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The electrothermal instabilities in high-resistance single crystals of (@aJ @radiated by

infrared light are described phenomenologically. Instabilities show up in the form of periodic
oscillations in the current in the sample circuit and in its temperature in sufficiently high
electric fields. For observation of these phenomena it is important that the energy spectrum of
the semiconductor contain metastable electronic states lying about 20 meV below the

bottom of the conduction band. @997 American Institute of Physid$§1063-78267)00202-(

INTRODUCTION Joule breakdowhis applied to the sample, then periodic os-
cillations in the current and temperature will develop in the
One of the most interesting members of the family ofsample. When the current in the sample increases, its tem-
modified alloys of the lead chalcogenidés PbTéGa). Re-  perature will also increase. When a certain critical tempera-
cently new, extremely important experimental data haveure is reached where a key role is played by relaxation from
been obtained on the properties of this compduh@nd the metastable state into the ground state, the concentration
models have been proposed for the spectrum of impurityf electrons in the levels will be exhausted, causing a drop in
states. the current, and heating of the sample will cease. Since heat-
When PbTe is doped with gallium, within a certain rangeing of the sample begins anew after this cycle, because of the
of gallium impurity (1-3x 10" cm™3), a dielectric state, accumulation of electrons in the metastable states due to the
which is not typical of the narrow gap semiconductors, isillumination, the process repeats itself and can be repeated
realized. Here the charge carrier concentration is close to thgeriodically. In this paper we perform experiments with
intrinsic concentration and is - 10" cm 2 at liquid-  variations in the following conditions: electric field, illumi-
nitrogen temperature, whila<10° cm 2 at liquid-helium  nation power, temperature of the surroundings, and heat
temperature. The temperature dependences of the resistaricansfer. As a result, the oscillations in the current and tem-
R obtained when the samples are shielded from backgrounperature have been clarified and are analyzed further. In ad-
radiation and when they are illuminated by infrared lightdition, a new type of instability that cannot be described in
differ sharply(by nine orders of magnitudidor T<T.=80 terms of a thermal breakdown has been observed in single
K. The relaxation times for nonequilibrium electrons arecrystal PbTéGa).
r=10"3s at 77 K andr>10° s at 4 K. At low temperatures
the “frozen” concentration of nonequilibrium electrons is as
high asn=3 x1 0'"cm 3,
Measurements of the photoconductivity specttuand
of the photoconduction kineti€$iave been used to obtain a In these studies we have used several series of (@ e
spectrum of impurity states in Pb{@ which, to a first  single crystals grown by the Czochralski, Bridgman, and va-
approximation, provides a qualitative description of thepor methods. Galvanomagnetic measurements and studies of
available data and yields an estimate for certain characteristie photoconduction kinetics and spectra of these samples
energies in the spectruiisee a sketch of this spectrum in have been done previously.The crystals were cut by elec-
Ref. 7). For the purposes of the present paper, this systertoerosion and the sample surfaces were prepared, etched,
can be regarded as having three levels. The ground state gfhd had contacts soldered to them by the same methiods.
the gallium impurity lies about 70 meV below the bottom of the present work we used samples with fixed dimensions of
the conduction band and stabilizes the Fermi level in0.3x0.8x3.0 mn?. In order to avoid inaccuracies associated
PbTdGa). Photoionization of the ground state causes the forwith volume-nonequilibrium states, the voltageat the con-
mation of the metastable state, which lies approximately 2@acts and the total currentsthrough the sample are given in
meV below the bottom of the conduction band. These twahe following characteristics. No fundamental qualitative dif-
impurity levels, together with the conduction band, form theferences associated with the different methods of growing
above-mentioned three level system, which mainly deterthe samples showed up. A sample was placed in a shielded
mines the photoconduction kineti€sThe basic assumption chamber together with the load resistance and was supplied
for the studies conducted in this paper is our assumption thatith dc current from a separate supply. This chamber con-
a conductor with this type of level system can serve as #ained a miniature infrared source. The transient processes
model for studies of self-oscillations. We have also proposedvere recorded using an S9-8 digital storage oscilloscope.
the following method for realizing these processes. In order to examine the nature of the observed instabili-
If light is used for continuous excitation of electrons into ties in more detail, we have performed experiments with par-
metastable states and an electric field sufficient to causallel control of the changes in the current and temperature.

