] the sublinear portion of the IVC, the voltage increment
Au\ I / causes narrowing of the channel, the capacitive component
of the reactive current dominates, a@d>C, (Fig. 2. At
values corresponding to the superlinear portion of the IVC
the voltage increment increases the lateral current spreading,
the channel current has an inductive character, @rtCg

(Fig. 2.

B. Screening of the transverse electric field upon instan-
taneous bias switching and transient channel leakage cur-
rent Following a sudden increase in the reverse lifas
example, - U), the depletion region of the Schottky barrier
expands during the Maxwellian relaxation time. The channel
initially performs the role of a “grounded” screen, which
prevents penetration of the edge field of the barrier into the
quasineutral region at the source. The positive potential in
the depletion region adjacent to the source region draws elec-
trons into the near-boundary region. The channel tends to
widen toa(x)~ag/(1—x/w) toward the drainFig. 53.

As the lateral current spreading increases, the resistance
of the drain region decreases, and the electric field is redis-
tributed along the channel: it decreases at the drain and in-
creases at the source. In addition, the effective potential
U;(x) of the internal gate in the source region increases
because of the ohmic voltage drop in the chantg](x)
=Ug4(x) —IR(x) [in the source regiokl 4(x) <0]. This leads
to gradual narrowing of the channel at the source and a rise
U(t) in the resistance of the source region. The current reaches a

D:)— ' maximum and then begins to fall off. The resistance of the
fa ‘ o ..| source region acts as an “automatic-bias” resistance, which
e L_"._ __".j" i(t ) increases with cgrrent. . .
rl rrC Thus, following a pulsed increase in the voltage, the
$'s- d“d leakage channel at first screens the source region from pen-
FIG. 5. Qualitative picture of the formation of a conducting channel in theetratlon of the field, but the lateral current spreadlng IS Sup-

space-charge regiot upon the supply of a voltage stép-4) and distri-  pressed by the increase in the field at the source and the
bution of the potential along the channdl {4'), inside the space-charge narrowing of the channel, and the current jump is followed

Ims Uys Imd ‘Ugl

region &), and in a channel that is uniform across its widi)( b — by a slow decrease. These arguments are clearly also appli-
approximate equivalent circuit of a channel. Figl &~ accumulation layer, ble t tri f leak h |

Il — space-charge region of the near-surface bartier— quasineutral cable to an asymmetric sur ace_ eakage C anne .on an open
region(channel. 1, 1' — t<0;2,2' —t<t; 3,3 — r<t<rg; 4,4 — surface. A surface current spike associated with current

t=o0, spreading followed by narrowing of the channel should also

be observed in the case where the surface charge density is

insufficient for the formation of an accumulation layer, but
the channel current and the voltage. The variation of théhe width of the depletion region on the surface is less than
channel width in the narrow regionaf) Aas~Aw=w, in the bulk, and the conditions for surface breakdown due to
><D/(U-+U) at smallU<U, is comparable to the channel shock ionization or tunneling develop on the surface in the

i i P . . . .
width at the sourceq)), i.e.,Aa;=a,, and this is the reason initial moment followlng bias swﬂghmg.
In accordance with the foregoing arguments, the channel

for the large value of the active conductar@eG (Fig. 3, can be divided along its length into three regions by conven-
curve5). As the voltageU increases, the channel Iengthens,[ion (Fig. 53:

and becomes more uniform. The radio-frequency channe . fo hL.(U d
conductance approximates the dc conductdRige 3, curves a source region of lengthL(U), conductance
' 9s(Ugs,Ug)=dls/dUg (gs=1Irg), and transconductance

1-4).

) ~ o~ .~ Img(Ugs,Us) =dls/dUgs;

The complex channel conductante=G=jB an~d the a drain region of length Ly(U), conductance
reactive conductance can have either a capacitiviB() or 9d(Uga,Ug)=dl4/dUg, (9g=1lry), and transconduc-

inductive (~jB) character. The reactive channel current is tancegma(Uga,Uq) =1/ dUgq;

summed in the external circuit with the bias current through @ near-contact region of length,(U) and conductance

the barrier capacitand®,. The measured capacitance of the ~ 9c(Uc) , (9c=1/r).

diode then equal€ =Cy+ B/ w, Wherew is the frequency of Here the voltage drops on these regions are denoted, respec-
the probe voltage. At the small valuesW@fcorresponding to tively, by Ug,Uy, andU. (Us+Uy+U.=U) and the cur-
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rents byl andly (in the channel;=14=1), and the poten- roC*
tial of the internal gate is set equal ty,s=Uq4(L.) for the Tt
source region antd ;4= U4(L;) for the drain region. Denot-
ing the potential increments following the bias switching ~ When the current spreads, the transconductapgede-
Uo—Uy+U for the source and drain regions hyU, Creases, and,s increases. The current rise gives way to
=Us,AUg=Uq,AUg=Ugs, and AUgg=ugyq, for the decay wheng,digs™>0mdUgq- The channel narrows at the
channel-current increment in a steady-state regime we cafifain, Uy rises, the voltage on the source regibiy de-
write i = ggUs+ gmalgs= JaUa+ Imallga- creases, and the channel widens in the source region. The
The approximate equivalent circuit of a channel can bechannel-current incremend= i ma,—i(t) can be written in the
depicted in the form of th&kC circuit shown in Fig. 5b, form
whereC, andC, are the capacitances of the source and drain  ; _ i _ ;
regions, respectively. Wheny<r, the transient processes 's= Gme{UgsIsf'c) = (Ua*1sFc) G-
in such a circuit following the supply of a voltage step areTaking into account thag,¢s=u, where u=9JU/dU s is
similar to the processes in an aperiod®tC circuit with  the voltage gain angugs~U, we obtain
losses. The current increment has the character of a spike, U—ug ug
and the fast rise in current gives way to slow decay to the i;=————=C* —.
stationary value.. . The transient characteristic for the case Fs(1+gmdc) o
of a simplified approximation which takes into account only The current decay, like the rise, is nonexponential. Setting
the passive elements of tHeC circuit is described by the r =rg,, andr.~r, in the initial stage of decay and taking
difference between two exponential functions, and the curinto account thag,,{(U)~g,,, for i we obtain
rent increment is

()

:1+gmr0'

4

. . . t
. . ' t . t |s:|oo+(|max_|w)exr<_7$)1 5
i(t)—ie=~igexp — — | —igo €Xp — —|,
7s0 7ro Ts=TsmC* (14 gl o) (6)
where 7qp=r.C* for C*=C,+C, is the time constant of Thus, it follows from (2)—(3) that the increase in the

the fast stage of relaxatiomgg=r 4C* is the time constant of effective potential of the internal gate during the rise in cur-
the slow stage, anil, andi4, are preexponential factot§.  rent suppresses its growth. As a result, the current rise time

Let us estimate the influence of the internal negativedecreases. The current spreading is accompanied by an in-
feedback in the channel on the characteristic current rise timerease in the resistancg. During the subsequent decay of
and decay time, taking into account that the redistribution othe current, bothJs and r¢ decrease simultaneously, com-
the field upon current flow also causes variation of the effecpensating the decay of the current. As a result, as follows
tive potentials of the internal gates in the sourtbgso and from (5) and(6), the current decays more slowly than in the
drain (Ugg) regions, which is accompanied by variation of absence of internal feedback. In addition, it can be seen from
the channel conductance with the characteristic timgs (2) that the greater is the conductance of the soggcand,
=C,/gmsin the source region ang,,q= C4/gmqin the drain  thus, the greater is the initial current, the more the resis-
region®!"The influence of both the widening of the channel tancer ¢ increases in the initial stage of relaxation € i may
at the drain and the associated narrowing of the channel atg.,) and the more slowly the current decays.
the source on the current can be represented using the This result corresponds to the general properties of a
equivalent current generatags,dys andgmqlgq With oppo-  negative-feedback amplifier: an increase in the level of nega-
site phasesFig. 5b. tive feedback expands the transmission band in the directions

Following an instantaneous voltage increalsexU;), in  of both higher and lower frequencies. The level of negative
the initial stage of relaxationUy>Uy,) the value ofU, de- feedback equals Buq(w), whereuo(w) is the gain in the
creases in response to current spreading, so uhatU absence of feedback amlis the feedback coefficient. For a
—Ug4(1). Since gme~(Ug)Y? and gnq~(Ugy)*? (Ref. 19,  channelB=1, anduy=~g,ro. The decrease in gain due to the
Omgs<OmdUgd- Taking into account thatr(+ro)~'~gs,  effect of internal negative feedback leaiecause of the
we can write the equation for the channel-current incremen¢onstancy of the product of the gain and the transmission
i in the form band to a decrease in the characteristic current rise time

by a factor of & Buo=(1+gnrg) and to an increase in the

o 3 . 9Ug characteristic timerg of the slow decay of the pulse plateau
1= Ud0s= gmel( Uga— Ua) = C* —= —UqgQu- @) by a factor of T Bug=(1+guro), in agreement with(3)
and (6).
Sincegs g and gmsma depend onug, the relaxation of the The observed correlation between 6&T) and C(T)

current is nonexponential. Setting=ro andgmq=9m (ImiS  curves provides evidence thairi=1 (w=2nf, f=160

the maximum value ofmg), for the initial stage of relaxation k7). Hence, as an estimate of the time scale of the fast stage

from (1) we obtain of recharging of the channel capacitance we can obtain
7~10 ® s. Let us estimate the time of the slow relaxation

2) stage. Taking into account thay,=g.,9.~a, and
gs~as, we obtain




1282 Semiconductors 32 (12), December 1998 N. I. Bochkareva and A. V. Klochkov

ao fe hydrogen-containing centers to form a series of complexes
Oml o~ "G which readjust their configuration at low temperatures. This
s conclusion is supported by the closeness of the temperatures

Takingé/GilOz andr .. ~10P— 1070, from (3) and(6) we at Whl(ih the peaks of the relaxation spectra and the humps
obtain 7~10Pr,<1 s as an upper estimate. Whepr, ©ntheG(T) curves are observed to the known temperatures
>1, it follows from (2) that the current increment amounts for release of the rotational mobility of adsorption complexes

toi;=Ug,, and the value of the channel current reflects thecontaining oxygen atomand water molecule;*” as well

conductance of the source. Hence it follows that the nonas defects in crystals with hydrogen boRddhis allows us
to relate the nonmonotonic character of thg€T) curves to

I%he variation of the electronegativity of the complexes upon
readjustment of their configuration in the vicinity of the

monotonic character 0t~3(T) reflects the nonmonotonic
character of the variation of the surface conductance wit

temperature. - i _
P L~ . L “characteristic” temperatures. The increaseniiupon cool-
When a probe signal is applied after switching of the o4 can be attributed to the “freezing” of a complex and its
volta}ge U,.the inductive cur_rent.at first increases rap'quimmobilization on a dangling Si bond, and the decrease,in
(during a timet=7¢) due to Wlden|ng of~the channel. In this can be attributed to the restructuring of a defect in an ener-
stage the measured capacitalie Cq—B/w, andC<Cq.  getically more favorable configuration with a smaller binding
As the active channel conductance slowly rigésring a  energy. In hydrogen-containing complexes this restructuring
time t~7y), the inductive channel conductance decreasess associated with the tunneling of a proton along a weak
and the measured capacitance slowly increases with the rydrogen bond to a neighboring oxygen afdmnd with the
sultant formation of peaks in the relaxation spectra. Thus, thegrmation of weakly electronegative hydroxyl radicals ac-
character of the relaxation of the measured capacitance asc@rding to the reversible reaction,8+ O 20H (Ref. 22.
result of the influence of the size effects on the Debye lengtirhe relaxation peaks dt>150 K in the spectra of samples
in a leakage channel is similar to the character of the relaxyyidized in dry oxygen(Fig. 4, curvel) can be caused by
ation of the barr?er c_apacitance upon the charge exchange @Bmplexes containing oxygen atoms and water moleci®s.
deep levels, which is usually regarded as the only cause 6fhe small amplitudes of these peaks in the spectra following
the formation of relaxation spectra in transient capacitancgyiqation by chloringFig. 4, curve2) can be associated with

measurements. the small number of dangling bon#sand the increase in

We stress tha}t the reactive chapnel current and, thu's, tr}ﬁeir amplitudes during aginécurve 3), which is accompa-
measured capacitance are determined by the modulation ﬂfed by a decrease in,, can be associated with the forma-

the channel width by the probe and depleting voltages anﬂon of SIOH complexes with a strong chemical bond, an

depend on the transconductance of the channel, rather than. <o in the number of unpassivated dangling Si bonds,
on the dc conductance of the leakage channel. This accounis 4 the formation of stable complexes. We note that this
fqr th_e experimental fact that diOQes with Ie_al_<ag§ CUITeNt$odel is consistent with the nonmonotonic temperature de-
differing by. orders  of _magmfcude exhibit |dgnt|cal pendences of the density of dangling silicon and oxygen
temperature-induced capacitance jumps and relaxation SP€Sonds in SiQ and on a Si—Siginterface following postir-

tra. . radiation annealing in the range #300 K which were ob-
C. Nature of the centers responsible for the nonmono- . . .
. served in Ref. 24 using electron paramagnetic resonance and
tonic character of the surface conductanées can be seen

. ere associated with the presence of hydride and hydroxyl
from Fig. 3, the temperature dependence of the modulus 0groups in the oxide. The character of the oscillations of the

the complex conductande(|=.(G2+Bz).1’2 has a stepwise gensity of these defects with annealing and the attendant
character and a_ttes_ts to an increase in the surface _Cond%riation of the built-in charge in SiO(Ref. 24 correspond
tance upon cooling in the temperature rafige160 K. Fig- (4 the character of the variation of the amplitudes of the
ure 3 also presents the re_sults of meas_urements of the COPeaks in the relaxation spectra during the aging of samples
ductance per squai@;(T) in samples with ohmic contacts iy osF’s, which can be attributed to the formation and
created on the surface of anSi wafer with OSF's. The  gctyral transformation of complexes with hydrogen bonds
figure reveals a correlation between t8€T) and G(T) upon annealing.
curves. 5. Thus, the kinetics of electric field screening in a bar-
The analogous features of tEZ{T) curves for Si and Ge rier structure with a leakage channel is influenced by current
(Ref. 8 were related in Ref. 9 to the variation of the surfacespreading and negative feedback in the channel. The ampli-
free-electron density with temperaturg(T). The role of tude and rise time of the current pulse are restricted by the
donor surface states can be performed by complexes contaiaecumulation of space charge at the source due to current
ing three-coordinated oxygen atoms, whose donor activity ispreading and by a decrease in space charge at the drain. The
created by the orbitals of lone paisSuch complexes can decay of the current and the accumulation of space charge at
contain oxygen atoms, like the oxygen thermodonors de- the drain are slowed due to disappearance of the space
scribed in Ref. 20, and they can contain hydrogen atbors  charge at the source. The radio-frequency channel current
molecules of adsorbed wat&rThe general laws governing can have either a capacitive or inductive character and make
the course of theany(T) curves in Si and Ge can be under- a contribution to the measured capacitance of the barrier
stood, if we take into account the ability of oxygen- and structure. The slow relaxation of the surface leakage current
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The drift kinetics of the mobile charge in Sj@ilms, its capture on ion traps localized at the Si—
SiO, interface, and ion emission from these traps are investigated by measuring the
capacitance-voltage characteristics, the dynamic current-voltage characteristics, and the thermally
stimulated depolarization current of the insulator. The current compoeee&s associated

with the emission of particles trapped on the interface during thermofield treatment are isolated in
an explicit form. The charge of the surface ions is shown to be neutralized mainly by Si

electrons, and the field dependence of the ion emission currents is characterized by an anomalous
Schottky effect associated with opening of the ion-trap potential by the external field. The
relationship between these traps and the potential inhomogeneities, i.e., potential wells for mobile
particles, on the interface under consideration is discussed. It is noted that the mobile ions

in the insulator can be used for interface potential inhomogeneity diagnostic499® American
Institute of Physicg.S1063-782808)00612-7

The mobile ionic charg®,, in the SiG films in silicon  sivation is still not entirely cleat® The neutralization of
metal-oxide-semiconductatMOS) structure$ can be cap- ions on the interface can occur as a result of their capture on
tured on traps located at the interface during approptfaie  surface traps followed by neutralization of the ionic charge
larizing or positive thermofield treatment, which induces the by silicon electrons, and then this portion of the ions will
displacement of),,, toward the Si—SiQinterface? During a  play the role of sources of specific interface states, as was
depolarizing(negative thermofield treatment, the kinetics of probably observed in Ref. 11.
the migration of the mobile charge are often assigned to the Macroscopic dipole-charge formations on an inhomoge-
thermal emission of ions that were initially localized in theseneous semiconductor-insulator interface were considered as a
traps. In other words, at elevated temperatre800°C the  model of effective ion traps in Ref. 12. One characteristic
mobility of the ions is fairly high, and the transport of par- feature of such traps is that they have a long-range potential,
ticles captured in traps through the thin insulator layer undewhich leads to a strong field dependence of the emission rate
the action of a field is limited by their emission from the of particles trapped in them in proportidim weak field$ to
traps. Just such an approach has been used for the most paxp@f& "/kT) (1/2<y<2/3) with a>«( (the anomalous
in interpreting data from experimental investigations of theSchottky effeck

thermally stimulated depolarizatioffSD) currents in Si- A more complete study of the mechanism of the neutral-
based MOS structurés® however, the nature of such inter- ization of mobile ions at the Si—Sidnterface requires iso-
facial traps has not been thoroughly established. lating the current component caused by the deneutralization

The investigation of TSD currents has revealed that thef particles in an explicit form. The solution of this problem
activation energy for the ion emission from traps depends ofis the subject of the present work, which examines ion emis-
the electric field€ applied to the Si@film, and it has usually sion from surface ion traps.
been assumed that the field dependence of the emission rate 1. Experimental results The experiments were per-
obeys axexp@EY4kT) law,>’ wherea is a proportionality  formed on Al-SiQ—Si(KEF-4.5—-Al-n-Si MOS structures,
factor,k is Boltzmann’s constant, andis the temperature. A which were fabricated by oxidizing the Si substrate in an
similar dependence ofiwas also observed in investigations atmosphere of dry oxygen. The thickness of the ,.Si&yer
of the drift kinetics of Q,, using dynamic current-voltage (h) was 0.2 um, and the area of the structures was
characteristic&® However, it was found thata>ag S=0.36x10 2 cn?. The measurements were performed at
=% (5= 21)] %1 (21 + 25,) ] (q is an elementary charge, a constant temperatufie=520 K. The experiments were car-
and x, and x, are the dielectric constants of the contactingried out in the following manner. At first positive thermofield
medig, whereay corresponds to the field-induced lowering treatment was performed: a polarizing potentigk — 10 V
of the image-force potential barrigthe normal Schottky was supplied to the semiconductor layer of the MOS capaci-
effect. tor, inducing the migration of the positively charged ions in

Another feature of the behavior of ions near the interfaceSiO, toward the interface with Si. The sample was held at
is their partial neutralization, but the mechanism of this pasthat value ofVg until the polarization current dropped to

1063-7826/98/32(12)/5/$15.00 1284 © 1998 American Institute of Physics
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zero. After completion of the polarization process, the volt-variation of the surface potentigl; of the semiconductor
ageVg was varied according to a linear law with the time relative to its bulk value(or the variation ofC,;) can be
toward depolarizing values. The dynamic current-voltagedetermined by both the rate of variation of the external volt-
characteristid (V) and the “radio-frequency’{l MHz) ca-  ageV, and the rate of “departure” of ions from the inter-
pacitance of the structur€(Vs) were recorded a¥s was  face. As the positive ionic charge drains from the interface,
varied. the rate of variation ofp, drops, and ultimately, after the
Figure 1 shows typical plots of(Vs) (curves1) and  cyrrent in the first peak drops to values of the order of

C#(V¢) (curve2), which were obtained for various values of ByCy, the derivativede./dt is determined only by the
the sweep rat@, =dV,/dt. Itis seen that the depolarization \iation of .

current has two peaks and that the maximum of the first of 5 it kinetics of the mobile charge iSi0,. Let us
them is located aVy,=—1.4 V, i.e., its position does not
depend on the sweep rate of the bias voltage of the structur
This is evidence in support of a mechanism of quasiequilib-_°
rium “overflow” of ions from the Si—SiQ contact to the
metallic electrodé® The effective surface concentration of
ions found from the area of this current pe@a&lative to the

now turn to the current peaks observed at higher values of
. Two cases are possible here:as &, is gradually in-
creased the current peak is caused by the drift of ions in the
SiO, layer from the semiconductor-insulator interface to the
gate of the MOS structure;) the current peak reflects the

8,Coy level, whereC,, is the geometric capacitance of the emission of particles from surface ion traps stimulated by the

. ) . external field.
dielectric gap of the MOS structureis N;;~5.9 . . . .
% 1012 Cm‘% P Y mi Let us estimate the mobility of the ions causing the sec-

The position of the maximum of the second peak corre- ond peak under the assumption of a drift mechanism of cur-

sponds to inversion of the silicon near-surface chathe rent flow. In this case the characteristic time for ion drift
electric field in the Si@layer&,,~V./h=10° V/cm), and as  through the SiQ Iayer T4=hvg=h pe€ox~h*l paVim
By increases, the peak is displaced toward larger depolariz=AVs/Bv, 1-€., pg~ Bvh?IVmAVs, whereVy is the drift
ing values of the potential, (larger values of the field,,).  Velocity of the ions,uq is their drift mobility, Vp,, is the
The concentration of ions here M,~2.8x 102 cm™2. position of the maximum of the current peak, akdy is the
Unlike the depolarization current, the capacitance of thdull width at half- maX|mum(FWHM) of the peak. For ex-
structure does not depend @ . In the initial region of the  ample, for the valueg,=5.5x10"* V/s, V,,~6.95 V, and
decrease irC4(V,), which corresponds to passage of the SiAV¢s~5.35 V, which correspond to the condition for obser-
surface from an accumulation state to a depletion staké as vation and the parameters of the second current péigk 1,
is varied, there is a feature, which reflects the drift of the ionscurve 1b), we find uq=5.92< 10" ** cn?/V - s. According to
(which cause the first current peakom the Si—SiQ inter-  Ref. 14, the known species of mobile ions in Sikave the
face to the metallic electrode. In fact, in this case the rate ofollowing values under the present temperature regime
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FIG. 2. TSD curves of an MOS structure for
various values of the depolarization voltage
Vg, V: 1— 10,2 — 20.36,3 — 30.51. The
temperature sweep rate 4s0.3 K/s.