TEST SAMPLES AND EXPERIMENTAL TECHNIQUE
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sure the sample temperature sufficiently accurately with this
FIG. 1. Characteristic form of the observed thermoelectric instabiliges ~ design, th.e changes ih are estimates in these experiments.
cillations in the current) in PbT€Ga) single crystals. The conditions under The amplitude of the oscillations corresponds to heating of
which curves a—e were obtained are given in the text. the sample by several degrees with an increase in the average
temperature of the sample to 15 K. A shift in the phase of the
The sample was suspended in the chamber on current leaagcn_latlons, which can also .be agsoc!ated with the mass f.ind
inertia of the thermocouple junction, is observed. As the il-

at a distance of 1 cm from the holder. A thia00 xm) lumination level and electric field are varied. it is also pos-

differential thermocouple was attached to the side face of thguiblé tolobse\r/ve 2 more colmp;licated p\)/erilodi,clp;ocess \F/)vhich
mple and i Id junction w itioned in parts th . .

sample and its cold junction was positioned parts t aIS related to the fact that ahead of the main current discharge

were well cooled in helium. The signal from the thermo- ope can observe at least one weaker oscillaféig. 2b)
couple was passed through an R3003 voltage comparator 10 These data provide qualitative confirmation of the

channel A of the S9-8 oscilloscope. The signal from a load ) i~ . e
. : S . above-mentioned possibility of electrothermal instabilities in

resistanceR,; in the sample circuit that was proportional to PbTGa)

the current(for all conditionsR;<R) was fed to channel B. '

Data from the oscilloscope was fed in digital form to a Com_oscill?:trcl)rr]g t?fcggsigr:%néiellgw?r? tfﬁglié]hé}; ae\;j;tl\l;]v?ttrl\\geut
puter for subsequent analysis. yp P P

continuous illumination. This process can be induced in the
following way: a voltagel . of some magnitude is applied to
the sample. This voltage wdd.=24 V, while the oscilla-
We first present a brief description of the recorded instations shown in Fig. 2a took place witt=40 V. Subse-
bilities. The form of the periodic oscillations in the current at quently the illumination is turned on and the sample current
T=4.2 K and a voltage of) =35 V on the sample is shown increases to a certain magnitude. Then, after a fitrre 10 s,
in Fig. 1a. Figures 1b—1e show the variation in the shape othe illumination is turned off. If a weak voltage were applied
the oscillations with increases in tlib) helium pressure in to the sample, the current through the sample would decrease
the chambe(increased heat transjefc) temperature of the over a long time interval, as shown in Ref. 7. However, when
surroundinggto 35 K); (d) illumination level; and(e) volt- the voltageU. is applied to the sample, at a certain le(ah
age on the sampl@o 45 V). The oscillatory process cannot the order of 2 m4, the relaxation of the current disrupts into
be observed at temperatures above 42 K, at voltages beloan oscillatory process which essentially terminates the relax-
30 V, and at too low or too high illumination leve{sith a  ation, since this process can obviously continue for an un-
heat source below 1.6 mW or above 2.8 mW limited time. The shape of the oscillations in the current and
Some examples of combined traces of current and temtemperature is shown in Fig. 3. The temperature oscillations
perature oscillations are shown in Fig. 2. Under the conditake place around some average valtik) which is much
tions for heat transfer from the sample described above, thiewer than the same magnitude in Fig. 2. It should be noted
oscillations were close to sinusoidal in form and the averag¢éhat these oscillations are observed within a very narrow
sample temperature rose. Since it was not possible to meaange of voltages applied to the samples=23.5-24.5 V,

EXPERIMENTAL RESULTS
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mal carrier generation the number of centers is depleted.
/\/‘\/\/\/\/\/__ Joule breakdown has been studied before in
Pb,_,SnTe(In).2 The variation in the shape of the oscilla-
tions as the external conditions are changBiy. 1) is in
gualitative agreement with theory. In the theory of thermal
breakdown one introduces as a parameter the critical tem-
peratureT{" of the surrounding medium at which break-

il / J down can be observed. This critical temperature is deter-
mined by the conduction activation energy, i.e.,

’ T =E,/8KT, 1)

FIG. 3. Forms of the oscillations in the currdrin the sample circuit and in - \which allows us to estimate the activation energy of the elec-

the sample temperature characterized by the thermocouple valiagéh- s from the metastable states. If the critical temperature is

out illumination (see texk C . -
taken to be the temperature at which the observed instabili-
ties disappear, then the activation energyEis=25 meV.

1.5 9 within this range. The nature of these oscillations dif- &ffect or from a study of thermally stimulated currents car-
fers substantially from that of the instabilities observed beJies a large error. Nevertheless, the data obtained here corre-
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fore in p-type PbT¢Ga).? late well with the optical measurements of Khokhlov and
BelogorokhoV? The far-infrared lines observed in the photo-
DISCUSSION OF THE RESULTS conductivity spectrum ther@vith energies on the order of 20

e i _meV) can be tentatively attributed to transitions of electrons
At present, it is difficult to carry out a detailed quantita- £,m the metastable states into the conduction band.

tive analysis of the observed instabilities. It is appropriate t0  tha nature of the oscillations observed without illumina-

cite some initial data for such an analysis. , _ tion (Fig. 3 is not clear at present; these data show that

The thermal activation energy for conductioB,, in  gyrycture of the spectrum of the metastable levels in
PbTeGa) for T<80 K is estimated from the IR(L/'T) curve  ppreGa is more complex and the possible types of insta-
to beE,~70 meV. The magnitud&V; of the barrier which  puiiag may be of interest for further study.
determines the relaxation time for the frozen photoconduc- We wish to thank A. M. Gas'kov, E. I. Slynko, and
tivity during heating of the samples can be estimated fromg A Belokon’ for providing the samples.
measurements of the characteristic times for the steady-state This work was supported by the Russian Fund for Fun-
photoconductivity as functions of the temperature or from ary, nantal Research.
analysis of the variation in the static characteristics
In R(1/T) taken with illumination at temperatures of 40—80 , . i,
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Resonant interaction of electrons with a high frequency electric field in two-barrier
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The frequency dependences of the small-signal dynamic conductivity of symmetric and
nonsymmetric two-barrier heterostructures are calculated in a one-electron approximation. Special
attention is focused on the case of electron tunnelling through the upper minibands. In the
approximation of high-barrier powdwidth), an analytic expression is obtained for the dynamic
conductivity of a two-barrier resonance-tunnel structure that agrees with a rigorous

calculation. It is shown thafa) the dynamic conductivity increases as the fourth power of the
barrier width,(b) quantum transitions with an even change in the level number are

forbidden, andc) the dynamic conductivity is inversely proportional to the cube of the frequency

if the separation between the levels varies with frequency in a way such that the resonance
condition is always satisfied. The maximum possible intensity of the radiating transitions of two-
barrier heterostructures are calculated as a function of the quantum numbers of the working
levels under conditions such that the supply current density and the characteristic time for breakup
of the coherence by phonon scattering are constant. It is shown that the intensity increases
significantly if, for example, the fourth level of the structure, rather than the ground state, is used
as the working level. ©1997 American Institute of Physid$$1063-7827)00302-5