1,707

(T=520 K) for the measurementgiy= uoexp(—Eq4/kT) (E; ~ TSD currents, support using an emission model to describe
is the activation energy for ion dnjft uy(Lit)=6.98 the migration kinetics of the mobile charge causing the sec-
X10°8 cm?/V-s, ug(Na')=1.91x10"8 cn?/V-s, and Ond peak on the dynamic current-voltage characteristics, the
wg(K*)=2.1x10"13 cn?/V-s. Thus, it can be presumed €mission process being preceded by deneutralization of the
that the nature of the second current peak is governed by tH@obile particles captured in traps.

drift of potassium ions through the SiQayer. 4. Field dependence of the rate of ion emission from

In order to analyze this hypothesis, experiments involv-nterface traps The existence of a dependence of the posi-
ing measurement of the TSD currents of the structure undeion of the second current peak on the sweep fajendi-
investigation were performed at various depolarization voltcates that emptying of the ion traps is stimulated by the field.
ages(Fig. 2. Like the dynamic current-voltage characteris- TWo models are usually utilized to interpret such a field de-
tics, the TSD current has two peaks. Omitting the detailed?€ndence of the emptying rate) the ions are captured on
analysis of the current peaks, we note that if the nature of theegatively charged microscopic ion traps located near the
second peak is governed by the drift of Khrough the SiQ interface, where the field stimulation of their emptying is
film, the observed currents should not exceedcaused by the Poole—Frenkel efféct b) the ions are
I m=0qSNmua(Tm)Vs/h? (T, is the temperature at the trapped on the interface by the surface image-force potential,
maximum of the second current peak.e., 4x10 '3  they are neutralized by semiconductor electrons, and their
7Xx10 4 and 2.4<10 * A for curvesi, 2, and3, respec- emission in an electric field is specified by the normal
tively. The observed current values clearly exceed the valueSchottky effect®®We shall show that these models do not
just listed(Fig. 2). properly describe the results of our experiments.

3. Neutralization of ions at th&i—SiQ, interface We The concentration of negatively charged microscopic ion
next show that the group of ions considered, which are initraps near the Si—SiOnterface should be no smaller than
tially localized at the silicon-oxide interface, are in a neutralN,. After a depolarizing thermofield treatment of the struc-
state. In fact, the condition that the mobile particles be in dure, such a negative charge should lead to displacement of
charged state leads to the displacementgfV,) along the the capacitance-voltage characteristic along the voltage axis
voltage axis toward more positive values by Vg by ~ V% in the negative direction. However, the minimum of
=47gNnh/ %0,=25.3 V (%o is the dielectric constant of the quasistatic capacitance-voltage characteristic measured at
Si0,), i.e., the minimum on the capacitance vs voltage curvel =300 K after a negative thermofield treatment is observed
should then be observed in the region of the second currert V,=+1.9 V. Moreover, in the case of a homogeneous
peak. The position of the minimum (V) atV,=0.35V  distribution of these traps throughout the oxide, some sym-
clearly points out the neutral state of these particles. Thisnetry should be observed in the current peaks corresponding
circumstance, as well as the anomalously high values of tht the group of ions under consideration relative to\Wyeor
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t) axis for the forward and reverse bias voltage sweeping
directions, but we did not observe such an effect. All this
points to the absence of microscopic ion traps.

Let us perform the further analysis for the general case
in which the probability of ion emission from a trap in the
insulator is proportional to eXp(Eq—a€”)/kT], where &

a€” is the lowering of the emission barrier by the external '«
field £ (€ is the absolute value of the field in the insulator at g_gj
&
fac]

=3.0

the interface with the semiconductothe parametera and

vy depend on the form of the potential and the nature of the
trap model(see Ref. 12 and the accompanying leahdE,

is the thermal “ionization” energy of a trap, which includes
the energy needed for the deneutralization process. There -4p.5
fore, the equation of the trap emptying kinetics in the ab- :
sence of recapture has the form 500

=10.0+

550 600 650 700 750 800

dt kT
(n; is the current concentration of trapped ions, arid the
frequency factor, and its solution is
dt/},

1t al?(t")
n;=N.exp — ;foex KT

wherer= v~ lexp(E,/KkT) is the thermal lifetime of an ion in
a trap. The absolute value of the ion emission current

dn;, qSN,, al? 1t al(t")
= ex ———Jex dt’

~9ar T kT 7)o KT
as a function of€ has a maximum af=¢&,,, where&,, is
defined by the equation

o1 d& _ kT aE%)
@em Agr), " AT

We note further thatlé/dt= B,,/h under the conditions

dn, F{ Eo—al?(1)
=—vnexg ———=—

oY)

&2, (v/em)"?

FIG. 3. Experimental plot in the coordinaté® for y=1/2.

Eqg. (1) is a straight line with a slopa/KT relative to thet,
axis. In other words, the form of Eql) (for these coordi-
nates is self-similar relative to the nature of the field stimu-
lation of the ion trap emptying rate, permitting its use to
elucidate the mechanism of ion emission in an external field
and to thereby investigate the nature of the interface ion
traps.

5. Mechanisms of the field emission of ions from inter-
face traps In order to obtain the experimental dependences
just indicated we must know the relationship betwégrand
V. Taking into account the smallness @f (|¢s/V<1),
we shall henceforth set;~V;. If, in addition, we takgas,
for example, in Ref. 1BV, i.e., the position of the maxi-
mum of the first current peak, as the value\gf, we have
Em=(Vsm— Vso)/h, whereVy,, is the position of the maxi-

of the experiment. In fact, the maximum of the current peakum of the second current peak on the dynamic current-
under discussion corresponds to inversion-type band bendingpltage characteristics. o o

in silicon. In this case the potential, = — (Vs— ¢,) of the Si Let us next consider the possibility of the realization of

surface calculated relative to the value in the bulk of thethe normal Schottky effect. Figure 3 shows the plot in the

semiconductor satisfies the equatiofvy,—1)=\"lexp@o)
(Ref. 16, where ¢ is the potential of the Si surface,
=q(Vs— @ )/kT, N=Ng[(1+4n2/N3)¥?+1]/2n,,, Ny is
the concentration of the donor impurity, ang is the intrin-

coordinates(2) for y=1/2 obtained from the dynamic
current-voltage characteristics measured with various values
of By: 1— 0.016,2 — 0.025,3 — 0.033,4 — 0.055,5 —
0.176 V/s. It is seen that this dependence is a straight line

. . . . - . H — —3 —-1/2
sic carrier concentration in silicon. With the parameters usedith @ slopea/kT=8.48x10 % (V/icm)"'2 At the mea-

(Ng=10" cm 2 and T=520 K) ¢,~—0.26 V. The field

surement temperatureT=520 K we have «=6.085

£=(ps—Vo)/h, whereV,, is the zero-field potential at the X 10~2%C(V-cm)*2. The value for the normal Schottky ef-

semiconductor-insulator interfacee., whenes=V,, £=0;
for more information regardiny, see Ref. 1Y Assuming
that there is no accumulation of the total chaf@g in the

bulk of the SiQ layer during the measurements of the dy-

namic current-voltage characteristi¢®., that all the mobile
ions are localized at the metal/Si@nterface in the voltage
range corresponding to the second current peakl allow-

fect is ap=2.18<10 2C(V-cm)'? i.e., the value ofa
found is 2.8 times greater than,. This finding points out the
weak influence of the image-force potential.

On the other hand, the anomalous field dependences of
the ion emission currentéhe anomalous Schottky effect
indicate the presence of interface ion traps created by mac-
roscopic dipole-charge formatiofsIn the case of charged

ing for the weak dependence of the inversion-type bandcircular” (not excessively extendgdspots y=1/2, and

bending in silicon onVg, we havedV,/dt~0, dog/dV,
~1, andd&/dt~= g, /h.
Thus, in the coordinates

x=EY, y=In(ByERY )

a>aq by several fold, as was observed in our experiments.
The total negative charge of these spots should then be no
less thamg SN,,,. However, such a value of the charge would
lead to shifts of the capacitance-voltage characteristic after a
negative thermofield treatment of the structure, which are not
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analyzed; it has been shown that some of the mobile ions are
trapped on the Si—SiQnterface(on interface ion trapswith
subsequent neutralization of their charge by electrons from
the semiconductor; a field dependence of the emptying rate
of these traps has been discovered; the possible mechanisms
of the field-induced trap emptying have been analyzed on the
basis of experimental data; a generalized theoretical analysis
of field-induced trap emptying has been performed; general-
ized coordinates, in which the construction of experimental
dependences reveals the nature of interface ion traps, have
been proposed for application to the experimental method
used; it has been shown that these traps are created by mac-
roscopic dipole spots on the interface; and estimates of the
effective values of the parameters of these inhomogeneities

L p SN | j - 1 1 1 1 1 1 I 1 1 1
4000 4500 5000 5500 6000 6500 7000 7500 have been given.
efn/-" (V/em)2* We note in conclusion that experiments devised to inves-
tigate ion currents in the insulator can serve as an effective
FIG. 4. Experimental plot in the coordinate® for y=2/3. tool for studying the semiconductor-insulator interface and

permit the performance of a unique kind of “ion probing” of
macroscopic inhomogeneities on this boundary.
observed experimentallisee Sec. ¥ Therefore, the charge
state of the macroscopic ion traps is neutral as a whole,
pointing out the “dipole” nature of the surface potential | _ _ _
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results: the drift kinetics 0@, in the SiQ layer have been Translated by P. Shelnitz
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Manifestations of the deneutralization of mobile charges in SiO » in the spectroscopy
of the silicon-oxide interface

S. G. Dmitriev and Yu. V. Markin

Institute of Radio Engineering and Electronics, Russian Academy of Sciences, 141120 Fryazino, Russia
(Submitted March 16, 1998; accepted for publication April 23, 2998
Fiz. Tekh. Poluprovodn32, 1445-1449December 1998

The total number of mobile ions in the oxide film in a Si-based MOS structure is determined by
the conventional methods of recording capacitance-voltage and dynamic current-voltage
characteristics. The fraction of ions in the neutral state at the Si-iBi€rface is determined.
Spectroscopy of the interface reveals a peak of the effective density of interface states. It

is shown that the number of states in this peak corresponds to the number of neutralized patrticles.
The mechanism for neutralization of the mobile charge of ions is discussed.

© 1998 American Institute of PhysidsS1063-782@08)00712-1

The mobile ionic charge @) in SiO, films on  toward the Si-SiQ interface during thermofield treatment
silicon'~* is one of the main causes of the instability of the and the fraction of these ions which are in the neutral state
electrophysical characteristics of Si-based MOS structuregre determined from the results of an experimental investi-
and devices based on thértherefore, a fairly large amount gation of thermally stimulated depolarization currents, dy-
of attention has been devoted to research on the kinetics @famic current-voltage characteristicgnd radio-frequency
ion drift. It has been established th@t, is created by posi- and quasistatic capacitance-voltage characteristiesd the
tively charged alkali-metal Li, Na*, and K" ions, which influence of the ions on the spectrum of interface states is
become mobile at elevated temperature200—-300°Q in  analyzed on the basis of data from the spectroscopy of the
fields equal to 19-10¢° vicm."? silicon-oxide interface.

Several studies have been devoted to the influence of The experiments were performed on Al-SiCBi—Al
mobile ions on the spectrum of interface states at theviOS structures fabricated by oxidizing a substrate of
Si—Si0, boundary2~® It is shown that, unlike the Sibulk,  n-Si(100) (KEF-4.5 in an atmosphere of dry oxygen. The
where Li", Na*, and K" ions create a high donor level thickness of the SiQlayer was 0.104um, and the area of
relative to the bottom of the Si conduction bahthe ions  the structures wa$=0.25x 10 2 cn?. The measurements
localized at the interface modify the spectrum of interfacewere performed in the temperature range 2a3<500 K.
states in an energy range which corresponds to the silicomhe experimental procedure was as follows. The sample was
band gap. first subjected to a depolarizing thermofield treatment: the

Another special feature of the behavior of ions near thestructure was heated =500 K with the voltageVs=7 V
interface is their partial neutralization, which is especiallyon the Si substrate and held at that temperature for 30 min.
characteristic of the “chlorine” oxidé:'° however, the At the conclusion of the depolarization process, which in-
mechanism of such passivation is still not entirely cfear.  duced the displacement @, to the metal-Si@ interface,
addition, there has been no comparison of the number dhe structure was cooled =300 K, and synchronous mea-
particles in the neutral state with the degree of modificatiorsurements of the radio-frequency and quasistatic
of the spectrum of interface states. capacitance-voltage characteristics were carried seg the

The drift kinetics ofQ,, observed in thermally stimu- inset in Fig. 2. Next, the depolarization process was re-
lated depolarization experimeftst’~**are often described peated, and the sample was subsequently cool&d=t800
using a model of surface ion traps, whose the emission cuiK, at which the radio-frequency capacitance-voltage charac-
rent makes an additiongénd sometimes decisiveontribu-  teristic of the structure investigated was recorded with the
tion to the observed thermally stimulated depolarization curvariation ofV4 according to a linear law with respect to time
rents. However, the emission mechanism itself and that the rateB,=26 mV/s. Then the structure was heated to
nature of such interface traps have likewise not been estad-=500 K, at which the sample was held for 30 min under a
lished. polarizing biasVs=—10 V. Such a thermofield treatment

The structure of the potential induced by dipdler  induced the migration of mobile positively charged ions to-
charged “spots” on an inhomogeneous semiconductor- ward the Si—Si@ interface. At the conclusion of the polar-
insulator interface was considered in Ref. 14. It was shownzing process, for the purpose of determining the nunihgr
that the potential wells appearing in this case can serve af mobile ions reaching the interface, the structure was
effective traps for charged particles, especially for positivecooled toT=200 K without altering the value o¥, the
ions in the insulator. radio-frequency capacitance-voltage characteristic was re-

In the present work the total number of ions migratingcorded, the sample was heatedTte-500 K, and dynamic

1063-7826/98/32(12)/4/$15.00 1289 © 1998 American Institute of Physics
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- e e e e —————— 1 FIG. 1. Radio-frequency capacitance-
voltage characteristics obtained before
(1) and after(2) a polarizing treatment
L L of the sample; C,,=83 pF, AV
2 =9.57 V. Inset — radio-frequencil)
and quasistati€2) capacitance-voltage
characteristics before polarization of
the structure;8,=1.6x10"2 V/s.

Crf 2 pF
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current-voltage characteristi€s(V;)] were measured. Then voltage characteristic. The effectiybrought to the surfage
a repeated thermofield treatment, which caused repeated ngoncentration of mobile ionil,, found from the area of the
gration of ions to the interface, was performed without varia-current peak on the dynamic current-voltage characteristic is
tion of the conditions of the thermofield treatment on thes 24x 102%cm™2. The shift AV of the radio-frequency

structure under investigation, and then the sample waggpacitance-voltage characteristics, in turn, gives the value
cooled toT=200 K. The constant bias voltayg=7 V was I\I:": 2 10%%cm™ 2 (for the purpose of avoiding the influence
applied to the structure at that temperature, and the sample

was heated at the rafé,—0.13 K/s. The temperature depen- the fluctuation potential and other effects caused by the

dences of the thermally stimulated depolarization curren{mgratlon of ions tF""’afd the |nterfaéeAyS was found in
I(T) and the radio-frequency capacitanGg(T) were re- the range of capacitance valug€; in which the character-

corded during the heating. istics obtained before and after the thermofield treatment co-
Figure 1 presents the experimental radio-frequencyncide if parallel displacement along thé; axis is addey
capacitance-voltage characteristics of the structure recordeédhus, the passivation paramété?=(Ny,,—N)/Ny,~0.11,
before (curve 1) and after (curve 2) the polarizing ther- and the number of neutral particlég=2.4x 10"cm™2. In
mofield treatment, and Fig. 2 shows the dynamic currentaddition, the deneutralization process is reflected on the cur-

FIG. 2. Dynamic current-voltage characteris-
tic of the structure studied. The arrow marks
the feature on thé(Vs) curve.

~N
I,10"A

1
-8 -4 0 4 8 V,,V
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FIG. 3. Temperature dependence of the depolarization cutteand the radio-frequency capacitari2eof the structure studied. The arrow marks the feature
on thel(T) curve.

rent peak of the dynamic current-voltage characteristic in the=g?N{F) is the capacitance associated with the equilibrium
form of a featurgwhich is marked by an arrow in Fig) dn  emptying of the interface stateg, is the potential of the Si
the descending branch ¢{V.), whose form indicates the surface,qis an elementary chargbl,(Fs) is the density of
“opening” of an additional ion current channel. This con- interface states with a continuous energy distributiegjs
clusion was tested in the following manner. The experimenthe Fermi level at the semiconductor surface,
preceding the measurements of the thermally stimulated dé=;=F,—q¢s,Fo=—kTIn(Ny/N,), k is Boltzmann's con-
polarization currents was repeated for the purpose of findingtant,N4 is the dopant concentration in the Si substrate, and
the values ofN,, and N}, again. If no deneutralization pro- N, is the effective density of states in the semiconductor
cess occurred during the first measurements (8f), the  conduction band.
new values ofN,, and N}, should coincide K,,~Ny,), but Having the experimentdl(T) curve and following the
the repeated cycle gave the former concentration values. algorithm described in Ref. 9, we can fi@}(T), ¢4(T), the
Figure 3 shows plots df(T) (curvel) andC(T) (curve  derivative de¢s/dT by numerical differentiation, and,
2). The current peak has a dip in the region wh€fevaries  thereby, the density of interface stafds(F).
abruptly. It is due to relaxation of the semiconductor space- Figure 4 presents the spectrum of interface states
charge region during the thermally stimulated drift of ionsN¢(F) obtained froml (T) andC«(T) (curvel), as well as
from the Si—SiQ interface toward the meta!.In the initial  a plot of N(F) found from a treatment of the quasistatic
portion of the dip on thé(T) curve there is a featurgt is and radio-frequency capacitance-voltage characteristics
indicated by an arrow in Fig.)3which can be assigned to (curve 2) according to the procedure described above with
the equilibrium charge exchange of a certain interface-stateonsideration of the replacemengs— 8y and T—Vs. It
level at the semiconductor-insulator contact during thecan be seen that the presence of ions at the Si-iBt@rface
gradual increase in the depletion-inducing band bending imodifies the spectrum of interface states dramatically: apart
Si. from the increase in the density of states on the spectrum tail,
The component associated with the charge exchange efhich is caused both by the fluctuation poterfiand by
interface states can be isolated from the total cutr€Ry by  other effect$’ there is also a peak @& .~260 meV. In
a procedure similar to the treatment of data obtained fronaddition, the number of states in the peak Ng~3
synchronous measurements of the radio-frequency and qua-10t'cm™ 2, which coincides to within 25% with the number
sistatic capacitance-voltage characteristitsthe absence of  of neutral particledN,. Similar “generation” of a peak in the
the injection of mobile ions and other charges from Si@0  density of interface states was observed in Ref. 8, but no
Si, I (T) is equal to the current flowing from the semiconduc- experiments have been performed to reveal the number of
tor layer of the MOS capacitor:I(T)=—-8:Sd o, neutralized mobile ions, and there has not been any compari-
+0s9/dT=B:S(C,+Cs9des/dT, whereo, is the charge son with data from the spectroscopy of the Si—Si@ter-
density of the semiconductor space-charge region brought tiace.
the surfaceoss is the electron charge density in interface Thus, it can be concluded from the results of this work
states,C,= —do, /des is the low-frequency capacitance of that the mobile ions found at the Si—SiGterface are par-
the semiconductor space-charge regi@=—doss/des  tially neutralized by trapping electrons from the semiconduc-
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The solution of this problem will be the subject of our next
41 paper, in which we shall examine the emission of ions from
5 surface ion traps.