1. INTRODUCTION this limitation, an experimental study has been nianfea

B method based on using an injector which accelerates the
In the many papers on resonance-tunnel ;trudu?es electrons to the required energy. The possibility of coherent

considerable attention has been devoted to studies of the dyynejiing of electrons in a resonance-tunnel structure with

namic conductivityo. o o an injector, including over the higher levels, was demon-
In the small-signal approximation the conductivity at grateq. On this basis it has been theoretically predittadt

frequencyw is determined by the difference in the electron yiecting electrons into the second miniband of a two-barrier
fluxesJ coming out of a two-barrier resonance-tunnel struc-ggonance-tunnel structure can provide sufficient negative
ture as absorbedJ(36+7ﬁw)) and emitted J(e —%®)) PhO-  qynamic conductivity for operation of an infrarétR) laser.
tons with energyr w:* In this article we develop an earlier appro4th to
2% w study the dynamic conductivity of a two-barrier resonance-
ole,w)= F[J(ﬁhw)—\](s—hw)], (1) tunnel structure which arises when electrons pass over the
upper resonant levels of the structure.

where ZE is the amplitude of the alternating field of fre-
guencyw, a is the size of the localization region of the rf

ggt%rr?w?rii 'St:;eneeleggsg gnr?:;%}n/i.c zgirgu'sti’/?;ﬁ'?ﬁ];n;e;ezﬁ NELECTRONS ARE INJECTED INTO THE HIGHER MINIBANDS
9 9 y ¥ OF A TWO-BARRIER RESONANCE-TUNNEL STRUCTURE

frequency range, where a unipolar superlattice laser has been
recently created for the first tinfe. It has been show that when an electron with energy
The characteristics of a resonance-tunnel structure are t© moves through a quantum-well structure with a nonmono-
a great extent determined by the method for injecting electonically varying static transmission coefficiei{e), the
trons into the interior of the structure, which is usually doneprobability of absorption or emission of a photbw by the
by applying a voltage which biases the system of quasilevelslectron is greatest if the energy of the electron undergoing a
(minibands of the structure downward, so that one of the collision with the photon is close to the energy, corre-
levels ends up sufficiently close to the bottom of the conducsponding to the maximum ofT(g)|. Thus, the absolute
tion band of the input contact of the resonance-tunnel strucvalue of the conductivity increases sharply at a frequency
ture, where conditions for intense overflow of electrons tow=|#,,—¢|/%. However, with nonresonant passage of elec-
this level are ensured. The applied voltage, however, sultrons through a two-barrier resonance-tunnel structure the
stantially disrupts the symmetry of the resonance-tunnemagnitude of the negative dynamic conductivity is limited
structure, which leads to a reduction in the maximum tunneby the fact that, because of the low transmission coefficient
transparency(transmission coefficientT compared to the T(e), relatively few electrons enter the structure and interact
T=1 for complete symmetry of the structure. This limits the with the rf field. Thus, the idea naturally arises, and is con-
efficiency of direct injection, especially into the higher mini- firmed by a rigorous quantum-mechanical calculatithat
bands of the resonance-tunnel structure. In order to avoithe probability of interaction with the rf field increases sub-

r_|2. CALCULATING THE DYNAMIC CONDUCTIVITY WHEN
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FIG. 1. Active conductivityo of a two-barrier, resonance- tunnel structure

as a function of the normalized frequeneyw, (wo=¢q /%) for passage of

a monoenergetic electron flux with a concentratioa10t” cm™2 through

the second resonance level. The parameters of the structura=ags A,

op=1.04 eV,b=11 A. The electron energies are: £,=4.05%, (smooth

curve, 3.%, (dashed curve 4.2, (dot-dashed curyeeq=51.24 meV. 100

stantially if the electrons pass through the two-barrier 0
resonance-tunnel structure along the second resonant level,
rather than along the first, while the frequency of the oscil-. g-"m
lations in the field corresponds to the separation between theg
levels. Here the magnitude of the negative dynamic conduc-
tivity increases sharply and can become significantly larger g0
than the static valuésee Fig. 1

High negative dynamic conductivities can, in principle,
be obtained using higher resonant levels, as well as just the
first and second. We shall consider this question for the ex-
ample of the simplest symmetric two-barrier structtiref
th!Cknessa _Wlth thin (5-shapegl barriers of he!gh?‘Pb an_d FIG. 2. Active conductivityo of a two-barrier, resonance- tunnel structure
thicknessb in the absence of a constant electric field. Figureas a function of the normalized frequeneyw, (wo= ¢, /%) for passage of
2 shows a plot of the active conductivity(e) when mo-  a monoenergetic electron flux with a concentration10'” cm™2 through
noenergetic electrons pass through the eighth resonant levég eligoh;h f\?sgni”lci\ 'i’ﬁ'- Tlhe tpafamEtEF_S of the S"Lftufaasffm é‘

: =1. = . ron energi re: ~g=04.

of a StrUCture. witha=275 A’ ¢p=1.04 eV, ar_mdb=11 A ﬁz (smoofh ‘curvﬁ 64.3:0e(3aeschec; fur‘\el)eg Zf‘;.i: ((g)ot-c?ashed g’uﬁ\)ze
calculated using the method of Ref. I(For this structure | _g 91 mev.
the frequency of the transitions from the first to the second
resonant level is= w/27w=5 THz.) The frequencies corre-
sponding to transitions to even levels are denoted in Fig. 2abserved at an energy which does not coincide exactly with
by dashed lines. Along with the peaks and the dashed linesesonant passage through the eigthth lexgl|, but is lower
the quantum numbers of the levels to which the transitiongFig. 2b. This is explained by the fact that in this case tran-
take place are also indicated. It should be noted that for thisitions from the eighth level to the broad ninth level become
structure the calculation is strictly an approximation, sinceimportant, along with those to the seventh level. In this case,
the calculation ignores such important features of the bandonditions are created such that the difference in the number
structure of the semiconducting material as the nonparaboliof transitions to the seventh and ninth levels is greater when
dispersion and the presence of the valléysand X. It is  e<Zg than whene = £3. For transitions to lower-lying reso-
evident that the conductivity is resonant in character, botmance levels the maximum in the conductivity is observed at
for transitions between the second and first levels and foan electron energy equal strictly #. (It should be noted
transitions between the eighth and odd resonant levels. Thikat the width of the eighth level;s=21.3 meV, is much
probability of transitions to even levels is loiwe can say greater than the width of the first levdl; = 0.053 meV)
that these transitions are forbiddefor transitions between It is clear that for this structure at frequencies corre-
the eighth and seventh levels the maximum conductivity issponding to transitions to alloweh this case, oddlevels

w/w,
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ingly: at first, it increases and then it remains essentially

10*t constant. Here, as the calculations show, most of the elec-
sl trons that have interacted with the rf field leave to the left
10 2 (are reflected from the wallln the case where the thickness
10°F of the first barrier is increased, even fewer of the electrons
10} pass into the two-barrier resonance-tunnel structure and, after
7} a certain time, the amplitude of the wave functions de-
creases, so that the magnitude of the conductivity decreases
g accordingly. Here, of course, most of the electrons that have
» 1t interacted with the rf field leave to the rigkare reflected
:-10} from the first barrier.
O 0%}
-10°} 3. THE APPROXIMATION OF HIGH-“POWER” BARRIERS
-10t In order to explain this behavior, it is appropriate to
-10%h derive an analytic expression for the dynamic conductivity.
Let us assume that a weak uniform electric field that varies in

time asE(t)=E(e'“'+ e '“") is applied to the structure. For
FIG. 3. Active conductivityoy of a two-barrier, resonance- tunnel structure definiteness we assume that the electrons move from left to
(a=275 A, p,=1.04 eV} as a function of barrier thicknessfor passage of ight. Taking into acount the above assumptions, the time-

a monoenergetic electron flux through the fourth resonance level. Smoot d Schdin . ill th h he f
curves areoy(b) when the thicknesses of the two layers are changed, th ependent Sc ger equation will then have the form

dashed curves are(b,) for b;=const, and the dot-dashed curves are ENG %2
on(by) for b,=const. The numbers on the curves denote the quantum num-  j — = — — —+ ad(X)V +ad(x—a)¥
bers of the levels to which the transitions take place. ot 2m* 9x