1 Surface-charge formations were considered as a model
of such traps in Ref. 14. One characteristic feature of such
traps is that they have long-range Coulomb and/or dipole

- potentials, which leads to a field dependence of the rate of

- emission of particles trapped on them in proportion to

2 exp€/kT), where « is a proportionality factor, whose

form depends on the nature and parameters of the &béts,

is the external electric field, and K2y<2/3. In the case of

o7t charged “circular” spots §¢=1/2) we have a>ag

=0%9 (55— 1)l 21 (21 + 2,) ]2 (%, and x, are the dielec-
tric constants of the contacting megiahen lowering of the
barrier height occurs because of the image fdrc¥s(the

our normal Schottky effegt

N, 70T eV cm2
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LOW-DIMENSIONAL SYSTEMS

Transformation of nonradiative recombination centers in GaAs/AlGaAs quantum well
structures upon treatment in a CF , plasma followed by low-temperature

annealing
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Institute of Semiconductor Physics, Russian Academy of Sciences, Siberian Branch, 630090 Novosibirsk,
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The influence of low-temperature annealing on the photoluminescence of GaAs/AlGaAs single-
quantum-well structures treated in a low-energy, @Rsma is investigated. It is established

that annealing at 160—300 °C causes a decrease of the photoluminescence intensity of the quantum
wells located in the near-surface region, while annealing at 350—450 °C leads to partial

restoration of their photoluminescence. The activation energy for the diffusion of plasma-
produced point defects and the activation energy for the annealing of these defects are determined.
These energies are equal to 150 and 540 meV, respectively. It is discovered that the
photoluminescence of the quantum wells near the substrate, which had a low intensity in the as-
grown sample, increases after treatment in the plasma and decreases after subsequent

annealing monotonically with increasing annealing temperature. Repeated treatment,jn a CF
plasma leads to a repeated increase in the photoluminescence intensity of these quantum

wells. It is theorized that the defects induced by the @Rasma form complexes with defects
introduced during growth and that these complexes are not recombination centers. After
low-temperature annealing, the complexes dissociate, and the nonradiative recombination centers
are recreated. €1998 American Institute of Physid$$1063-7828)00812-4

1. INTRODUCTION temperature on the PL intensity of QW'’s in structures ex-
posed to a low-energy GRplasma.

Treatment in a low-energy fluorine-containing plasma is
widely used to selectively remove SiGind SiN, masks
from the surfaces of 1lI-V structures during the fabrication
of various microelectronic devices and low-dimensional A GaAs/Aly:Ga 7As structure grown on a substrate of
structures. To completely remove the mask material, théemi-insulating GaA400 was used in the experiment. It
structures are subjected to etching, during which the lowerconsisted of a GaAs buffer layer with a thickness of.th,

lying layers are bombarded by plasma ions and damage@" Ab:Ga -As layer with a thickness of 0.am, and six
The defects introduced as a result significantly alter the uSaAs QW’_S with thicknesses of 2.2, 2.8, 3.4, _4'2’ 56 and
minescence and electrical properties of the near-surface la -',5 nm, which were separate'd byoABa 7AS barriers ,W'th a
ers of the structure’s 14 h'|ckr'1ess of' 24 nm. The; thlckness of the QW's mcregsed
Wong et al! suggested that the defects produced in theW'th increasing depth within the structure. A short-period

near-surface region of structures could be studied by inves(—s‘nj"A‘S/'A‘l'A‘S superlattice was grown within a Oum

tigating the photoluminescencéPL) spectra of GaAs/ Al .Ga, 7As layer to prevent the diffusion of impurities and

AlGaAs sinal A I struct Th 1i)oint defects into the structure from the substrate. The struc-
S singie-quantum-well structures. - The exposure ok, \yas covered by a GaAs overlayer with a thickness of 10

such structures to a low-energy plasma leads to adecreasedﬂq_ The treatment was carried out in a Cplasma at a

the PL intensity of the quantum well®W'’s) located in the pressure of 0.07 Torr, a power density of 1 Wfrand a
near-surface region due to the production of point defectggt_pias voltage equal to roughky 300 V. Rapid thermal
which act as nonradiative recombination centers. We discoVanneals were carried out in an argon atmosphere successively
ered that the exposure of GaAs/AlGaAs QW structures to &t temperatures from 160 to 450 °C for 30 s at each tempera-
low-energy plasma (G Ar, or Kr) can cause not only a ture. The structures were heated by 20 kW incandescent
decrease, but also an increase in the PL of QW's that arRalogen lamps. The vaporization of arsenic from the surface
deeper than the damaged regfom the present work, to was prevented by covering the sample with a GaAs wafer.
ascertain the reasons for the plasma-induced increase in thiiée PL was excited by a He—Ne laser operating at a wave-
PL of QW's, we investigated the influence of the annealinglength of 632.8 nm with a power density of 20 W/nThe

2. EXPERIMENTAL CONDITIONS

1063-7826/98/32(12)/6/$15.00 1293 © 1998 American Institute of Physics
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FIG. 1. g Variation of the PL spectrum of a GaAs/AlGaAs quantum-well structure as a result of treatment of the structure in a low-eperigprod

followed by annealing: thick line — PL spectrum of the as-grown sample; thin line — PL spectrum of the sample after exposure to the plasma; dashed line
— PL spectrum after annealing of the sample at 450 °C. The nunibé&sorrespond to the PL lines from the quantum wells with thicknesses equal to 2.2,

2.8, 3.4, 4.2, 5.6, and 8.5 nm, respectivelyMariation of the PL spectrum as a result of repeated treatment of the structure in tlpta@ifra and repeated
annealing: thick line — PL spectrum of the sample after the first treatment in the plasma and the first anneal; dashed line — PL spectrum of the sample after
repeated plasma treatment; thin line — PL spectrum of the sample after repeated annealing. The hdintmrespond to the PL lines from the quantum

wells with thicknesses equal to 2.2, 2.8, 3.4, 4.2, 5.6, and 8.5 nm, respectively.

absorption coefficients of GaAs and AGa, ;As for that  structure to the CFplasma for 120 s, the intensity of the PL
wavelength at 77 K are equal toxdL0* and 1x 10* cm ™1, lines of the two QW'’s closest to the surface decreases, and
respectively; therefore, about 3% of the exciting radiationthe intensity of the PL lines of the deepest QW increases.
was absorbed near each quantum well in the structure useflfter the structure is annealed &t=450 °C, the intensity of

ensuring their uniform excitation. the PL lines of the QW'’s closest to the surface is partially
restored, while the intensity of the PL line of the deepest QW
3. RESULTS decreases and essentially returns to the PL intensity level

Figure 1a shows the PL spectra of a GaAs/AIGaAs QWobserved in the structure before exposure to the plasma. It
structure before exposure, after 120 s of exposure to the low2ould be noted that the energetic position of the PL lines
energy Ck plasma, and after low-temperaturé= 450 °0Q does not vary as a result of exposure of the structure to the
annealing of the plasma-treated structure. It is seen from thgl@sma and subsequent annealing.
figure that the spectrum of the as-grown sample contains AS can be seen from Fig. 1b, repeated exposure of the
seven lines. The PL line with a maximum at 822 nm corre-2nnealed structures to the Cplasma again leads to an in-
sponds to a band-to-band transition in the GaAs layer. Thérease in the PL intensity of the deepest QW, and subsequent
other six lines correspond to transitions between size@nnealing of the structure causes a drop in its PL. Such be-
quantized levels of electrons and heavy holesi{l) in the havior of the PL is an indication of the reversible character
six QW'’s of different thickness. The intensities of the PL Of the processes occurring in the vicinity of the QW closest
lines of the five QW's closest to the surface of the structurd© the substrate during treatment in the,Gifasma and low-
are also roughly identical, attesting to the good quality of the€emperature annealing.

QW'’s. At the same time, the PL intensity of the line of the Figure 2 shows the variation of the PL intensities of the
QW that is farthest from the surface of the structure is sig-QW’s normalized to the PL intensity of the QW's in the
nificantly smaller, apparently because of the large concentraas-grown structure as a result of treatment in thg flesma
tion of defects formed when this QW was grown, which actat various temperatures. The PL of a GaAs layer, which was
as nonradiative recombination centers. After exposure of thplaced fairly far from the surface of the structure and was not
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FIG. 1. (continued.

damaged during exposure to the plasma, served as a markgsminant process in it. In this case the PL intensigy is

for the normalization. The PL line of the QW closest to theinversely proportional to the concentration of nonradiative
surface was not detected after exposure to the plasma. Thecombination centersNyg), and if it is assumed that one
PL intensity of the next four QW’s decreased after treatmentype of nonradiative recombination centers dominates, the
in the plasma and continued to decrease as the annealifglowing relation holds:

temperature was raised from 160 to 300 °C. When the an-

nealing temperature was increased further from 300 to Ip /1o=1/(a- Nyg)- )

450 °C, the PL intensity of these QW increased. It can also

be seen from the figure that the PL intensity of the deepe511|ere| : . : P :
. . . . ' o IS the intensity of the exciting light, aralis a coef-
QW, uniike the intensity of the PL lines of the other QW's, ficient, which depends on the cross section for the trapping

increased by more than 10 fold after exposure to the plasm carriers on the recombination centers, which cannot be
and decreased monotonically upon subsequent annealing 8termined from the available data '

the structure. Figure 3a shows the dependence of the concentration of

nonradiative recombination centers for the second QW well
4. DISCUSSION from the surface of the structure on annealing temperature,

\{vhich was constructed using), as well as an approxima-

The experimental results obtained provide evidence th% : .
. . L ion of this dependence by an expression of the form
two competing processes take place during annealing in the

portion of the structure damaged by the plasma. At low an- )

nealing temperatureelow 300 °G the process leading to Nnr=No exp(—x“/(4-t-D))/(2ym-D-1), @)

an increase in the rate of nonradiative recombination in the

QW'’s dominates. In the vicinity of each QW there is prob- Which describes the variation of the defect density in the case
ably an increase in the concentration of point defects, whict®f diffusion from an infinitely thin source’ Here Ny is the
diffuse from the near-surface plasma-damaged region in thigitial concentration of nonradiative recombination centers,
structure. The data obtained permit determination of the theris the distance from the surface of the structure to the QW,
mal activation energy for the diffusion of these defects. Inis the annealing time, arfd is the diffusion coefficient of the
fact, after exposure to the Ghlasma, the PL of the second defects, whose temperature dependence has the form
QW from the surface of the structur@.8 nn) drops by

roughly 100 fold, and nonradiative recombination is the @ D=Dgexd —E,/kT], 3
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FIG. 2. Variation of the normalized PL intensity of different QWfsom the second to the sixtlas a consequence of plasma treatment followed by annealing
at various temperatures.

where D, is the preexponential factoE, is the activation the plasma can be due to the annihilation or transformation
energy for the diffusion of defect3, is the temperature, and of the defects which act as nonradiative recombination cen-
k is Boltzmann’s constant. ters and existed in the structure before the treatment as a
The best fit between the experimental and calculatedesult of their interaction with point defects formed during
curves in the temperature range 160-300 °C is achieved fa¥xposure of the structures to the plasma. We previously theo-
the valuesE,=0.15+0.07 eV andDo=(8.4£6.6)<10"  rized that the increase in PL is a result of the annihilation of
c/s. It should be noted that the value Bf obtained is  yacancies introduced during growth of the QW with intersti-
considerably smaller than the values of the activation enefgis atoms which diffuse with anomalous speed from the
gies for the diffusion of int;iﬁnsic point defects in GaAs, yamaged regiof. This hypothesis is not confirmed by the
which are equal to 1:53 eV:™ The diffusion of defects is o115 obtained in this work. In fact, the energy for the for-
probably facilitated significantly in the plasma-damaged reihation of vacancies amounts to at least 1(®éf. 16, and

gion of the structure. the L . .
: o probability of their formation is very small at the anneal-
At annealing temperatures above 300°C the PL of thPing temperatures used in this work. The increase in PL is

QW's is partially restored, probably as a result of the anneal- robably due to the formation of complexes consisting of

ing of the plasma-induced defects. Figure 3b presents the . ee . .
experimental dependence of the defect density in the regiorapldly diffusing plasma-induced defects and defects intro-

of the second QW from the surface on reciprocal temperaturguced into the QW's when _the_structure was grown. These
and its approximation by a curve of the form complexes are not recombination centers. When the struc-

tures are annealed, the complexes dissociate, and the growth

Nnr=No exp(—Ea/KT). (4)  defects, which are nonradiative recombination centers, are
The thermal activation energy of this processEig=0.54 released. Evidence that annealing leads to the restoration of
+0.04 eV. defects of this type, rather than to the introduction of new

As can be seen from Fig. 2, the PL-quenching defectslefects, is provided by the possibility of removing the de-
reach only the fourth QW from the surfat.2 nm and do  fects introduced during an anneal by repeated treatment in
not go deeper. Nevertheless, the PL intensity of the sixth othe plasma.
deepest QW, which increases after exposure to the plasma, During exposure to the plasma, intrinsic point defects of
decreases when the structure is annealed. The increase in tfe semiconductor can form, or chemical impurities present
PL intensity of this QW after exposure of the structures toin the chamber of the plasma-treatment system can be im-
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FIG. 3. Dependence of the concentration of nonradiative recombination centers in the vicinity of the second QW from the surface of the structure on reciprocal
annealing temperature in the temperature ranges 300—4&) &d 160—300 °Cb). Individual points — experimental data, solid line — calculated curve.

planted. As far as we know, the possibility of passivatingaimed at elucidating the role of hydrogen in the phenomena
nonradiative recombination centers by intrinsic point defectslescribed above.

has not been discussed in the literature. On the other hand, it

has been established that the defects which act as nonradia-

tive recombination centers in GaAs and GaAs/AlGaAs strucg CONCLUSION

tures can be passivated by hydrogen, which forms complexes The influence of low-temperature annealing on the PL of
with these defect® It is also known that such complexes GaAs/AlGaAs single-quantum-well structures that were
dissociate when these structures are subjected to lowireated in a low-energy GFplasma has been studied in this
temperature(T<450°Q annealing® Hydrogen might be work. It has been discovered that annealing at 160—300 °C
present in the plasma-treatment system and implanted in tHeads to a decrease in the PL intensity of QW's located in the
structures; therefore, we have undertaken investigationglasma-damaged near-surface region and that annealing at



1298 Semiconductors 32 (12), December 1998 Zhuravlev et al.

350-450 °C leads to partial restoration of their PL. The de-3B. S. Ooi, A. C. Bryce, C. D. W. Wilkinson, and J. H. Marsh, Appl. Phys.
crease in the PL intensity is associated with an increase inLett. 64 598(1994. .
the concentration of defects diffusing from the surface into -ﬁjﬁ Zﬁﬁﬁ!ﬁ%ﬁﬁ ?Zgg?fggnl\fss;:?;:dﬂgrlgll 'f;‘ﬁ';?g‘é‘f{)"’]‘ Fiz.
the structure, and the restoration of the PL is associated withk ‘s zhuravlev, V. A. Kolosanov, V. G. Plyukhin, and T. S. Shamirzaev
annealing of these defects. The activation energy for diffu- zh. Tekh. Fiz.64(11), 185(1994 [Tech. Phys39, 1188(1994].

sion of the defect$0.15 eV} and the activation energy for °C. Juang, J. K. Hsu, I. S. Yen, and H. S. Shiau, J. Appl. Piigs684
recombination of the dEfeCtéo'54 e\)} have been deter- 7(Sl.sa\si.a.Dubonos and S. V. Koveshnikov, Phys. Status Solidr'A 120
mined. It has been established that the PL intensity of the (199, ' ’
deepest QW, which increases after exposure to the plasm&w. Beinstingl, R. Christanel, J. Smoliner, C. Wirner, E. Gormnik,
decreases monotonically with increasing annealing tempera;G- Weinmann, and W. Shiapp, Appl. Phys. L&, 177(1990.

ture and that repeated exposure of the annealed structure t hslerkpjbl\/\;h;ieift% ggi[)”(alg‘g%)c' Constantine, C. Barratt, and R. J.
the plasma restores the PL of that QW. It has been postulated) ¢ 'Nabity, Michael Stavola, J. Lopa.ta, W. C. Dautremont—Smith, C. W.
that the increase in the PL intensity of the QW’s during Tu, and S. J. Pearton, Appl. Phys. L&, 921(1987.

exposure to the plasma is caused by the passivation of dé}é- &V-éigpigﬁozrsegcga-vaf;i lfh;/xqefve;':dhf-geﬁﬁ1a3k705\'/(1F9iEZ”>-Tekh
fects mtroduged into the structure during growth.as a result PolUprovo d%’Zl’ 842.(1987 [Sov. Phys. Semicon@1, syl 4(1987]. '
of the formation of complexes of those defects with plasma+3g n. omeryanovski, A. V. Pakhomov, A. Ya. Polyakov, and L. V.
induced defects. These complexes dissociate during low-Kulikova, Fiz. Tekh. Poluprovodn21, 1762 (1987 [Sov. Phys. Semi-

temperature annealing. ,.Sond.21, 1068(1987]. _ ,
J. M. Zavada, H. A. Jenkinson, R. G. Sarkis, and R. G. Wilson, J. Appl.
) ) ) Phys.58, 3731(1985.
'H. F. Wong, D. L. Green, T. Y. Liu, D. G. Lishan, M. Bellis, E. L. Hu, 15B_|. Boltaks, Diffusion in SemiconductoréAcademic Press, New York
P. M. Petroff, P. O. Holtz, and J. L. Merz, J. Vac. Sci. Technog, B906 1963; GIFML, Moscow, 196)L
(1988. 163, F. Wager, J. Appl. Phy$§9, 3022(1997).
2A. V. Murel’, A. P. Kasatkin, and V. M. Kogan, Izv. Ross. Akad. Nauk,
Ser. Fiz.56, 161(1992. Translated by P. Shelnitz



SEMICONDUCTORS VOLUME 32, NUMBER 12 DECEMBER 1998

Weak localization and intersubband transitions in o-doped GaAs
G. M. Min'’kov, S. A. Negashev, O. E. Rut, and A. V. Germanenko

Ural University, 620083, Ekaterinburg, Russia
V. V. Valyaev and V. L. GurtovoTl

Institute of Semiconductor Technology and Microelectronics, Russian Academy of Sciences,
142432 Chernogolovka, Russia
(Submitted April 1, 1998; accepted for publication May 13, 1998

Fiz. Tekh. Poluprovodr32, 1456—146Q0 December 1998

The negative magnetoresistanceshdoped GaAs is investigated experimentally. It is shown for
highly perfect structures that the value of the prefactor in the expression for the negative
magnetoresistance significantly exceeds the theoretical value for a two-dimensional film with a
single filled size-quantized subband. The role of a large number of filled subbands and
intersubband transitions is discussed. It is shown that the symmetry of the wave functions and
the scattering potential in-doped layers can cause the times of interband transitions

between subbands with different parity; () to be greater than the phase-relaxation time of the
wave function ). Such a relation between ; and 7, should be manifested as a

significant increase in the prefactor. €98 American Institute of Physics.
[S1063-782628)00912-7

Since the pioneering work in Refs. 1 and 2, weak local-discuss the contribution of the electron-electron interaction
ization and the associated phenomenon of negative magn& the negative magnetoresistance in the structures investi-
toresistance have been investigated in detail in various sysgrated furthey.
tems: three-dimensional and classical thin filmskg¥&d In structures with several filled size-quantized subbands
<Dr,, whered is the film thicknessD is the diffusion the negative magnetoresistance depends significantly on the
coefficient, 7, is the phase-relaxation time of the carrier relation between the intersubband transition timgg)(and
wave function, andg is the quasimomentum of an electron 7, 41t is easy to understand the results in two extreme cases:
at the Fermi leveland structures with size-quantized statesr; ;>7, and 7, ;<7,. In the former case each subband
(d=1/kg). In the latter case two situations are possible: onenakes an independent contribution to the conductivity, and
or several size-quantized subbands are filled. Weak localizahe expression foAo(B) can be written in the form
tion and negative magnetoresistance have been studied most
thoroughly in structures with two-dimension@D) carriers _ _
when only one size-quantized subband is filled. In this case AU(B)_Z Aai(B). @
the negative magnetoresistance, which is caused by
magnetic-field suppression of the interference correction td" the latter casex ;<) the expression foAo(B) coin-
the conductivity, is given in the isotropic case wighn (nis  cides with(1), in which the values oD and 7, should be
a normal to the plane of the structur@y the known replaced by their effective valués:
expression

N 1 1 N;
12 Deff=2i DiN—E, P T_N_,i
Ao (B)=aGoey=aGe| ¥| 0.5+ 4%) ;T
12 T Ne=2> Ng, 3
—~¥| 0.5+ +In[ 2|, (1) F Z @
4D, Tp
, B whereD; and NL are the diffusion coefficient and the density
with the prefactora=1. Here of states in théth subband.
It has usually been assumed in analyses of negative mag-
e? ,_Ch o m* netoresistance in metal-insulator-semiconductor structures
GOZ ’ =5 D= ’ NF: y ..
2m?h eB e?Ng wh? and heterostructurtshat 7; ;< r,. This is probably true for

such structures, since at the low temperatures used to inves-
D is the diffusion coefficientNg is the density of states at tigate negative magnetoresistaneg is of the order of
the Fermi levelm* is the effective mass;, andr, are the 10" *'—-10 '?s and is thus 2 3 orders of magnitude greater
momentum and phase relaxation times of the wave functiorthan7,. Although 7; ; exceedsr, by several fold, it is still
respectively, andV (x) is a digamma function\We shall not  much smaller thamr,, .

1063-7826/98/32(12)/5/$15.00 1299 © 1998 American Institute of Physics
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TABLE |. Parameters of the samples investigated.
Sample ng,10' u, 10° B, «(T=42K)  Number of
0 3 No.? cm 2 cmP/(V-s) kOe of subband®
2 1L 4.3 2.9 1.4 1.60.08 4
1 2L 3.2 2.7 1.6 1.40.08 3
1D 4 2.2 2.5 1.080.08 4
% 2D 3 1.3 7.2 1.1%0.08 3
£ 3D 6 1.6 3.2 0.750.08 4
. 4D 0.8 0.44 150 0.20.08 2
w-100 : 0
aThe letters in the sample number have the following meanibgs: mea-
surements in the dark, — after illumination.
bThe number of filled subbands was determined from the Fourier spectra for
the Shubnikov—de Haas oscillations.
-} ; %
2,100 H significantly greater thanr,, and the reverse relation

7, <7, holds for them, i.e.¢§ layers can exhibit an unusual
FIG. 1. Energy diagram and wave functions of a structure withlayer.  (for interference effecjssituation, in which the entire elec-
The parameters of samplé Were used in the calculation. The wave func- tronic system is divided into two subsystems: carriers in even
tion of subband 3 is not shown to avoid cluttering the figure. subbands and carriers in odd subbands. The condit;-ign
<7, holds within each of them, and the conditigyy> 7, is
satisfied for transitions between them. In this case the nega-

From the standpoint of intersubband transitiofigloped  tive magnetoresistance is determined by a correction to the
layers stand out as an entirely separate case. There are sewgnductivity in the form of the sum of the contributions from
eral reasons for this. the even Aoy and odd Aoyqg Subbands,

1. In the case ob-doped layers at a fairly large distance
from the semiconductor surface, where the field created by 27~ A%even AToqa, “)
the Schottky barrier is small, the potenti4lz), which forms  each of which is given byl) with the corresponding effec-
the size-quantized levels, is essentially symmetric relative toive parameter$3). The direct application of this expression
the doping plane near thé layer (Fig. 1); therefore, the to the analysis of experimental results is senseless, since it
electronic wave function§ ,(x,y,2)=f(2),f,(X,y) have a requires knowledge of a large number of parameters, Diz.,
definite parity with respect ta. 75, and 7,, for each of the systems of subbands. If the

2. Intersubband transitions occur in response to the scaexpression1) is used in such an analysis, as we shall do in
tering potentiaM., which is equal to the difference between our analysis of all the experimental results, then the special
the local potentia[ e/ x(r —r;)+ V., Wheree/k(r—r;) is  feature ofs layers indicated above should be manifested as a
the potential of a single impurity and, is the electron po- need to introduce a prefactar>1. When the values ob
tential] and the mean potential, which is equal to the sum ofand,, in the even and odd subbands are equal, the prefactor
the potential of a uniformly charged planE{/|z|) with the  should be equal to 2.
charge densityen, (N, is the concentration of the charged The negative magnetoresistancedrdoped layers was

impurity) and the electron potential. This potential investigated in fairly great detail in Refs. 8—13, but emphasis
was placed in those studies on the determination of the
Vsczz e/k(r—r;)—Ey|Z| phase-relaxation time and its temperature and concentration

dependences. Unfortunately, no conclusion regarding the

decays rapidly in thez direction with a parameter of the value of the prefactor and the role of intersubband transitions
order of 20 A. in the negative magnetoresistance can be drawn from the

Transitions between subbands with different parity carresults presented in those papers.
occur only in response to the odd part of the scattering po- In this paper we present the results of experimental in-
tential, which appears only when the position of the impurityvestigations of negative magnetoresistance in silicon
deviates from the doping plane, and thus in an ideal structuré-doped GaAs layers grown by MOCVD. The substrate used
such transitions are forbidden by virtue of the symmetry conwas compensated GaAs, on whichran-GaAs buffer layer
ditions. In reals-doped structures the thickness of the layerof thickness 500 nm, a layef-doped with silicon, and an
containing the impurity ¢) usually equals 1815 A, and n~-GaAs surface layer of thickness 100 nm were grown. The
the matrix element for transitions between states with differelectron concentration determined from Hall measurements
ent parity is small, being of the order a/(z), where in a magnetic fieldB=25T and the Hall conductivity
(z)=100-200 A is the characteristic size of the wave func- u=R(25 T)o(B=0) are listed in Table |. Measurements
tion in the z direction. were performed on both samples cooled in the dark and

Thus, ind layers the relatior; ;> 7, can be satisfied for samples subjected to illuminatidin a state of frozen pho-
transitions between states with different parity. The time of aoconductivity. The nature of the frozen photoconductivity
transition between states with the same parity is probably nah 5-doped GaAs is not entirely known, and we shall con-
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tivity, which corresponds to an averaged valuergffor all
the subbands. However, in this case, too, the variatior, of
over a broad rangéby several fold scarcely alters the value
of a.

3. The use of the expressidft) implies the neglect of
spin-orbit coupling, which corresponds to the condition
7> 7, (75 i the spin relaxation timeWhen spin-orbit cou-
pling is taken into account, the magnetoresistance depends
on both 7, and 7; and is described by the expression ob-
tained in Ref. 3(This expression holds when spin relaxation
is described by the single timg and is thus a good approxi-
mation for quantum wells in IlI-V semiconductors at high
electron densitidé'd. In this case the character of the mag-
netoresistance undergoes a qualitative change when
7s<7,. a segment of positive magnetoresistance should ap-
pear in weak fields. No such segment was observed for any

of the samples investigated. Wheg> 7, the use of the
1) 0.5 1.0 1.5 2.0 . . . > ¢
8, X0e expression(1) in treating the experimental dependences of
Ao (B) produces a considerable error in the determination of
FIG. 2. Magnetic-field dependence of the magnetoconductivityB) Ty [a value close to (l'/<p+ 1/7.5)*1 is actually determinegl

=0g(B)—o(0) for sample L at T=4.2 K (crossey and the theoretical . .
dependencél) with the parametera= 1.6 andr,=4.5x 10'? s (solid line). but the value of the prefactor varies only slightlyy less

The dashed lines depict the theoretical dependencea#at and various than 10%.
values ofr,,107 s 1 —2.1,2— 1.4,3— 0.7. Thus, the results presented show that the value of the

prefactora in (1), which describes the negative magnetore-
sistance, is significantly greater than unity at least for some
sider the results obtained on a single sample before and aftérdoped layers, in agreement with the special feature of in-
illumination as the results for different samples. The meatersubband transitions i6-doped layers described above.
surements were performed in a magnetic field parallel to a The deviation of the value of the prefactor from 2 might
normal to the plane of the structure in the temperature rangke due to violation of the condition ;> 7. A marked tem-
1.5-20 K. perature dependence of the prefactor should be observed in
Let us first consider the results obtained on samples 1 such a case, since at low temperaturgsdoes not depend
and 2.. The magnetic-field dependence of the conductivityon T, while 7,~1/T (Fig. 33, and the relation between ;
of sample 1L atT=4.2 Kis shown in Fig. 2. The solid curve and 7, varies markedly with temperature in this case. How-
in this figure depicts the result of fitting the experimentalever, as can be seen from Fig. 3b, the prefaat@carcely
data to the expression(l) using the expressions depends ol over the entire temperature range 4.5<20
T,=pm*/e and D=o/(e?NgN) and the fitting parameters K, in which 7, varies from 101 to 10 *2s. In our opinion,
a and 7, [N is the number of filled subbandsee Table)l.  this means that the times of transitions between subbands
Equation(1) was derived in the diffusion approximation, and with different parity are greater than 18 s in the samples
the dependences were therefore treated in magnetic fieldgith o> 1.
B<By=ch/(4eD7,) (see Table)l The dashed curves cor- A value of the prefactor somewhat less than 2 can be
respond to the expressidf) with «=1 and various values associated with the significant difference between the effec-
of 7,. It can be seen that agreement with experiment can bave diffusion coefficients and,, in the even and odd sub-
obtained only for a value ofx significantly greater than bands. As was shown in some studieee Ref. 16 and the

{a(8)-6(0}1/6,

i 1 1 1

unity. references thereinthe conductivities in different subbands
Let us analyze to what extent this conclusion depends oof & layers and, therefore, the diffusion coefficients differ by
the approximations made in the treatment. no more than a factor of 1-:52 (the decrease in concentra-

1. The number of filled subbands in thedoped layers is  tion with increasing subband number is compensated by an
known to within 1(since the electron concentration in the increase in  mobility. If the expression 1,
upper subband is small and may not be manifested in the (7GokT/A0)In(c/27Gy) (Ref. 17 is used to estimate
Fourier spectra for the Shubnikov—de-Haas oscillationsz,, then in the case of several filled subbands the values of
which were measured for all the samples investigatadd, D7, can differ by a factor of 3-4. Assuming that the nega-
as a result, the value of the diffusion coefficient is known totive magnetoresistance is described by the expres4jamd
an accuracy of 30 50%. However, whe is varied in this  correlating Ao (B) with the expression(1), as we did in
range, the expressiofl) still faithfully describes the nega- treating the experimental results, we can see that a fourfold
tive magnetoresistance. In this case the experimentally detedifference inD 7, leads to a decrease in the valuecofrom
mined value ofr, varies, but the value of the prefactar 2 to 1.6.
remains essentially unchanged. In many studie¥"!8 the decrease in the prefactor was

2. In fitting the magnetoresistance to the expres$ign associated with the contribution of the electron-electron
we used the value of, determined from the Hall conduc- (e-e) interaction to the negative magnetoresistance. In weak
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FIG. 3. Temperature dependencesrgf(a) and « (b) for samples L and 2.

magnetic fields the following two terms of the interaction in There is still the question of why the experimentally de-
a Cooper channel contribute to the negativetermined value of the prefactor is close to unity or even less

magnetoresistandg: than unity in many samplesee Table)l
One possible cause of the decrease in the prefactor in
AoS®=—B(9)Goe1 AcSe=—g(T)Goes. real samples may be macroscopic conductivity inhomogene-

ities. The contribution of such inhomogeneities to the nega-
tive magnetoresistance can be estimated by utilizing the

The first, which is known as the Maki—Thompson correction, : :
theory of galvanomagnetic phenomena in two-component

has the same f|eld dependence as t_he exprestjoi this media?° assigning the dependence @f(B) in each of the
case the functiorB(g) is always positive and does not de- . .
components of an expression of the ty{d@, and varying

pend on the sign of the-e interaction constang(T), but . ) i i
does depend on its absolute value. The second term hé@e'r relative volume and the valuesmf u', andr, . Treat-

somewhat different field and temperature dependefites ng the negative magqetoresistance of a two-component me-
function ¢, was presented in Ref. 19The constang(T) @gm calculated in this manner accordmg o with the'

can be positive or negative in the cases of effective repulsiofiting parametersy andr,, we can easily see that any in-

or attraction between electrons, respectively. In order to ed?0mogeneity only decreases the value of the prefaetor
timate the extent to which the-e interaction can alter the Evidence of the presence of such inhomogeneities in the
prefactor, we calculated the total negative magnetoresistan&&@mples investigated is provided by the large value of the
for various values ofy(1.5 K) with the values oD, r,,, frozgn photoconductlv_lty. It follows from_the_ results qf in-
and, corresponding to the samples investigated. Describinyestigations of Shubnikov—de-Haas oscillations that illumi-
it by the expressiortl), precisely as we did with the experi- nation does not lead to appreciable redistribution of electrons
mental dependence dfo(B), and usinge and 7, as fitting between the subbands and that it increases the concentration
parameters, we can see that good agreement is obtained 3h carriers only slightly(by 10-15%), but increases their
this case. Moreover, wheg(T) is negative, the value of the mobility significantly (by 1.5-2 fold). In our opinion, such
prefactor is close to unity and scarcely dependd offhis is ~ behavior can be understood only by assuming that the
because the two contributions of tleee interaction essen- samples contain substantial inhomogeneities, which are
tially completely compensate one another in weak magnetighielded by the photocarriers. Indirect evidence that inhomo-
fields. Wheng(1.5 K)=<0.3, the value of the prefactor de- geneities are responsible for the decrease in the value of the
creases by 0:20.25, and whemy(1.5 K)=0.3, it decreases prefactor in the samples investigated is provided by the in-
by a larger amount, but it exhibits a strong temperature decrease ina following illumination, under whose effect the
pendence. No appreciable temperature dependence of thele of the macroscopic inhomogeneities presumably lessens.
prefactor was discovered experimentally for any of the  Thus, the results presented show that the times for tran-
samples investigated; therefore, in our opinion, the smalsitions between size-quantized subbands with different parity
value ofa in samples D —4D is not attributable to the—e  in 5-doped layers are greater than s, i.e., greater than
interaction. the phase-relaxation time of the wave function at low tem-
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The quantum corrections to the conductivity of a two-dimensional electron system with antidots
in the limit of a small antidot density are investigated. The corrections to the conductivity

and magnetoconductivity due to the presence of antidots in a magnetic field perpendicular to the
plane of the system are considered. It is assumed that the mean freeopatlectrons on

the impurities is far smaller than the antidot radius. 198 American Institute of Physics.
[S1063-782608)01012-9

1. INTRODUCTION account the presence of a magnetic field perpendicular to the
plane of the system.

Recent advances in technology have made it possible to  The problem has several parameters: the electron mean
create and investigate artificial media with scales commenfree path before scattering by impuritids the electron
surate with both electron momentum relaxation distances anphase-breakingrelaxation lengthL = \/D_7-¢ (D is the dif-

. . . ¢
with quantum dimensionghe electron wavelength and the fysion coefficient andr, is the phase-breaking timethe
magnetic length In this context it has been possible to cre- magnetic lengtha, = \ci/2eH, the electron wavelength
ate, for exampl -di i - ) : :

o ample, two-dimensiona2D) electro_n systems N="%/p (p is the electron momentupthe antidot radiug,,
W'th a spatially modulated ele_ctron conceljtratlon. One SP€3nd the antidot densitp. In the limit under consideration
f'al case of sgc.h systgms IS cngrﬁc:]erlzed_ by ?O'Fa"eﬂl]ere are several relations between these parameters. In order
quantum dots,” i.e., regions in which the motion of elec- s the description of electrons using wave packets would
trons is confined in three dimensions. Another example is Rave meaning, the conditios>\ must hold. On the other
system of “antidots,” i.e., regions within a 2D electron gas g in agreement with previous statements, we shall as-
where the concentration of 2D electrons vanishes. sume that the mean free path is small compared with the

_ The magnetotransport properties of 2D electron systemgp it radiusl <p,. Only in this case does the motion of an
with a periodic antidot lattice, which are associated with theg|actron around an antidot have a diffusive character. The

commensurate values of t?e cyclotron diameter and the lagshase_preaking length,, is determined by inelastic scatter-
tice period, are well knowir? These features have a classical ing. The absence of interference effects for the diffusing

nature and are determined by the stochastic character of elegractrons requires satisfaction of the conditiesL , , which
¢ 1

tron motion in these systems. holds at low temperatureghe residual-resistance regjoin

~ However, apart from the classical effects, these systemgqgition, we shall consider the limit of a small antidot den-
display some interesting quantum properties associated Witjty which requires that,p? be small i,p2<1). This con-
the interference of electron waves In particular, the ob-  gition also means that the antidot radius must be small com-
servation of negative magnetoresistance in a disordered aared with the distance between them. The latter condition
tidot lattice was reported in Ref. 5, and the qbservaﬁon_ognsures that is small in comparison to the mean distance
Aharonov—thm oscillations in a per!odlc antldoF Ia}ttme iN petween the antidots™ Y2 (I<n; 3 and thus corresponds
weak magnetic fields was described in Ref. 6. Similar periyg the diffusive character of the motion of electrons between
odic oscillations have also been detected in stronger magne antidots. In the limit under consideration the contribution
netic fields (R.~d)."® Such systems have been studiedof the antidots is a small addition to the guantum corrections
theoretically as classical objects, i.e., “electron billiards,” tg the conductivity of the 2D system.
and from the quantum standpoint in both the ballistic regime
and in the quantum limit. The ballistic regime, in which the
scattering of electrons by impurities can be neglected, ha;_ CALCULATION OF QUANTUM CORRECTIONS
been studied for the most part.