+H(x,t)¥,

the maximum conductivity is observed for transitions be-  H(x,t)=—qE[x[6(x)— (x—a)]+ad(x—a)]
tween neighboring levels. The probability of transitions to ot it
the next allowed levels is much smaller, while as the differ- X (e +e ). 2

ence in the quantum numbers of the levels increases, tthreq andm* are the electron Charge and masss (Pbbv
probability of a transition to them then increases again.  and 4(x) is the unit step function. If the ground state wave

Itis interesting to examine how the nonsymmetry of thefunction ', normalized to a single electron has the form
structure (difference in the power of the first and second

barriers affects the magnitude of the resonant high-
frequency conductivity. Figure 3 shows plotsaf for elec- Wo(x)=1{ A sinkx+B coskx 0<x<a, 3
trons passing through the fourth resonance Ieve'l as functlons C exdik(x—a)] X>a,
of the thickness, of the second barrier for a fixed width
b, of the first andvice versa It should be noted that in the then in the small-signal approximation the correctibh to
case of a nonsymmetric structure, as in the case of a synit IS given by
metric structure, the maximum conductivity is observed at a V=W, (x)e (@t L (x)e i@l
frequency close, but not equal, oy, =|&y— & |/%. For _ o
comparison the figure shows plots ofy(b), where the wherewg=¢/#, ¢ is the energy of the glectrons incident on
thicknesses of both barriers increase simultaneou@lge  the structure, andl=(2m*e/#%)*?is their wave vector. The
change in the thickness of each bartieis equal to half the ~functionsW.. for this structure have the form
change in the thickness of the second barrier in the first case: D. exp—ik.x) x<0,
b:(b_l+b2)/2)-) _ _ W (x)=1{ A. sink.+B, cosk.X+ x(X) 0<x<a,

It is clear from Fig. 3 that as the thickness of the second ~ , ,
barrier is increasedry, initially rises rapidly(almost as in a C. exlik-(x—a)]+P.exik(x-a)] x>a, @
symmetric structureand then approaches a roughly constant
value. An utterly different picture is seen when the thicknesgvhere K- :[Zm*(“’oi_w)/h]llzv P.=xqEa¥(a)/fiw,
of the first barrier is increased: at first the conductivity rises2ndx=(x) are the particular solutions of the equation

expikx+D expikx x<0,

slightly and then it falls off monotonically. This behavior can #2 ay.
be explained as follows: When the thickness of the second  fi(wo=@)x+(X)= 5 — 7 —qEX¥o(X). )

barrier is increased, the amplitude of the electron wave func-
tion at first increases and then, when the second barrier bén this case(see Ref. 1lwe have
comes thick enough and essentially does not let any electrons qEx qE
through, the growth in the amplitude of the wave function  y.(X)=F-—V(X)+ ——=P(x). (6)
. L . . fiw m* w
ceases. In the limit, with increasing thickness of the second
barrier, a barrier {section in high frequency fiele-(infinite  The coefficientsA., B., C., andD. can be found by
wall) situation develops. The conductivity behaves accordusing the conditions for matching the wave function and its

105 Semiconductors 31 (2), February 1997 Belyaeva et al. 105



derivatives at the barriers at each instant of titheshile the ~ Fory>k. and a wave vector of magnitude corresponding to
system of equations for finding them has the following ma-a resonance level, the determinant becomes small and equal
trix form: to A~2ik2(—1)-"*, while for transitions that are not to a
resonance level we havé~k.y. Thus, for narrow reso-

_ 1 0 -1 0 nance levels, only the probability of transitions between the
ike—y K. 0 0 two levels is important. On the other hand, in the case of
0 sink.a cosk.a -1 broad levels with large quantum numbers, transitions to the
_ _ . o lower and to the upper level are importaeee Fig. 2 The
0 ks cosk:a ki sink:a ik:—y determinants for finding .. andD.. are given by
D. f, Ap.=fi[k.(ik.—y)cosk.a+k3 sink.a]
A+ f
x| g |= fz , 7) —f,[ik. —y)sink.a+k.cos k.a]
+ 3
C. f, +fake(ike—y)+kafy, (10)
where and
f,=x.(0), fo=—x.(0), Ace=—fike(iks—y) +ksf;
— ik — 2 &
fa=P.—y.(a), fa=(y—ik)P. +x%(a), falk«(ik.—y)cosk.a+ks sink.a]
y=2m* alh?. +f,[ ks coskia—(iks—y)sink.a]. (11
The solution of Eq(7) is simple but rather cumbersome and Fory>k. we have
is inconvenient for analytic studies; however, under certain qE . .
conditions it can be greatly simplified. It is known thatina  Ap+~ 52 (ik+y)(ik.—y)k.(cosk.a—coska),
two-barrier, resonance-tunnel structure the transmission co- (12)