The present work is a study of the so-called quantum  The conventional theory of transport phenomena is
(interferencg corrections to the conductivity of 2D systems based on the classical kinetic equation for conduction elec-
with antidots in another possible limit, where the electrontrons. This means that an electron moves along a classical
mean free path before scattering by impurities is small comtrajectory during the time between two collisions. This ap-
pared with the characteristic dimensions of the system. Iproximation is valid when the interference between two
this limit the motion of electrons between antidots is de-waves scattered by different centers is negligible, i.e., when
scribed mainly using the kinetic equation. We shall take intathe mean free path of an electron is much greater than its

1063-7826/98/32(12)/5/$15.00 1304 © 1998 American Institute of Physics
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wavelength [>X\). Then, the electron can be described qua-otal correction is the sum of the contributions from all the
siclassically between two collisions. Such a description leadantidots, i.e., it reduces to the product of the contribution in

to the familiar Drude equation: the case of one antidot and the number of antidots. Thus, to
2 calculate the quantum corrections to the conductivity of a 2D
Nn.e-r " ;
o= , (1) system we must solve E¢3) for C(r,r’) in a magnetic
Me field for a round 2D sample of large radius, whose center is
wheren, is the concentration of electrons and is their ~ Occupied by one antidot, with the boundary conditfon
mass. 9 2ie
As was shown in Ref. 9, allowance for interference leads on + T(A- n)] Cw(r,r’)|,:pa= 0. (6)

to the appearance of quantum corrections to the conductivity
o (1). The quantum corrections can be calculated quantitaThe condition(6) means that the flow of particles through
tively using a Feynman diagram technique by taking intothe antidot boundary is equal to zero. The relati@nfor the
account the diagrams describing the conductivity of electronguantum corrections to the conductivity in this case has the
interacting with impurities. We shall briefly describe the form
method for calculating quantum correctidfisyhich we )
shall use later on for a 2D system with antidots. So(w)=— Zinf C,(r r)ﬂ. @)

The principal quantum corrections to the conductivity ™ “rr S
of noninteracting particles stem from consideration of theHereS is the area of the sample. The expression for the
Cooper diagrams describing the interference occurring UpoR,.antym corrections with consideration of the contributions
multiple backscattering. The amplitude of this mterferencefrom all the antidotes is obtained frof) using (5) by mul-
C(r,r), is determined by the quantum corrections to the Con'tiplication by the number of antidot,. Then, bearing in

ductivity. , N . mind thatN,/S=n,, we arrive at the following expression:
The correction to the conductivity at the frequeneayis ,
related toC,(r,r) by the expression B 2e°D 1
re? So(w)= naTEn‘, E-E (8
1] =——D7C,(r,r). 2 . . -
7(w) T o(1s1) @ We shall henceforth consider the static conductivity. The

quantum corrections due to the presence of antidots, which
we shall denote by?o(H,p,), are equal to the difference

between the quantum corrections to the conductivity of a 2D
system with antidots and the same system without antidots:

Here and below we sét=1, and we shall restore its value in
the final formulas. In a magnetic field the quant@y,(r,r)
satisfies the equation

2

2e 1
[—iw+D —iIV- A+ — C,(r—r") %0 (H,p,)=60(H,p,) — 8o (H,0)
¢
2eZD/ 1 1
S(r—r') - _ _
T 3 Na =7 \; E,—E ; EO-E » (9

whereA is the vector potential of the magnetic field ands ~ Where theEp are the cooperon energy levels in the absence
the frequency of the external field. Equati¢d) formally ~ of antidots. Thus, to find the quantum corrections, it is suf-
coincides with the equation for the Green’s functions of aficient for us to determine the cooperon energy levels in a
cooperon, a particle with a chargee2and a mass constant magnetic field for a 2D system with antidots and for
M=(2D)" !, moving in a magnetic field. The quantity the same system without antidots.
E=iw—T;1 corresponds to the cooperon energy. In the polar coordinatep,¢ the vector potential of a
Let us consider the 2D case. LE}, be the eigenvalues uniform magnetic field has the componedg=Hp/2 and
(“energy levels” of the cooperon and lety,(r) be the nor-  A,=0, and the Schidinger equatior(4) takes the form
malized eigenfunctions of Eq3) without the right-hand

2
side, i.e., the Schrdinger equation for a cooperon in a mag- _ i 1 i( pa_‘ﬂ) + i ‘9_¢
netic field: 2M{p dp\" dp|  p? 5¢?
1 2e \? iwy Y Mwﬁ
| —jyv= = = 7 2=
ZM( iV CA) Un=E, ¥, . (4) + 5 (9(p+ g P Yy=Ey, (10
Then the expression faC ,(r,r') takes the form where wy=4DeH/c. The boundary conditiori6) in polar
1 GO (1) coordinates has the form
Co(r,r )=;E —E_g ®) o
" " - =0. (11)
In the case of a 2D system with antidots, if we assume Plo=p,

that the antidot density is smalhgp§< 1), we can neglect
the influence of the antidots on one another and calculate the _
guantum corrections in the case of only a single antidot. The ¢=¢e"*R(p), (12

We seek a solution in the form
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and for the radial part of the wave function we obtain theproblem: p,<min(ay.L,). This corresponds td,<1. The
equation condition £,<1 permits the expansion @iL9) in the small

1 m2 2 Mo parametet, . Isolating the principal terms in the expansion,
 |lrreir - _ H 2 Hlr= we find
oM R+pR p2R+E 8 po+ 5 )R 0. )
(13 E—a zp(a):g— for m=0,
Introducing the new independent variabfe= (M wy/2)p?, a
we rewrite the equation in the form Im|(a—1) ...(a—|m|)(— 1) ty(a)
" ' g m2 (|m|l)2
ER'+R'+ _Z+B_4_§ R=0, (14 =~ for m#0, (20)

a

wherey(a)=T"(a)/T'(a). Substituting the asymptdteinto
(20), we obtain

where we have introduced the notatigg=E/wy+m/2.
When¢— o, the function sought behaves es¢’?, and when
£—0, it behaves ag ™", Accordingly, we seek a solution in

the form W) 1
R(g):e*§/2§\m\/2w(§), (15) a—-n, a-+ |’]’J a—>—np’
and forw(¢) we obtain equations for the degenerate hyperwhere n, is a nonnegative integer. Using the relation
geometric function £=1/2+(|m|—m)/2—a, we find the energy levelén units
1+4|m| of wy)
fw”+(1+|m|—§)w’—( 5 —,B)WZO. (16) 1
8n,m:(n+§)(1_an,m)a (21)
The general solution of Eq(16) can be written in the
form!%12 wheren=n,+ (|m|—m)/2 is the principal quantum number,
w=AM(a,b;¢)+BU(a,b;$). ano= ~ &a,
Here M(a,b;¢) and U(a,b;¢) are Kummer and Tricomi |m| / |m|—m
functions,  respectively,  where a=(1+|m|)/2—3 anm#0= 1| n-—5 1)
=(|m|—m)/2+1/2—¢, e=El/wy, andb=1+|m|. In these n+s
expression®\ andB are arbitrary constants.
o [ )
I'(b 1 B 2"
M(a,b;§)=%e§§a‘b 1+0 E” 2 (|m1)
It follows from the inequalityé,<1 thata, ,<1.
_ a 1 The cooperon energy levels in the absence of antidots
U(a,b;§)=¢%1+0 E ' are obtained by setting the antidot radius equal to zero:
It follows from the boundary condition at infinitR(£)| ... Enm= En,mlp,=0-
fT)romthatAzo. Then the solutiori15) of Bq. (14) takes the Substituting(21) into (9) and taking into account that,
<1, we obtain
R(§)=Be %M (a,b;4). (17 1
The boundary conditionl1) gives o 2e2p . “nm| N5 ’?
R(E) A U
—0. (18) n+5—e
I |, 2

Hence it can be seen that the main contribution to the sum is
| made bym=—1,0, 1. Then(22) reduces to
m

1 1+ —|U(a,1+|ml;&,)—U(a,2+|m|;&,)=0. (19 e?

Substituting(17) into (18), we obtain the equation fa

2077 & &(H,pa)=—Napl5—
The solution of Eq(19) for a specifies the cooperon energy .
levels ¢ and, through(9), the quantum corrections to the 3 1
conductivity. X nE:O 1 2t 1
P (np-i-——s np+§—8
3. 2D SYSTEM WITH ANTIDOTS OF SMALL RADIUS (23

Let us consider the limit where the antidot radius isThe sum(23) can be rewritten using the generalized zeta
small compared with the characteristic dimensions of thdunction &(s,v)=2,_,(n+v) ° with s=1 ands=2. The
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zeta function withs=1 diverges, but this divergence is
eliminated by taking into account the limiting value of the 1
cooperon energy, which determines the upper level of the 0.8
sum: (N,) max= D/wyl? As a result, to logarithmic accuracy
we obtain

0.6
1 ‘0.‘/--
8§ 2,5_8 4 0.2

D

-
L

.2 Gl
520'(H pa)=—n pz—
Fa a a27T

+In (29 T

FIG. 1.
Here ¢(y) is the logarithmic derivative of the gamma func-
tion. Going over to the variablex=wy7,=4DeHr,/
c=—1/e, we have

—y

~ €&

2

(,l)H|2

of a two-dimensional medium containing round cavities

2 o= a(l—2nawp§) and the corrections to the mean concen-

) , € 4DeHr, D, -~
6°a(H,pa)= Napas— f1 C —in 2 | (29 tration Ne=nNg(1—Nymp2):
where _ _on
D=D-—=~D(1—n,mp2). 27
1/ 1 1 1 1 oNe
fi(X)=={|2,z+=|+¢| s+ =] +Inx ) ) o
X 2 X 2 X The quantum correctionSo to the macroscopic conductivity
1-5x2/24 for x<1 of a 2D system in the absence of a magnetic field have the
- ’ form?°
(In X for x>1.
2
The second term i(25) is independent of magnetic field and So=— © In DT%". (29)
specifies the magnitude of the quantum corrections due to the 2mh 12

presence of antidots in a zero magnetic field: o o ]
The diffusion coefficient in(28) should apparently be re-

) e2 D7, placed by the effective diffusion coefficie(®7). With con-
8%0(pa)=—Naps 2.7 N 2 (26)  sideration of the smallness of the parametgs>, we obtain

2
Equations(24)—(26) contain the electron mean free pdth 820 (pa)= ;ﬁnapg- (29)

The mean free path is determined by both impurity scattering

and the antidots. Strictly speaking, E¢84)—(26) are valid o
y sp 0, Eq84)~(26) The formula(29) is distinguished from(26) both by the ab-

for isotropic impurity scattering. In the case of scattering f the | | th 0 h i
anisotropy, for these equations to be valid, the characteristit®"'¢€ O the large logarithm and by its sign. These differ-

electron momentum transfers upon scattering must be great8fiCeS are due to the interference effects associated with the
than the characteristic cooperon momentqlm(DT¢)‘1’2. diffusive trajectprles bendm_g around the antidots, which
The presence of antidots leads to a change. iHow- ~ Were not taken into account {29). _ _
ever, in the limitl <p, the corrections to the mean free path __ 1he magnetoconductivity is given by the first term in
are small with respect to the parametesp,l, and the (25), which spec_lfles the magnetic-field dependence of the
changes in the final formulas associated with them contaiju@ntum corrections:
the small parametdrp,. In fact, only electrons found in a w0 2
layer of thicknes$ near an antidot boundary experience the 8%0(H.pa)= %0 (H.pa) ~ 5°0(0,p)
influence of the antidot on their relaxation. As a result, the ) e? 4DeHr,
relative increase in the collision frequency in a two- :napazwﬂfl ch )—1}-
dimensional medium containing antidots is determined by
the fraction of electrons undergoing collisions with an anti-The characteristic multiplier accompanying the quantum cor-
dot boundary, which is of the order of the total perimeter ofrectionsn,mp?2 is equal to the ratio of the area occupied by
the antidots per unit area of the samplerf,p, multiplied  the antidots to the total area of the sample. The behavior of
by the impurity mean free path the quantum corrections in a magnetic field is assigned by
The expressioi26) should be compared with the quan- the functionf,(x)—1, which is shown in Fig. 1. At strong
tum corrections appearing in a microscopic medium containfields the corrections exhibit the same logarithmic behavior
ing cavities. Such a medium can be characterized by an aws in the case of a 2D system without antid8tand at weak
eraged diffusion coefficienD. The value of D can be fields the behavior of the corrections is also quadratic with
calculated using the corrections to the averaged conductivityespect to the field, but with a negative sign.

(30
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4. 2D SYSTEM WITH ANTIDOTS OF LARGE RADIUS a function of magnetic field. The corrections in the case of
antidots of large radius, as expected, are negative and are
associated with a decrease in the fraction of self-intersecting
gajectories, from which quantum corrections arise. In the
limit considered the contribution of the antidots is a small
ddition to the quantum corrections to the conductivity of the

When the antidot radius is large, i.e., when
pa>max@y,L,), we can proceed in the following manner.
Since the quantum corrections occur over distances of th
order of mingy L), whenp,>max@y,L,), we can refer to
the averaged corrections to the conductivity of a 2D syste
with antidots. In this case a 2D system with antidots can bng system. _ o
regarded as a macroscopic medium with a certain conductiv- However, th|s_ contrlk_Jutmn IS pe_rfectly measurable._ As
ity o, including the quantum corrections, in which holes of ve know, the antidot radius can easily be modulated using a

radiusp, have been cut out, and it can be characterized by geld eIt_actrer or |I|um|n_at|on. The vanatpn_of the guantum
. . L — — — corrections in this case is due to both variation of the surface
certain effective conductivityr, where o/c=D/D. Then,

finding th ¢ i o th ductivity of th 2Delectron density and variation of the size of the depleted
Inding the quantum corrections to the conductivity ot the regions around the antidots. The first effect is parasitic in our
system with antidots reduces to finding the corrections for

Ebroblem. Its concentration dependence arises through the

medium with the conductivityr: concentration dependence of the phase-breaking time and the
820 (py) = —2n,mp2da, (31)  mMomentum relaxation time. We suggest that it can be elimi-
o nated experimentally by comparison with a homogeneous
where §o is given by(28). sample.

Let us consider the corrections to the magnetoconductiv-  The limiting cases investigated do not exhaust all the
ity due to the presence of antidots of large radius. In a weakimits of the problem studied, and further treatment is re-
magnetic field the quantum corrections to the magnetocorbuired. For example, we can expect to obtain periodic oscil-
ductivity exceed both the Hall conductivity and the classicaliztions of the magnetoconductivity associated with the
magnetoconductivity; therefore, we shall neglect the classinharonov—Bohm effect when electron waves traveling
cal corrections. In analogy to the preceding case, we find around antidots interfere. For the Aharonov—Bohm effect to

, ) g2 4DeHr, be manifested, , must be greater than the anti_dot perimeter,
0°0(H,pa) = —Napa—-f2 : (32 and the number of magnetic flux quanta passing through the

f ch :
4 area of an antidot must be greater than or of the order of
1 1 X224 for x<1, unity. However, consideration of this effect requires a com-
fo(X)=4| 5+ | FInx= nx  for x>1. puter calculation based on Eq49) and (9).
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The transient characteristics of a photocathode observed following the instantaneous onset and
termination of optical excitation in one- and two-pulse excitation regimes are considered

within a nonlinear diffusion model. The critical values of the illumination intensity corresponding
to the manifestation of charge-confinement effects and to the cessation of photoelectron
emission are determined. It is shown that the emission charge in a pulse is a nonmonotonic
function of the excitation intensity and depends strongly on the values of the negative electron
affinity and the effective transparency of the barrier in the activation layer. In the charge-
confinement regime the time for establishing a stationary photovoltage and emission current
following the onset of excitation is determined mainly by the establishment of equilibrium
between the electron and hole fluxes reaching the surface and is inversely proportional to the
illumination intensity. The time for restoration of the photocathode characteristics

following the termination of illumination is inversely proportional to the trapping rate of holes

on deep neutral centers during their tunneling to the surface through the barrier in the
space-charge region and can be as large as several microsecon@i898@ merican Institute of
Physics[S1063-78208)01112-7

1. INTRODUCTION of the effective barrier in the activation layer on the surface
decreases significantly with increasing photovoltage, attest-

Semiconductor photocathodes that utilize the emissioing to a dependence of the barrier transmission probability
of optically oriented electrons from the surface of a GaAson energy. The transient characteristics of a photocathode
epitaxial film activated to a negative electron affinity arewould also be of considerable interest, especially in connec-
used in high-energy physics in linear accelerdtbte obtain ~ tion with the use of photocathodes in multiple-pulse
beams of polarized electrons. The important parameters a&gimes’
such cathodes include the maximum curr@mta continuous In the present work the mechanisms determining the es-
regime and the maximum charge in a pulé@ a pulsed tablishment of a stationary emission current following the
regime that can be achieved under intense optical excitationonset of excitation and the relaxation of the photocathode
Such excitation is associated with confinement of the currerfiollowing its termination are investigated, and the possibili-
and emission charge as a consequence of the photovoltdies of characterizing photocathode structures on the basis of
effect, which diminishes the near-surface band bending anéxperimental data obtained during nonstationary excitation
increases the work functioh. are ascertained.

Emission-confinement effects have been investigated ex-
perimentally in both a quasistationary regffnand with
pulsed excitatiof-® The relationship between the observed
laws and the photovoltaic effect was discussed in Ref. 7. It 2.1. The activation of an atomically clean surface of a
was shown that consideration of the photovoltaic effect perp-GaAs epitaxial film by applying a monolayer Cs—O coat-
mits a description of the experimental dependences froning leads to pinning of the Fermi level on donorlike localized
Ref. 5, but the quantitative results in Ref. 7 were obtained irsurface states in the band gap, band bending at the surface,
the form of a model numerical calculation. and the formation of a space-charge region, whose thickness

We previousl§ investigated the stationary characteris-w is determined by the position of the Fermi level and the
tics of a photocathode under intense excitation. It was showacceptor concentratioN,, .
that to obtain a quantitative description of the observed de- In addition, a layefthe activation layer which creates a
pendences of the quantum efficiency on photovoltage andegative electron affinity and acts as an energy barrier to
excitation intensity it must be assumed that the transparengyhotoelectrons, forms on the film surface.

2. STATEMENT OF THE PROBLEM

1063-7826/98/32(12)/9/$15.00 1309 © 1998 American Institute of Physics
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The energy diagram of a photocathode structure with a  q,(0)= —gsp— Qemi= —[Sn(1— ) + vemilNo - ®)
working region of thicknesd was presented in, for example,

Refs. 7 and 8. We shall described the kinetics of photoelec-  2-3- The variation of the filling of the surface states is
trons in the quasineutral regiom<x<d and in the space- regulated by the difference between the fluxes of electrons

charge region &x<w by the diffusion equation and holes trapped by centers:
m 9 n an df
E-ﬁ-%:aheiax—;, qn:_Dna_MnEnv 1) NSJZQSn_qspv Osp=SpPof - 4

matching the solutions at the boundaxy=w (for further ~ The initial value f,=0 is assigned by the condition
details, see Ref.)8Heren is the electron concentratior;is ~ dsn=0sp=0. The value ofgs,, like gs,, is proportional to
the coordinate measured to the right of the bariigis the  the density of the holes overcoming the energy bamigr
maximum intensity of the optical radiation entering the semi-the density of neutral centefé=Nf, and the rate of trap-
conductor;x is the absorption coefficient; and,,D,,, andr  ping on neutral centers,=a,Ns («, is the hole capture
are the electron mobility, diffusion coefficient, and lifetime. coefficien). The hole density, is determined by the total

2.2. The boundary conditions for E(l) at x=w corre-  hole flux reaching the surface from the working region
spond to continuity of the electron flux and concentration. —a IV _ + )
The solution of the diffusion equation in the space-charge 0~ dp0/Vp»  Gpo=Gpth™ Gpt.
region foraw<1 gives which contains two components, the thermionic emission
currentqp,, and the tunneling current,, through the barrier
into the space-charge layer. The fluxgs, andqp, are writ-

The condition of surface recombination with the rateis  ten in the standard mann@ee Ref. 12 The expressions for

assigned on the right-hand boundary of the working region athem were presented in Ref. 8.

x=d: 2.4, The flux of holes toward the surface restores the
_ number of positively charged surface states and the surface

Dndn/ox(d)=—sin(d). charge. The variation of the filling of the centers alters the
Here we have neglected the equilibrium dark electron consurface charge densitgN; =eNy(1—f), the heightVy;,
centration, which is much smaller than the characteristic conand the widthw of the energy barrier to holes
centrations in the working region upon illumination.

The boundary condition on the surfacexat0 describes
the recombination of electrons with positively charged cen-
ters and their emission into the vacufiihe recombination
flux dsn=aaNoNg =SyNno(1—f) is proportional to the den- W /%wao(l—f) ®
sity of electrons and positively charged centers at the surface kT
N =Ng(1—f) and the capture coefficient, on centers and
depends on the filling of the centers with electrdndHere
Ns=N,wy is the surface density of centers before illumina-
tion, ands,=(a,Ny) is the rate of surface recombination.

A study of the energy distribution of the escaping elec-
trons at a weak excitation intensif§*! shows that their en- SV=V2—Vy=Vof(2—f), Ey=E%+sV. @)
ergies are distributed in the band of widie=E.—E,; be-
tween the conduction band edge and the vacuum levell his decreases the fraction of electrons overcoming the bar-
which is close to the magnitude of the negative electron affier. The total charge of the electrons emitted by the photo-
finity AE~y. This attests to the rapid trapping of electronscathode from a unit aredn units ofe) equals
in the well of the space-charge region, slow energy relax- ©
ation in the well, and a small transparency of the near- sznf T,Tynodt. 8
surface effective potential barrier. The mean depth of the 0

AE; therefore, a decrease in the depth of the well in theyang pending is associated with the energy distribution of the

space-charge region diminishes the emission currengiectrons in the well of the space-charge region. In the ap-
Accordingly, the effective rate of electron emission from theproximation of a uniform distribution

space-charge region can be written in the forgy,

An(0)~qy(w) +lijaw, gn(w)=—D,dn/dx(w). 2

2N T2
€"Ng

esNa

V=2 =V2(1-1)?,

(Lq4 is the Debye radiysand leads to a photovoltaic effect
consisting of the appearance of a photovolta®ye which
alters the position of the conduction band edge relative to the
vacuum level:

=v,T,T,,, whereu, is the mean electron velocity arg, is _Ec—Eu_r1-y _ SV\O

the transparency of the effective barrier in the activaion %~ v,  1-y' 7 bi»

layer. The multiplierT,, takes into account the decrease in

the widthAE of the energy band available for electron emis- E.— E8|

sion and the depth of the well in the space-charge regionata '~ VO =Two- ©
high excitation intensity as a consequence of the photovol- bi

taic effect. It can be seen fron{9) that the “well transparency” de-

The final form of the boundary condition &t=0 is creases as the photovoltag¢e filling of the centersin-
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creases. The equation describing the kinetics of the filling of10) is due to the nonlinearity of the problem; however, sev-
surface center&4) with consideration of7) and(9) is con-  eral specific models are amenable to analytic solution. Let us

veniently written relative tgy in the form consider the case where the diffusion processes in the work-
ing region are considerably faster than the establishment of
Ns d_y:qsn_[qoth(euoy_1)+qot(exoy_1]f, equilibrigm be’Fween the elef:tron and ho'ltla fluxes regching
2\1—y dt s ° the barrier. With the exception of the initial stage with a
(10)  duration less that, =d?/D,,, the distribution of the electron
where concentration and the fluxes correspond to the stationary so-
lutions of the boundary-value problefd). To analyze the
f=1-V1-y, Uy=Vp/KT, solution of the kinetic equatiofll0) we replace the electron
flux g, by an approximate expression, which is equal to the
No=AUo, A=2ymykTLy/%. stationary value ofys,, for f—02
It follows from (10) that the hole restoring current depends L. P
on the filling f of the centers, which determines the photo- ¢ —|. A dif Y% ) (11)
voltagey. The explicit expressions for the preexponential 1+algf 1+ v Tor /sy
factorsq’,, andq?, in the hole current were presented in Ref.

HereL 4¢=D,7, andy and ¢, are constants, which depend
on the parameters characterizing the bulk generation and re-
combination in the working region and the rate of surface
recombination ak=d.®

3.1. The complexity of the combined solution of the dif- Under the assumption thgt,, does not depend on time,
fusion equation(1) and the center filling kinetic equation Eq.(10) can be integrated in quadratures:

8.

3. QUASISTATIONARY APPROXIMATION

y dy ¢

Aol [ s = Ny/Gen’

02 1—y(l—[?(ery—l)-l-?(ehoy_l)}(l_m)} s/0sn
sn

sn

(12

At low intensities, at whichgy<1 andUgy<1, the integral  Here =2tq%/Ns,q’ ~1+ (qs,/q%)/T (a line over a symbol
in (12) can be calculated, and the solution has the form  denotes averaging in the intervigf;,y], wherey,(t;)<y
corresponds to the upper boundary of the linear région

y=ystanh(t/7y), (13 The solution(15) contains the characteristic time scale

Y= / 2C1sn
s A .. 0.
qgthUO+qgt)\0 Ns Ns/qsn

Ts— ~
* 2nq f(1—)ql  2nof(1—f)/f

(16)

Ng
Ts= .
* V2051(a%nUo+ a%00)

(14

It follows from (15) that the time for the establishment of
It follows from (14) that 75 decreases with increasing inten- stationary values of the photovoltage and the quantum effi-
sity as ;I Y% and thaty, increases ag1?. We note  ciency is equal tary= (3—4)7~Ns/l;. It can vary over a
that at low intensities, at which the charge-confinemenbroad range, decreasing at large values of the excitation in-
effects are weak, the slow relaxation of the photovoltaggensity[to the extent that the rati(1— f)/f is independent
with the time 7, weakly influences the time dependence of f intensity] in inverse proportion to the illumination inten-
the quantum efficiency, which is established S|multaneousl)§ity I
yvith th_e distribution of the elec.tron_con.centration, i.e., dur- 3.2. The range of intensities corresponding to significant
ing a time of the order of the diffusion time. . charge-confinement effects corresponds to a large photovolt-
. At high excitation intensities an approximate analytic S0-age on the barrier and a low transparefigy. The maximum
lution can be obtained for the case where one of the compQya e of the photovoltagy, at which the surface barrier is
nents of Fhe hoIe0 res%ormg curre(say, the tunneling cur- transparent to electrons depends on the initial values of
reny dominates §s¢> Jsy) E.—ES and V0, and equalsyya=r. In this casef =1
, —1-r, If 6V>EC—E8| (i.e., y=r), the barrier becomes
=iln q nontransparent. The expression for the radiation intensity
Ao 1+(q'e MVi—1)exd —Aoq f(1-F)(T—1ty)] corresponding to the condition=r follows from the equal-

(15 ity Qsn= Qsp-
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~[1+(a|—dif)_l] 0 r 0.25"
= W[qst(e)\o - 1)

+qon(e%r —1)](1—-V1-r). (17) 0.20

We note that the expressigi?7) is valid for an arbitrary
form of the functionT,(y), but it should be assumed that
T,(r)=0. It is significant thatl® decreases exponentially

ICI’

* oo, |

0.15

b
with increasingESI (decreasing). Conversely, decreases in :,,
S, and increases irs, shift the barrier nontransparency & 0.0
boundary to higher intensities. )
4, TRANSIENT PROCESSES FOLLOWING THE ONSET OF 0.05

ILLUMINATION
4.1. The electron diffusion equatidf) with the bound- !
ary conditions(2) and(3) was solved together with E¢10), 0 I v 1'5. 240

which describes the kinetics of the filling of positively t1;t*
charged centers by electrons. Difference approximations of
second-order accuracy with respect to the coordinate an€lG. 1. Dependence of the photovoltage on tifimeunits oft, ) for various
first-order accuracy with respect to time were used. In soly¥alues of the illumination intensity; , 10" cm™*s™: 1 —1,2 — 5,3 —
: 4 . . . 0,4 — 30,5 — 100,6 — 200, 7 — 500.
ing the system of difference equations, the time step included
internal iterations for calculatinfyfor an assigned flug,, on
the boundary of the working region and external iterations
for calculating the distributiom(x) in the next time layer.  times gives an estimate of the intensity=N,D,/d?, at
The results of the calculations for a photocathode withwhich the time for the establishment of equilibrium equals
the parameters=1um, D,=40 cnt/s (the diffusion time t,. The value for the parameters taken i =2
t,=d?D,=0.25ns), a=100cm!, 7=10%s, s; x10?cm ?s !andis thus approximately two times smaller
=10 cm/s, N,=5x10®cm 3, V2=03eVv, EJ thanl® which corresponds to closing of the barrier.
=1.2 eV, andT,=0.04 are presented below. The capture  After the onset of illumination the electron concentration
coefficients of electrons and holes on surface centers wem(x) at first increases monotonically with time in the entire
a,=10"" cm®/s anda,=3x 10 8 cm®/s. The calculations working region, and therat t=2t,) bulk and “surface”
allowed for the field dependence of the rate of surface rerecombination diminish it somewhat, and the distribution of
combination of electrons and the decrease in barrier transpam{x) relaxes downward to the stationary profile. The time for
ency with increasing photovoltade=or the numerical values the establishment of a stationary distribution of electrons is
of the parameters takdii'~4x 10?2 cm 2s 1, of the order of the diffusion time, i.e., (25)t, . Numerical
4.2. Let us examine the dynamics of the transient pro<alculations show that the flux, reaches a stationary value
cesses for a photocathode following the instantaneous onseétiring a time close to, , regardless of the illumination in-
of illumination. The range of illumination intensities in- tensity. The hole fluxjs,<qs, att=t, , and the time for the
cludes values of; which are much smaller than the critical establishment of equilibrium between, and qs, depends
valuel ® (low intensitie$ or close to it(high intensities The  fairly strongly on the intensity, decreasing according to a
numerical values ofl® and, therefore, the values of the 7,2<Ng/l; law.
“low” and “high” intensities are determined by the photo- The results of the calculation of the dependence of the
cathode parameters selected, primarilyEd;S/and ap. photovoltage on the barrieV(t) and the quantum effi-
The characteristic time of the transient process followingciency Y(t) for a light pulse of durationt,,=16t, are
the instantaneous onset of illumination is determined by theshown in Figs. 1 and 2. For the values of the capture coeffi-
time for the diffusion of nonequilibrium electrons to the bar- cients taken in the calculation and intensities corresponding
rier t, and the time for equalization of the fluxes of photo- to the manifestation of charge-confinement effect§(t)
generated electrons and holes When the intensity creates and Y(t) reach stationary values at times considerably
an electron density at the barrier much smaller tign smaller thart,,,. We note that, as follows frortv), the time
equilibrium betweers, andqs, is established over a space- dependences of the photovoltage on the baréé(t) are
charge layer of a considerable width, which is close to thedetermined by the filling (t) of the centers by electrons. It
dark value. Therefore, equilibrium between the fluxes iscan be seen from Fig. 1 that the photovoltage on the barrier
achieved after a time much greater thagn If the intensity is ~ §V(t) increases monotonically with time and that the sta-
such that the electron concentration at the barrier becomd®nary value of§V and the derivativel §V/dt increase with
comparable to the density of the charged centers, tinethe  increasingl;, while the time for the achievement of a sta-
case of instantaneous recombinajitime photovoltage low- tionary stater,q decreases. In the range of fairly large inten-
ers the energy barrier to holes during the diffusion time, andgities|;=0.1, (I;=10*' cm 2s™!) the photovoltage on the
equilibrium between the electron and hole fluxes is achievetharrier is comparable t&.— E8|, the stationary value of
during the same time. Equalization of the two characteristi@approaches 0.5, ancly approaches the diffusion tinig¢ and
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FIG. 2. Quantum efficiency of a photocathode as a function of tirfie FIG. 3. Photoelectron chargg (in units ofe) as a function of timéin units

units of t,) for various values of the illumination intensity Of L) for various values of the illumination intensity, 10 cm 2%t 1—
l,,1°cm 2% 1—0.1,2—1,3—5,4— 10,5— 30,6 — 100,7 — 12— 53— 10,4 —30,5—200,6 — 300,7 — 500.
200, 8 — 400.

a time less than, , the increase in the photovoltage to val-
then drops below it. In this case the fillii¢t) of the centers ues comparable tEC—Ef,’, leads to fulfillment of the condi-
and the photovoltag@V at first increase sharply and then tion E,;>E., the barrier becomes nontransparent before the
rise slowly in the quasistationary regime. In this case the risphotocathode achieves a stationary regime, and the quantum
in f(t) continues even after achievement of the fillifygy, efficiency Y vanishes. When the intensity is increased fur-
which corresponds to a completely nontransparent barriether, the time for achieving the maximum ¥fand the time
(T,=0). Conversely, at low intensities;&0.1, ) the val-  for achieving complete barrier nontransparency, as well as
ues off andy are much less than unity, a stationary state isthe value ofY, decrease, and the accumulation of charge
not achieved during a time equal tot16(Fig. 1), and when ends at times appreciably shorter than the diffusion time. The
the intensity is lowered to<0.01,, the time for the nonmonotonic character &f(t) is attributed to the decrease
achievement of a stationary regime increases to values of thia the barrier transparency and the increase in the recombi-
order of fractions of a microsecond. Decreasing the electronation of photoelectrons near the barrier after a quasistation-
capture coefficienty,, leads to a similar effect. ary state is achieved in the working region. The duration of

Figure 2 shows plots of the time dependence of thehe descending portion of thé(t) curve is determined by
qguantum efficiencythe emission current normalized to the the time for the establishment of equilibrium between the
light intensity in the pulsefor various illumination intensi- electron and hole fluxes at the barrier.
ties. It can be seen from the figure that there are four ranges These features of the behavior6ft) are manifested in
of intensities that determine the character of the behavior othe time dependence of the total number of electrons emitted
Y(t). In the range of very low intensitie=<0.01, (l; by the photocathode. Figure 3 reveals the intensity depen-
~10"cm 2s71) the quantum efficiencyY(t) increases dence ofdQ/dt, its variation with time, and the cessation of
monotonically with time and reaches a stationary valuecharge accumulation at times smaller than the diffusion time
which does not depend on intensity, after a time of the ordet, at intensities exceeding the critical value. It can also be
of t,. In the range of low intensitied;=0.1, (I; seen from Fig. 3 that the increase in the stationary values
~10 cm 2s71) the quantum efficiency passes through aof Q(t) with increasing illumination intensity gives way
gently sloping maximum and then decreases to a stationatp a decrease at small and moderate intensities (
value. In this intensity range the maximum and stationary<10??> cm 2s™1). This is because the charge-confinement
values ofY are very close, and the time for achieving the effects lead to an appreciable decrease in the amount of
maximum decreases with increasing In the range of mod- charge emitted, i.e., to a nonmonotonic dependence of the
erate intensities; =1, (1;=10°? cm ?s™!) the maximum of accumulated charge on the illumination intensity, at high in-
Y shifts appreciably to the left and becomes sharper, and theensities due to the decreases in the charge accumulation
difference between the maximum and stationary values beime and the quantum efficien¢gee also Sec. 5.1Thus, for
comes quite considerable as the intensity is increased. Theephotocathode with assigned characteristics there is an up-
stationary value ofY decreases and becomes significantlyper limit on the number of electrons emitted from 1%cof
smaller than the value oY, at low intensities. TheY(t) the working region during a light pulse under intense excita-
curve acquires a characteristic spike-shaped form. Finally, ition. As follows from Ref. 8, this limit is of the order .
the range of high intensitids=1“~4x 10?2 cm ?s !, after ~ For the values of the parameters taken it is equal to roughly
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FIG. 4. Calculation of the time dependence of the quantum efficiaticy FIG. 5. Dependence of the photoelectron emission ch@rge units ofe)
for various models of the trapping of electrons and the barrier transparency . iumination intensity for various values & and T,: 1-3 T
nl n- =72 7/ In

. I T ) 1 1.
in the activation layer. lllumination intensitly ,10°* cm™2s™ % 1-4 — 3, —0.04;4-6 — T,=0.0L;E%, eV: 1, 4 — 1.2;2, 5 — 1.25;3, 6 — 1.3.

5 — 35. Model parametersl — a,=ang, Th=Tho; 2 — a,(E), T,
=Tho; 3 — @p=ang, Th=Ty(8V); 4 — an(E), T,=Ty(6V); 5 — a,
=ang, Th=Tho-
mation on the hole current restoring its original state. Below

102 electrons and corresponds o an  intensit we_shall d_iscgss the re_sult'_s of calculations for the case of
R o P i Y rapid termination, in which it was assumed that at the time
=10% cm?s*, which is roughly four times smaller than t=t,=16t, the intensity begins to decrease according to a
the critical value, at which the barrier becomes nontransparsayssian law with a time constant 16 s.
ent. ) ) The calculations show that there are two stages in the

Let us now discuss the question of how the features ofestoration of the characteristics of a photocathode following
the model of the photoemission process influe¢g. The  the termination of illumination, of which one takes place in
significance of such factors as the field dependence of thge diffusion time scale, , while the other is determined by
rate of surface electron recombinatiam,(E)><E™"] and the  the time of the decrease in the photovoltage to small values
dependence of the tunneling transparency of the surface bagaar sv~kT (this time is denoted by,). The first stage is
rier on photovoltag¢Ty(6V)], can be determined by direct ssociated with the escape of electrons from the working
simulation. The influence of these factors on the statlonaryegion in the absence of photogeneration and with decreases
characteristics of a photocathode was investigated in Ref. 8 poth the photovoltage on the barrier and the electron flux
Figure 4 presents the results of calculations with and WithouElsn during a time of the order oft2 . These decreases are
consideration of the field dependence of the surface recomyearly displayed in Fig. Icurves4—7) and Fig. 2(curves
bination rate and the dependence of the tunneling transpag-_7). Thereatfter the filling of the surface centers varies only
ency of the surface barrier on photovoltdgee Eq.(36) in  ynder the effect of the hole restoring flux.
Ref. 8]. The effect of both factors is like an additional in- At high light intensities near™, where the barrier trans-

crease in intensity. Both factors diminish the numerical valueparency decreases dramatically~102 cm 2s™1), a re-

of the quantum efficiency and shorten the time for achievingyeated increase in current is possible, despite the decrease in

the maximum ofY(t) and the time for achieving a stationary the electron concentration near the barrier, due to the im-

state. It is significant that the choice of the model determineﬁrovemem in the effective transparenEy as a result of the

the quantitative featL_Jres Gf(t)_. Consider_ation of the d_ep_en- decrease in the photovoltageurve 8, Fig. 2). For this rea-

dence ofT, on 4V is more important in the quantitative son, charge accumulation not only continues after termina-

respect, since a decrease in the tunneling barrier transparengyn of the excitation for a time roughly equal td,2, but

at high intensities dramatically reduces the fraction of elecxan also produce an addition to the emission ch&agen-

trons capable of overcoming the barrier. The parameters Qfnsities of the order of°": see Fig. 3, curves and7). As

an(E) andT,(4V) can be determined from the experimental the intensity approachds, the total amount of charge emit-

data if Y(t) and 6V(t) are measured simultaneouslyee  teq in a pulse is a nonmonotonic function of intensity due to

Ref. 8. the decrease in the barrier transparency and the increase in

the recombination ratéFig. 5. The position and numerical

value of the maximum and the details of the behavior of

Q(l;) in the vicinity of the maximum depend on the differ-
5.1. A study of the processes occurring in a photocathenceE.— E8| andT,. A clearly expressed maximum appears

ode following the termination of illumination provides infor- on theQ(l;) curve for photocathodes with high values of the

5. TRANSIENT PROCESSES FOLLOWING THE
TERMINATION OF ILLUMINATION
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“well transparency” (T,o=r) at low intensities. For photo- 1 Yo  dz 1 / y
cathodes with small values df,, the growth of the charge F(y)= f ~ 1-—].
slows sharply as the vicinity df*" is approached, and after V1=Yo/roy z(e~1) Vl—yo)\oy\ yo(zo)

passing through a diffuse maximum the functi@dl;) ap-
proaches a limiting value from aboveurves3 and6). When y/y,<1, F increases proportionally to Y/ Let us

It should be noted that the dependence of the accumunake some numerical estimates. We assume that the resto-
lated chargeQ on the tunneling barrier transparenty is  ration process is completed when the effective transparency
nonlinear and its character depends on the excitation interiF,, of the quantum well increases to the 0.98vel. If E.

sity. As can be seen from Fig. 5, in the vicinity 6f a  —EJ=0.224 eV andV,=0.3 eV, this corresponds to a
decrease i, leads to a decrease @\, according to a law photovoltagesV, roughly equal to 0.01 eV. For,=1/3 (see
that is stronger than a linear relation. Fig. ) and\y~7.5 we obtairfF~4.4. A similar estimate for

5.2. Let us now consider the stage of restoration of thesV,=kT, which corresponds to the restorationTgf to the
photocathode characteristics. Figure 1 shows the significat.97% level, givesF~1.4. Thus, it can be assumed for mod-
asymmetry of the plots o6V(t,l;) and the difference be- erate and high intensities th&tdepends weakly oy, and
tween the time scales for the onset and termination of illuthat the restoration timg —ty~(2—3)7;.
mination, which depends on the excitation intensity. Follow- It follows from the definition ofr, andq2,= SpN, e Mo,
ing the termination of illumination, the photovoltage where the effective density of tunneling holes for the param-
decreases due to cessation of the supply of electrons from theters choseiN, ~3x 10" cm™2 (see Refs. 8 and )2that
working region to the space-charge region, @adhigh and — (a-N. )~ Leho 21)
moderate illumination intensiti¢$t drops to values of about 7= (apN,) 7e.

0.1 V during a time equal to (23)t,, regardless of the This time decreases with increasing, and increases
initial value of the intensity(Fig. 1). The decrease in the with \y [see(10)]. Since)\ooc(m;/Na)l’z, 7; decreases ex-
photovoltage leads to an increase in the width of the spacgeonentially with increasingN, and increases with the effec-
charge layer and the height of the barrier to holes, decreasiniye mass of the tunneling holes. It is very significant that

the hole flux and slowing the decline of the photovoltage ordoes not depend on temperature, and thus the temperature
the barrier. The derivativdadéV/dtltpul depends weakly on dependence of, is determined only by the preexponential

intensity in the strongly nonlinear ca§éV(ty)=V?], but factor and the hole restoring curréfit. If a,=3
when 8V(ty) <VY; or yo<1, it decreases markedly with de- X 10 ® cm®/s and\o=7.5, for the parameters used in the
creasing intensity. Thus, regardless of the illumination intencalculation the restoration timg=27,=0.4us.

sity, relaxation in a linear regime takes up a large part of the  In the linear caséJoy,Agy<<1, and formula(18) is ap-
restoration period, during which the photovoltage decreaselicable over the entire range of variation yf so thaty, is
from 6V,=0.1 to a value smaller thakT. the stationary value of the photovoltage during illumination.

The restoration time greatly exceeds the time for theThe law governing the variation gfhas the form

achievement of the stationary state and increases with de-

creasing values of the hole capture coefficiet Let us y= L, T=—5 NZ ] (22)
estimate this time using Eq10). Assuming thatgs,<ds 1+(t=to)/7 (dshot dsthYo)Yo
during virtually the entire restoration time, instead b2 we Plugging iny, from (14), we obtain
obtain '
d Ns (23)

Yo y = 0 0 =Ts»

fy zm(l_ m)[T;l(e}‘Oy— 1) N Ttihl(euoy— 1)] \/qun(qst)‘o'l' qsthUO)
where x| Y2 is the time for the achievement of a station-
=t(y)—to. (18 ary state. Thus, in the case of low intensities, in which the

Equation(18) contains two quantities having the dimensionsphptocathqde parameters vary on'Iy slightly under. the effect
of illumination, the processes leading to the establishment of

of time, viz., 7.=N,/q% and 7,=Ns/q2,, and the smaller I . i >
of them is the characteristic time scale for restoration of thete.qUIIIbrIum follow_mg t_he_ ons_et and termination of illumina-
ion take place with similar time scales.

ici . i i f the problem S : . .
quantum efficiency. An approximate solution o b 5.3. There should be special interest in the simulation of

under the condition of dominance of the hole tunneling cur- =™ : . .
excitation by two pulses of equal duration and intensity
rent (r,<7,) has the form

(tpu=4t, =1ns,1;=10 cm 2s™') with a variable interval
t,—to=7F(Y;.Yo0.No): A between them. Such a regime has been used both for ex-
perimental studies of nonlinear effettand in accelerator.
£ ro) fyo dy 19 The excitation intensity chosen is such that the time for
Yr:Yo:Ao) = o1 1 ooy 1) achieving the stationary state is several times smaller than
e 2V1my(d=Viy)e D the illumination timet,,. The emission charge in the second
The integralF(y,,Yg,No) can be evaluated to sufficient ac- pulse is determined both by the changes in the barrier param-
curacy if the integrand is replaced by an approximate expresters in response to the first pulgéehich depend on the
sion which holds in the region making the largest contribu-relationship betwee; and 1) and by the relationship be-
tion to the integral. Then tweenA and the restoration timg of the barrier character-
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1.00 creases in the amplitude of the current and charge during the
repeated pulse and their increase with the delay between
pulses(a memory effegt

The restoration time of the photocathode characteristics
depends weakly on temperatureee (21)], providing evi-
dence(together with the experimental results in Ref.stip-
porting the assertion that the light-hole tunneling current is
the restoring current. The restoration time is determined by
the capture coefficient of holes on neutral centers, and when
ap~3X10"8 cm?/s, it amounts to 0.Jus, which is consis-
tent with the experimental data in Refs. 5 and 7. The expo-
nential dependence of the restoration time on the parameters
of the emitter space-charge region leads to strong variability
of the observedfor example, in Refs. 4 and)Festoration
times and the dependences of the photocurrent on the delay

0.75

0.25

0 e Lt i iat1al L1 0 12ty

7 10 100 1000 in the case of two successive excitation pulses, providing
4,ns evidence of the significantly different parameters of the pho-
toemitters investigated.
FIG. 6. Ratio of the photoelectron emission charge in the second Qylse According to experiment, the maximum values of the

to the emission charge in the first pul€g for two-pulse excitation as a quantum efficiency and the free charge are achieved for large
function of the delay between the pulsksor various values of, crs™: : = 0
1— 107 2—3%10°8 3— 10°8, values of the negative electron affinitfe{—E,;=0.2 eV),

and a small restoration time is attained for a high concentra-

tion of acceptors in the space-charge region.

istics. BothI® andt, depend on the capture coefficient of
holes on neutral centers. In particular, the valud 6fde-  7- CONCLUSION

creases with decreasing, [see (17)], while the time 7, The transient characteristics of photocathodes observed
*1/ay increases. Figure 6 shows plots of the charge ratigyt high excitation intensitiegthe kinetics of the establish-
Q2/Q; as a function of, which were calculated for various ment of a stationary regime and the dependence of the emis-
values of the capture coefficient of holes on neutral centergjgn charge on illumination intensity and restoration time
ap. Itis seen that ah <7, the ratioQ,/Q, is markedly less  are described by a nonlinear diffusion-drift model of a pho-
than unity and depends strongly anand «,, . tocathode. The results obtained permit reconstruction of the
Apart from the dependence Qf,/Q; onA, it would be  of the parameters of photoemitters from experimental tran-
interesting to determine the smallest interval between pulse§ient characteristics and can be used to optimize photocath-
which ensures that@; —Q)/Q;=q for an assigned value ode structures for use in excitation regimes.
of g. The calculations show that the rat(Dlel differs This work was Supported by a grant from the U.S.
from unity by no more than 5% whet=(2—-3)7. Inthe  Cijvilian Research and Development Foundatit®RDF,
rangea,=10"'—10"° cm’/s the timer; varies in the range  Award No. RPI-351 and by Grant 95-1.23 from the “Sur-
0.05-0.5us. For ap=3x10°cm’s and the intensity face and Atomic Structures” Russian State Program, as well

l;=10% cm ?s™*>1" we note that the barrier is blocked as by Grant 96-02-19187from the Russian Fund for Fun-
long before the establishment of equilibrium and that restogamental Research.

ration of the position of the vacuum level relative to the
Conduc_tlo_n band req_uwes considerable time. FOI’ this reéasofp 1. pierce, inExperimental Methods in Atomic, Molecular and Optical
the emission charge in the second pulse farl © is strongly Physics: Charged Particle§Experimental Methods in the Physical Sci-
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The widespread use of low-resistivity materials in modern solid-state electronics calls for an
analysis of the current-voltage characteristics of long semiconductor structures under ultrahigh-
level double-injection conditions. It is shown that the pure plasma model of semiconductors

is not applicable in such an analysis, since the concentration dependence of the carrier mobility
p(n) must be taken into account. The conditions for the appearance of highly superlinear
current-voltage characteristics in the region of the initial variatiop @) due only to the rate

of variation of the mobility of the majority carrietshe A effect) are analyzed. Tha

effect is manifested on the experimental current-voltage characteristics in the form of sharp
current jumps and corresponding high values of the differential order of the current-voltage
(J—V) characteristic &=dlogJ/dlogV), which are determined by the variation of the

differential order of the concentration dependence of the carrier mohifity=d log x/dlogn.

A calculation shows that the mechanism for the appearance of #ifgect can be

determined at injection levels as high ad0' cm 3. © 1998 American Institute of Physics.
[S1063-782608)01212-5

INTRODUCTION 1. INITIAL EQUATIONS AND APPROXIMATIONS

The conditions for the appearance of sharply superlinear . 1h€ Calqglatio_n of |fVi’S :t ultra;high injictri]on Ilevels re- |
current-voltage characteristics of semiconductor structure uires consideration of the dependence of the electron an
are analyzed in this paper on the basis of the theory o ole mobilities ., and ), the diffusion coefficients,

iniect tact ph ith derati f the ch andD,), and, in the general case, the dielectric constaon
injection-contact phenomena with consideration of the Chaly, o ejectron and hole concentrations gnd p).2~° In addi-

acter of the dependence of the mobility of the charge carriergo, the form of the dependence of the recombination inten-
on their concentration. sity on the carrier concentratiof{n,p) can also differ sig-
The features of the current-voltage characteristicsificantly from that in the Shockley—Read model because of
(IVC’s) of long semiconductor structures under ultrahigh-both the occurrence of Auger processes and the complex
level double-injection conditions are considered. Althoughdependence on andp under the conditions of semiconduc-
this question has not been analyzed hitherto, the widespreddr degeneracy:®
use of low-resistivity materials in modern solid-state elec- When the diffusion-free approximation holds, the fol-
tronics calls for such an analysis. lowing system of equations can be obtained, according to

It should be noted that the statement of the problem ifkef. 1, from the current equation, the Poisson equation, and

not confined to an examination of low-resistivity materials the continuity equation:

alone. The condition of low resistivity is equivalent to the _ j

F:ondmoln of h|gh -CL.JI’I’ent densities. Howevgr, the Joule hegt- E(n,j)= e[ sn(MN+ 2p(MP]’

ing of high-resistivity structures at such high current densi-

ties may preclude observation of the features of the . . Ha(M)N

ultrahigh-level double-injection regime. In=) mp(n)n+uy(n)p’ @
The geometry of the structure investigated is shown in . )

Fig. 1. In the present treatmeht>1,+1,, wherel, and | dx= din __J KN

are the ambipolar diffusion lengths at the anode and cathode, eR(n)  eR(n) [ un(n)n+uy(n)p

respectively. The cathode and anode materials must be goQgheree is the charge of an electron,andp are the electron

electron and hole injectors. and hole concentrations at an arbitrary poirih the semi-
We shall utilize the theory of injection-contact phenom- conductor structurs, is the direct current density, arfél is

ena developed in Ref. 1 to solve the problem posed. the electric field intensity. The space-charge density is de-

1063-7826/98/32(12)/5/$15.00 1318 © 1998 American Institute of Physics
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K

the IVC from (1) can be determined using the following
system of equations:

L C(od) do
sz dx=—j
0

o) a2r (o)’

o) do

L___I:__J (5)

FIG. 1. Geometry of the structure:— intercontact distang& — cathode; ~ Where o (j) is the near-cathode conductivity ans(j)

A — anode. Cathode and anode materials: metal or heavily doged = On=ng(j) is the value ofc(x) at the minimum near the

+ ; s

andforp”-type semiconductor layers. anode(it is assumed that<0). The accuracy of the first
integral in(5) is determined by fulfillment of the condition
L>I,+1y, and the accuracy of the second integral is deter-

noted byp(n,p), and the form of the functionR(n,p) and  mined by the criterion for diffusion-free conditiohs

p(n,p) is specified by the semiconductor model.

E
v=f E(x) dx=—j?
0

o) o3 (o)

, . hy - KT rd(j)ow(])
The quasineutrality conditiop=|p_|—|p_|~0 signi- V(j)>—In|———FF,
fies fulfillment of the conditions e ral)oai)
dEl am Ao wherekT/e is the thermodynamic potential.
—|<—|ps|=—Ip_l, The system(5) will be solved below in the “virtual-
dx| e & cathode” approximation &,— ), which, on the basis of
e( Ref. 1, means thatV(j)<|r(j)|L?2, where ry(j)

n)
2 TMI<lp|=[p-], @ =ro=na)-

where|p.| and|p_| denote the positive and negative com- 2- SPACE-CHARGE MODEL

ponents of the space chargép,n), respectively, At high injection levels the quasineutrality condition
F(n)= p(n,p)=0 can be written in the form
p(n)~n+AN, (6)
_ /-Ln[l_)\n(n)]+ﬂp(n){[dp/dn]_)\p(n)[p(n)/n]} where
pn(Mmp(M{p(n[1+Ay(n)=Np(n)]—n[dp/dn]} c c
XR 3 AN=Y, — ™ No— > % Np>0
(n) @ ; CoatCpn % Chp+Cpp °

is the ambipolar recombination function, and . , _
P is the absolute value of the difference between the charges in

_n du all the acceptor4) and donor D) states, an€, andC, are
Mm)=- ndn the coefficients for the recombination of electrons and holes
on them, respectivel}’

Then, the quasineutrality criterion fro(@) and(3) takes
on the form [with consideration of the equalityp, |

o(n)=elun(n)n+pp(n)p(n)], 4  =ep(n)]:

is the differential order ofc(n).
If we also introduce the conductivity

e(M[r(m] e  pa(MIL=Na(M]+pp(N{I=Ap(n) =N(M[AN/N]}  R(n)

= <1, 7
4mep(n)  4me () pp(M{[Np(n) = Ap(N)In+[1+Ay(n)—Np(n)JAN} p(n) @
|
and it follows from(4) that (M p(N)
AN,
() =ef un(N) + pp(N)In+epy(N)AN. ) _ ] (ML= XM ]+ pp(M[1=Ap(n)] 10
1+A,(N)—Apx(N
It can be shown that under conditions for realization of N ol _)}\ ol )AN
the plasma model of semiconductors, where p(N) = An(n)
p~nsAN, v_v)h;:h are more severe tha®), when \(n)—0 or A(n)
a(n)~ef un(n) + up()In, (9) This situation raises some doubt regarding the use of the

pure plasma model in injection problefhsjnce \(n)—0
the quantityAN in r(n) from (3) and(7) can be neglected and it becomes difficult to satisfy the second condition in
only under the conditions (10) when w(n)= u=const. Therefore, the validity of the
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pure plasma model of semiconductors in problems of thehe carriergInSb etc). In general, we can single out the class
type under consideration can be determined only if the charef materials for whictm,,<N and which, in accordance with
acter of the dependence of the mobility of the carriers on(12), (14), and(15), obey the relation

their concentration, i.eg(n), is determined.
9e2(n)h3(kT\*?  /my+m, 1
u> | = —_— : (16)
8773/263 Eg mnmp (m*)S

3. SCATTERING MODEL

which places a lower bound on the initi@t small values of

When the electron-hole scattering of carriers in a nondel) carrier mobilities at a level of a few CitV -, if £~ 10,

generate structure is taken into account, in accordance witﬁ%?’ooﬁt(* fgwl ;Va?‘”dmnzrgp%rg- T?ri]s meagi that the
, o N ane effect can be disregarded under the conditions
the data in Ref. 5 the mobility; , can be written in the 9

form n<n,(n)<N<M(n) (17
n M(n)|?3 when (16) is satisfied. In this case frorfi1) we can easily
* — —_—
Mn,p(n)_l’vn,p/ 1+ Q(n) Inj 1+ n ) ' obtain
11 M(n)
where u, , is the carrier mobility fom~p—0, m=~p, AN~z o)) In——-1/<1. (18)
_382(n)(kM ¥ fmp+my 1 However, when the strong inequality6) is reversed, under
Q(n)= J8med MM, snp’ the conditions
[e(n)kT]® n<N<ny(n)<M(n) (19
M(n)=64 —e6 J (12 only the Kane effect need be taken into account at relatively

small values oh, so that
andm, andm, are the electron and hole effective masses.

g 1/ n\ 23
In the case of elegtron—hole scattenng,_ when the quan- w(n)~pu, )\(n)%§( N) <1. (20

tum effects are taken into account, according to Ref. 7, the

result (11) for the regionn<M remains valid ifQ(n) and

M(n) are replaced by the quantities 4. RECOMBINATION MODEL
292:2(n)(kT)¥2  fm +m, 1 The conditions(16), (18), and (20) can be satisfiedor
Q*(n)= 923 ) , violated for both types of carriers. However, we shall con-
373% myMy i p

sider (for the sake of fixing ideas and simplicitthe situa-
kT) 2 tion where the majority carriers are holes under the condition

247 mym, ( 13 : i
e mn+mps(n) oh (13)  r<0 in (3) and (5), so that the conditions1i>AN>0,
ﬂp(n)%ﬂp>ﬂ“n(n)%ﬂ’n: and mp(n)%mp<mn(n)%mn
In the case of a narrow-gap semiconductor with strongwill hold at not excessively high values af In accordance
degeneracy, the Kane efféahould be taken into account. with (3), (4), and(6), we then have
According to this effect, an increases, the effective mass of

M*(n)=

the carriers in the plasman) rises according to the ex- r(n)=— R(n) ,
pression Mn[Ap(n)n+AN]
n 2/3 o
my ,(n)=m* 1+(N , n(ff)=§p. (21
\/gw (m* Eg)3’2 and from(7) the quasineutrality condition can be written in
=, (14  the form
3 h3
€ R(n)

wherem* is the effective mass of the carriers wher-0
(m*=m,,my) andE, is the gap width of the semiconductor
for a given doping level. At room temperatuf@00 K) for ~ where it is henceforth assumed that
e~10 we haveM (n)~3.7x10°°cm 3. If Q(n)<M(n) and &=const(n/e)(de/dn)|<1.
n<M(n), a significant changéa twofold decreagen w(n)
in Eq. (11) is achieved for
2 M(n)|n2 M(n)
3Q(n) 3 QN Let R(n)=yn?, which is true both for band or level
The value ofn,, from (15) is of the order of 1& cm™ recombination in shallow traps in the absence of
if u~10° cn?/V-s, while the value oN in (14) is of the  degeneracy® and for normal Auger recombination in the
same order of magnitude only for narrow-gap materials withpresence of degeneratyin this case from(16), (18), and
anomalously low values oty and the effective masses of (21) we can obtain

4me ,unn[)\p(n)n+AN]<1’ (22

5. CALCULATION OF THE CURRENT-VOLTAGE
] CHARACTERISTIC

(15

3
n=ng,= E{ Q(n)/In

3
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r(a')=—§pr 7 ' (23
2 un oqIn(oylo)—1]+03
where
3
ou=euM, or=eu, EQpAN'
3s%(kT)¥2 1 24

QpE Q,u:,up: @eﬂ/ﬁ ; M_p

Using (23) and the methodology in Ref. 1 to determine
the order of the functiom(o)

o dr 0'2+20'i

rdo aIn(oy/o)—1]+ 05

6(o)= , (25

we can predict the existence of a minimudp,,(omin) for
(o) and a corresponding maximum,,,, for the order of
the IVC a=d(logJ)/d(logV). The minimum of§(o) from
(25) is specified by the equations

1 1) 2in—2 3
n—-1/=2In -3,
5min 5min \/EO'A
1 3
Tmin= Om EXP —| =—+ 5|, (26)
min

which yields a value of the maximum order of the IVC at the
level

_Im
2\expl)oy

since a¢>1/2In(ae—3/2)| and from (17) and (24) oy
> O\ -

After the region of the extremum of the order of the
IVC, wherea3(j)> o3, from (5) and(23) we can obtain the
expressions

3'yQpL2)-

~In

(27)

Uma= ae~1+

é\min

3yQplL?

+
! 4uV

og(V)=ay exr{ -

o
expg —
and from(15) and(17) we have

AuV
3yQpL2J In( )
2M [ 2M

4pn ln
3—%m(3—%)_]

Thus, fairly high orders of the IV@sharp current jumps

. 20
i(V)~—]

1+

(28)

2M -1

3Q,

2M

V<Vy =
M 3Qp

[

-1

3
og(V)< Ee,upr( In

Volodin et al. 1321

log (7,arb. units)

1

L
log (¥, ard. units)

FIG. 2. Qualitative plots of the IVQa) and « vs V (b) for the ultrahigh-
level double-injection regime. Curvés-3 correspond to different values of
AN: AN3<AN,<AN;.

6. MEASUREMENT POSSIBILITIES OF THE
ULTRAHIGH-LEVEL DOUBLE-INJECTION REGIME

An exact calculation of the parameters of the order ex-
trema J.,V.e, anda,) from (23) and(25) using the methods
in Ref. 1 makes it possible to determine the values\bdf
and y from experimentally observed IVC's in the region of
their order extrema and the formulas
2 1 <

N_E( 1
-3 Qp (2ae—1)2

Osdn(oy /ose) = (14 65
>< 1
2— se

LJe 2

eupSVe

a

A

2 ppVe (2ae—1)(@e—1) 2In(oy/0sed) —3
Y73 Qp|_2 2 2— 6se ’

e

(30

a

should be observed in the injection regime under considefwhere J,=Sj,,S is the area of the sample normal to the

ation due to the existence of a dependenca pbn n long
before any appreciable variation pf,(n) is observed. Fig-
ure 2 presents qualitative plots of the IVC and/is V for the
cases considered.

current,

O'_M . eMpM SVe
LJ,

|

-
2__1
Qe

Ose
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5, ! [1 acVe (i)>eupN sey | (35
= — >e B — ,
¢ a— 17 aRae—1)(a.—1)| 7s) #olp Admeu,
d2a V./dJ respectively, for the cases of electron-hole scattering and the
ap=|— , ae:_e( _) Kane effect. Hera=cyM/(8meu,Qp).
dV V:Ve ‘Je dV V=V
When the strong inequalit{16) is reversed, under con-
" 2 7. CONCLUSION
ditions for the realization of19), (20), and(22) from (21)
we obtain The appearance of highly superlinear IVC’s in the region
3N23 ) of the initial variation ofw(n) due only to the rate of varia-
((o)=— p Y 9 (31) tion of the mobility of the majority carrier&he \ effect) is

5/3’

b very interesting. According to the data presented above, it

requires fulfillment of the following conditionfor a p-type

Mn(e/-Lp)l/3 0_5/3+ o

where semiconductor
Np=N _ V8 (myEy* ey
p (m* =mp) 3 h3 ’ Mp> pn> Ane’
op=epp(3ANNT), e [l M Hl AN
> = N=———IN-— > ,
For o4(j)> o, it follows from (31), (26), and (27) that P> 3 3Qp 3Qp
we can use approximations of the form 3 [| oM | oM H1>N an
ua, = ns=INns= >Ny ,
oy(j)= Shp ( Mn) )3/4 2% 3Qp 3Qp P
° NS ayL) of which the first ensures satisfaction of the quasineutrality
A 5 3 criterion, the second refers to the case of electron-hole scat-
(V)= 9-7" elPupuy V* (32  tering (ae>4), and the third applies to the Kane effea(
8m2.47 (ympEg)3 L7’ =4). In the case of electron-hole scattering in comparatively

wide-gap semiconductor€Eg~1 eV), these conditions im-

whence follows the formula for analyzing measurement re—pose a lower bound on the value,@;(mp/mn)z at a level of

sults several cri/V-s (whenu,> u,) and an upper bound on the
1 —1y/— 11
eu,S 1’3h2MnV2’3 value Of“ij\i aElthe 16" cm V™~ 's -~ level whenu,/y
v=~0.25 3 " (33 >6x10° cm V1. In the latter caséthe Kane effeotfor
€ mpEqL narrow-gap materials with small values of, (like InSb)

whereV, and J, are determined at the point of the order Violation of the condition(16) places an additional upper
maximuma=~ a,=4. bound onu, at the 18 cn?/V - s level. All these conditions
In the case of weak asymmetry of the carrier mobilitiesare attained comparatively easily, so that the achievement of
and effective masses, the IVC fraf82) can be written in the  injection levels as high asy(j)~10' cm™3>AN in a semi-
form conductor can permit verification of the existence of a given
N mechanism.
9-7*  eh® [upup(my—mp)|?

8m2.47 (7E9)3L m,mp

j(v)=

1A, Ya. Zyuganov and S. V. Svechnikolnjection-Contact Phenomena in

1 v4 Semiconductorfin Russiail, Nauka Dumka, Kiey1981).
X —. (39 24 Brooks, Phys. Rev. 83, 879 (1951).
(ntup)= L 3N. H. Fletcher, Proc. IRE5, 862 (1967).

. . 4E. O. Kane, J. Phys. Chem. Solidls249 (1957).
It can be shown on the basis (#2), (18), and(20) for fairly 5A. Anselm, Introduction to Semiconductor Theoffprenctice-Hall, Engle-

small values ofAN [AN<\y(n)n] that the conditions for  wood Cliffs, N.J., 1981; Mir, Moscow, 1978
carrier dragquasineutrality under the conditions considered fA- Haug, Solid-State Electror21, 1281(1978.

; ; G. N. Galkin, Tr. FIAN128 3 (1981).
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Continuous stimulated emission at T=293 K from separate-confinement heterostructure
diode lasers with one layer of InAs quantum dots grown on vicinal GaAs (001)
surfaces misoriented in the [010] direction in the active region

V. P. Evtikhiev, I. V. Kudryashov, E. Yu. Kotel'nikov, V. E. Tokranov, A. N. Titkov,
I. S. Tarasov, and Zh. |. Alferov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 29, 1998; accepted for publication July 1, 1998
Fiz. Tekh. Poluprovodr32, 1482—-1486December 1998

The electroluminescence and stimulated emission of lasers with one layer of InAs quantum dots
(QD’s) grown in a single molecular-beam epitaxial process on vicinal @04 surfaces
misoriented in the directiof010] by 2, 4 and 6° are investigated. It is discovered that an increase
in the misorientation angle leads to a blue shift and a decrease in the full width at half
maximum(FWHM) of the electroluminescence spectrum. This effect is attributed to a decrease
in the size of the quantum dots and improvement in their size uniformity. A strong

dependence of the threshold current density on the width of the spontaneous luminescence
spectrum is discovered. The room-temperature threshold current density of the lasers with one
layer of quantum dots and the spontaneous luminescence spectrum having the smallest

FWHM (54 meV) equals 210 A/lcth © 1998 American Institute of Physics.
[S1063-78208)01312-X]

Quantum-dotQD) arrays are very interesting objects for grows on each terrace predominantly from the material de-
use as active media in the next generation of injection hetposited on that terrace. An increase in the misorientation
erostructure lasers. The calculations in Ref. 1 showed thaingle leads to an increase in the density of QD’s, a decrease
because of the delta-shaped character of the energy depdn-their size, a decrease in the number of coalescing “large”
dence of the QD density of states, QD lasers can have exslands, and improvement in the uniformity of the QD size.
tremely low threshold current densities {0 A/cn?), which Our work is devoted to studying the electroluminescence
depend weakly on temperature. The threshold current densiEL) of separate-confinement laser heterostructures with one
ties that have been achieved in quantum-dot lasers are stllhyer of INnAs QD’s in the active region, which are grown by
far from the predicted values. Significant progress in improv-ordinary MBE according to the Stranski—Krastanov method
ing the characteristics of QD lasers has been achieved asam GaA$001) substrates misoriented in tfie10] direction.
result of the use of several layers of vertically coupled GD’s The laser heterostructures were grown in a TsNA-4 system
and tunnel-coupled QD arrays and quantum welkow- in one MBE process on a set of substrates misoriented in the
ever, since these solutions unavoidably lead to broadening ¢010] direction by 0, 2, 4, and 6°. The growth rates, substrate
the density-of-states function, the interest in the possibility otemperature, and V/III flux ratio were chosen and monitored
creating a “classical” quantum-dot laser has not waned. using reflection high-energy electron diffractioRHEED).

The main obstacle to obtaining low-threshold lasing atAs in Ref. 5, the growth temperature of the InAs QD’s was
room temperature is the complexity of growing uniform 470 °C, and the V/VIII flux ratio was equal to 2. After 2.9
high-density arrays of isolated QD’s by molecular-beam epmonolayers of InAs were deposited, growth was interrupted
itaxy (MBE) according to the Stranski—Krastanov method.for 15 sec for the final stage of formation of the QD’s. The
The use of GaA®01) substrates misoriented in t§610] QD layer was enclosed on both sides in waveguide superlat-
direction in ordinary MBE according to the Stranski- tice layers with effective variation of the composition from
Krastanov method to improve the size uniformity of QD’s Al, ,Ga, /As near the QD layer to AkGa, ,As near the emit-
was first proposed in Ref. 4. Growth steps oriented in twaers. The heterostructure was an ordinary separate-
directions, viz.,[110] and[110], should appear on such a confinement laser structure with AGa, /As emitters, each
vicinal surface. The intersection of these steps forms a nefaving a thickness of 0.8m, a waveguide layer of variable
work of bounded terraces, whose size depends on misoriemomposition and thickness 04m, and ap-type GaA$Be)
tation angle, on the vicinal surface. The energy barriers in theontact layer of thickness 0.4m. Lasers having a very
surface potential located on the terrace boundaries prevesimple stripe design with SiQinsulation and a stripe width
the movement of atoms diffusing over the surface from ter-of 100 um were fabricated from the structures. Highly re-
race to terrace. In fact, detailed atomic force microscopidlective dielectric coatings with 80—90% reflectivity were de-
(AFM) investigations of InAs QD arrays grown by the posited on the mirrors of some of the lasers. The EL spectra
Stranski—Krastanov method on Gda881) substrates misori- were investigated under a continuous pump current.
ented in the[010] directiom showed that a quantum dot Figure 1 shows the AFM images of QD arrays grown in

1063-7826/98/32(12)/5/$15.00 1323 © 1998 American Institute of Physics
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a

FIG. 1. AFM images of GaA801) surfaces coated by a 2.9 monolayer thick InAs layer with different misorientation angles[®iltjjelirection: 0(a) and
6° (b).

a single MBE process on an exactly oriented G@A4) sub-  bination from the ground state of the quantum dots, it con-
strate(a) and a substrate misoriented by @) under condi- tains a short-wavelength shoulder, which separates into two
tions corresponding completely to the growth of the lasempeaks of Gaussian shape upon curve fitting. An increase in
heterostructures. The surfaces of the samples were investhe misorientation angle leads to a blue shift of the lumines-
gated by atomic force microscopy on an SPMNT-MDT) cence spectra, reduction of the short-wavelength shoulder,
microscope. The surface images were obtained with scarand a decrease in the full width at half-maximyWVHM)
ning of the tip over the sample surface at a constant pressud the ground-state peak. Due to the large height of the bar-
(in the contact mode The spatial resolution achieved using rier (Alg Ga& 6As) bounding the dots, none of the samples
a SiN, tip with a radiusR<300 A mounted on &/-shaped displayed luminescence from the wetting layére calcu-
cantilever was far better than the diameter of most of thdated position of the peak is indicated by an aryowhe
features observed on the surface. A comparison of the AFMbserved blue shift and the decrease in the FWHR. 2)
images in Fig. 1 shows that substrate misorientation leads tagree well with the data from the AFM investigations and
the formation of a more uniform array of InAs QD’s without can be attributed to variation of the size distribution of the
“large” InAs islands. An estimate of the QD density from dots with the misorientation angle. Variation of the tempera-
the AFM images gives A 10'°cm 2 and~10' cm™2 for  ture in the range 2050 °C and the pump current up to a
an exactly oriented surface and a surface misoriented by 68ubthreshold value did not lead to changes in the shape and
An analysis of the height distribution of the QD’s revealed aFWHM of the long-wavelength maximum and only slightly
decrease of the mean QD height from 35 to 20 A with in-altered the contribution of the short-wavelength shoulder to
creasing misorientation and a decrease in the height dispethe luminescence. The decrease in the contribution of the
sion from 15 to 10%. short-wavelength shoulder to the spectrum with increasing
Laser diodes with a cavity length of 17@0n not having  misorientation angle is evidence that the complex form of the
dielectric coatings on the mirrors were used to investigate thepectra is clearly due to recombination not only through ex-
electroluminescence. The transition to a lasing regime couldited states of the QD’s, but also through states created by
be observed with such a cavity length. A comparison of thehe presence of tunnel-coupled dots with a different mean
photo- and electroluminescence spectra presented in the ingeidius (Refs. 8 and 9"
in Fig. 2 for a sample with 4° misorientation showed that A further increase in the pump curreft< 20 °C) in the
self-absorption effect=do not alter the qualitative picture of samples without dielectric mirrors led to the appearance of
the spectrum and do not interfere with the comparative studiasing. Figure 3 presents the electroluminescence spectra of a
of the spectra of the laser structures. Figure 2 presents the EHample with 4° misorientation for various pump currents.
spectra of four laser diodes without coatings on the mirrors\When the current equals 690 mA, a series of individual nar-
which were fabricated from heterostructures with variousrow (1-2 me\j peaks appears along with general narrowing
misorientation angles. The spectra were recorded at 20 °Gf the luminescence maximum. Luminescence with such a
with a pump current density equal to 300 Akm pattern is clearly caused by the stimulated emission of a few
The spectrum of the exactly oriented sample has thgroups of QD’s of very similar size. Increasing the pump
complex form previously observed in Ref. 7. Apart from the current to 715 mA causes the appearance of lasing lines in
long-wavelength maximum, which is associated with recomthe spectrum, which coincide in position with the peaks of
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FIG. 2. Electroluminescence spectra={293 K; | =300 mA) of four laser diodes fabricated from heterostructures with various substrate misorientation
angles. The inset shows the photo- and electroluminescence spectra for a sample with 4° substrate misorientation.

stimulated EL. Variation of the pump current up to twice thecurrent density for the samples with 2, 4, and 6° misorienta-
threshold value did not lead to variation of the positions oftion are due to the fact that quantum dots could be obtained
the initial lasing peaks. Only new peaks caused by stimulateth them with a large surface density and a low size disper-

emission from other groups of QD’s were added to the specsion.

trum.

Highly reflective dielectric coatings were deposited to
diminish the losses due to the escape of radiation in the mir-
rors of the stripe lasers. The values of the threshold current
density measured for the best structures ranged from 210
Alcm? for a sample with 4° misorientation to 5000 A/&ror
an exactly oriented sample. In our opinion, such strong varia-
tion of the threshold current density cannot be explained by
the value of the quantum efficiency in the heterostructures.
We measured the quantum efficiency)(in samples with a
short cavity L =100um) according to the method described
in Ref. 10(inset in Fig. 4. The relative increase i with
increasing misorientation angle does not exceed a factor of 2.
This finding can be attributed to a decrease in the contribu-
tion of radiationless recombination through “large islands.”
The threshold current density turned out to be lower in the
sample with 6° misorientation than in the sample with 2°
misorientation, despite the smaller valuepf In Fig. 4 the
values of the threshold current density, are plotted as a
function of the FWHM of the spontaneous EL spectra. The
rapid increase inly, with the FWHM corresponds to the
predictions of the theory of QD lasers developed in Ref. 11.
According to this theory, the maximum gain in such a laser
is proportional to the surface density of QD’s and also de-
pends on the size dispersienof the dots as E. Since the

Intensity,arb.units

1200mA

800mA

122 123 1.24 125 126
Energy,eV

FWHM of the luminescence spectra is directly related to therc. 3. Electroluminescence spectra of a sample with 4° substrate misori-
size uniformity of the QD’s, the low values of the threshold entation for various pump currents Bt=293 K.
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FIG. 4. Dependence of the threshold current derkjtpn the FWHM of the spontaneous EL spectra for samples with various substrate misorientation angles:
0, 2, 4, and 6°. The inset shows the relative variation of the quantum efficiency in samples with a shortLcali®0gm) on substrate misorientation angle.

The lowest threshold current density (210 ARjnwas it was possible to obtain continuous lasing at 293 K through
exhibited by the lasers displaying spontaneous EL with thehe ground state of the carriers in the QD’s. The value of
smallest FWHM(4° substrate misorientatipnThe EL and 210 A/cnt obtained for the threshold current density at 293
lasing spectra of this laser are shown in Fig. 5. This value i« in the lasers with 4° misorientation is the best value known
a record for injection lasers with one layer of InAs QD’s in to us for separate-confinement heterostructure lasers with
the active region. one layer of quantum dots in the active region.

In conclusion, we note that the employment of We thank L. V. Asryan for some fruitful discussions and
GaAg00)) substrates misoriented in th@10] direction ina  N. F. Kadoshchuk for depositing the mirrors.
conventional MBE process has allowed us to grow laser het-  This work was supported by the Russian Fund for Fun-
erostructures with a single uniform QD array having a highdamental Researc{Grants 97-02-18153, 97-02-18151, and
surface density4 10 cm™2) in the active region, on which 97-02-18291

DYwe intend to publish the results of an investigation of the form of the
photoluminescence spectra of QD arrays on misoriented wafers in the near
future.
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PERSONALIA

Solomon Meerovich Ryvkin ~ (On his 80th Birthday )
Fiz. Tekh. Poluprovodr32, 1533-1534December 1998
[S1063-78208)01412-4

November 23 marks the 80th birthday of the renown
Russian scientist, Prof. Solomon Meerovich Ryvkin, who
was the first editor-in-chief of Fizika i Tekhnika Poluprovod-
nikov [ Semiconductors

He was born in Belorussia in 1918. In 1936 he enrolled
in the faculty of physics and mechanics of the Leningrad
Polytechnic Institute, from which he graduated a few days
before the beginning of World War Il. In 1941-1945 he
defended his homeland, travelled as a member of the signal
corps from Voronezh to Vienna, and finished the war as the
commander of the telephone-telegraph section of the Third
Ukrainian Front.

In 1945 S. M. Ryvkin started working in the Physico-
technical Institute, where, thanks to his remarkable talent,
tremendous industriousness, and unreserved devotion to sci-
ence, advanced in a short time from a junior research worker
to a doctor of physical and mathematical sciences, a profes-
sor, and a great scientist, who enjoyed well-deserved world-
wide fame. In 1957 he set up the Laboratory for Nonequilib-
rium Processes in Semiconductors, which he headed until his
premature retirement in 1981.

Already in his early papers S. M. Ryvkin was the first to
use the concept of the exciton to explain the anomalous de-
pendences of the photoconductivity of cuprous oxide that he

observed. The optical spectrum of this quasiparticle was _S‘lf%ubsequently led to the creation of semiconductor lasers and
sequently discovered in a crystal of cuprous oxide. Ryvkin's, a5 acknowledged by a Lenin Prize in 1964hich he
scientific studies of the mechanisms and kinetics of the phoghared with D. N. Nasledov. A. A. Rogachev, and B. V.

toconductivity of solids are regarded as classical and, to &sarenkoy. In the nineteen-seventies S. M. Ryvkin was one
large extent, fundamental. Ryvkin's monographotoelec-  of the first to recognize the importance and prospects of
tric Effects in Semiconductgrswhich summarized those stydying manifestations of disorder in semiconductors and
studies, was republished in the United States and Germanyitiated appropriate research projects in his laboratory.
and became a reference book for a whole generation of g M. Ryvkin was typified by a combination of interest
researchers. in basic science and the practical application of its results.
S. M. Ryvkin's name is associated with the discovery of For example, the work of Ryvkin and his coworkers on the
many fundamental effects in physics. They include theeffect of nuclear radiations on semiconductors led to the ex-
current-convective instability in a semiconductor plasma, theensive development of research on radiation effects in
phenomenon of light scattering in crystals with variation of Russia and, at the same time, to the development of a new
the frequency due to the nonlinear polarizability of the me-pranch of semiconductor instrument building, viz., the pro-
dium, and electron drag by photons. The phenomena asso@uction of nuclear radiation detectors. Fundamentally new,
ated with the charge exchange of local centers that he disincooled detectors of infrared laser radiation were created on
covered, as well as the discovery of the magnetoconcerthe basis of the phenomenon of carrier drag by photons. On
tration effect and some new nonlinear phenomena in hothe basis of the principle of controlled sensitivity that they
electron-hole plasma&unn oscillations in strained germa- formulated, S. M. Ryvkin and his coworkers created a new
nium, intervalley current instability, and the shock avalancheclass of image detectors, i.e., semiconductor photographic
breakdown of excitons in germanigralso aroused great in- systems and ionization-type converters, which have found
terest in the scientific community. His pioneering work onapplication in the high-speed photographic diagnostics of
the observation of induced emission in Ill-V semiconductorsinfrared laser radiation.

1063-7826/98/32(12)/2/$15.00 1328 © 1998 American Institute of Physics
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Together with his students, S. M. Ryvkin boldly createdreputation among specialists from all over the world, and
new areas of research, achieving outstanding results. Thimtil 1981 he headed its editorial board. Reviewing every-
trend was undoubtedly promoted by the inquisitive atmo-thing done by S. M. Ryvkin, we can single out the establish-
sphere that prevailed in his laboratory. One object of hisnent of a scientific school for investigating nonequilibrium

constant concern was the laboratory seminar, which earned g cesses in semiconductors, which is being continued by his
favorable reputation among specialists in semiconductor

physics. The spirit of the seminar, which was known for itsStUdentS’ as his primary accomplishment.

relaxed and friendly atmosphere, was always Ryvkin him- Students and Friends
self. More than 50 doctors and candidates of science, many Editorial Board
of whom presently head scientific teams, were trained under Board of Directors
his guidance. A. F. loffe Physicotechnical Institute

S. M. Ryvkin performed a great deal of scientific admin-
istrative work. He initiated the publication of Fizika i Tekh-
nika PoluprovodnikoySemiconductoris which has earned a Translated by P. Shelnitz

Russian Academy of Sciences
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ERRATA

Erratum: Autosolitons in InSb in a magnetic field [Semiconductors 32, 625-628
(June 1988)]

I. K. Kamilov, A. A. Stepurenko, and A. S. Kovalev

Kh. 1. Amirkhanov Physics Institute, 367003 Makhachkala, Russia
Fiz. Tekh. Poluprovodr32, 1535(December 1998

[S1063-78268)01512-9

The sentence beginning on the 14th line from the top of the right-hand column on p. 627 reads: It turned out that the
velocity of the autosoliton decreases as it moves into the hotter region of the EHP. It should read: It turned out that the velocity
of the autosoliton increases as it moves into the hotter region of the EHP and that the velocity of the autosoliton decreases as
it moves into the colder region of the EHP.
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