efficient has a distinctly resonant character and in structures

with thin barriers the magnitude of the wave vector which@"

determines the resonance levels at which the transmission q

coefficient equals 1 is found by solving the transcendentalc:~ > (ik+y)(ik. —y)k.(cosk.a coska—1).
equatiort® (13)

tanka= — . ®) Using Eq.(8), for transitions with an even change in the

am* y guantum number of the level it is clear that

Under resonant tunnelling conditions the coefficients of  |cosk.a—coska|~|cosk.a coska—1|~2,
the unperturbed wave function and the functiom Eq. (7) while for an odd change,
have the form

|cosk.a—coskal~|cosk.a coska—1|~0,

y .
A= EJF" B=1, This well-known parity selection rule is explained by the
symmetry properties of the wave functions and perturba-
Y e tions.
C= E+' sinka+coska, D=0; Thus, given thatk.~ 7rL, for monoenergetic electrons

with concentratiom for transitions between resonance levels

qt qE 2wq the active conductivity of a two-barrier resonance-tunnel
= =—| + _
f1= ez ikt y), f=ul =1t ) structure has the form
E _ 89°m* a’n ML
fa=— ——[(ik+y)coska—k sinkal, o~t— =53 [1-(=D)7 ] (14
qE 2w0\[ [y A more rigorous calculation incorporating terms which do
f4=%( +1+ T) E-H sin ka+coska|. not includey in the expressions fakc, andAp yields the

formula
Let us assume that the monoenergetic flux of electrons

2
passes through the resonance level with quantum number U~+ﬂ [1—(— )N

N, and that the frequency of the electric field corresponds to L
transitions at the resonance level with quantum nuntber (15

The determinant of the system of equatidisis which, in contrast with Eq(14), has a relative error on the

A=(2K2 —y?)sink.a—2k. cosk.a order of k/y)3, as opposed td_<(y)2. We emphasize tha_t the
two formulas have been derived under the assumption that

+2ik (k. cosk.a+y sink.a). 9 transitions occur only between two levels.

8a? [ m* a?
PEp] I
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ture by increasing the barrier thickness; however, the feasi-
bility of increasing the conductivity by using thicker barriers
is limited by a narrowing of the level into which the elec-
trons are injected. This leads to a rise in the average time an
electron spends in the well and, therefore, to an enhancement
in scattering processes which destroy the coherence of the
electrons’ passage.

It is interesting to find the dependence of the conductiv-
ity on the quantum numbeis andN of the working levels
by limiting the power of the barriers to the maximum condi-
tion for maintenance of coherence.

According to Eq.(14), the monoenergetic conductivity
o is directly proportional to the fourth power of the barrier
powera. At the same time, it can be shown that the width of
theMth quasilevelthe Mth energy miniband I"y, , which is
determined by tunnelling through identicébarriers, is in-
versely proportional tax?:

ﬁsz>3 1

Tm | oZat 18

|

The width of the quantum webh is determined by the fre-
quencyw and the quantum numbers of the working levels as

2

028 30 W
A

1/2

, (17)

FIG. 4. Relative erro=(o—0)/o as a function of barrier thickneds
when the resonance active conductivily is calculated using Eq(15) a=
(smooth curvesand (14) (dashed curves as well as the parametek/
(dot-dashed curyefor passage of electrons through the eighth level of a
two-barrier structure of widtm= 275 A (barrier heighte,=1.04 e\j. The
numbers denote the quantum numbers of the levels to which the transitio

Zm*w (Nz_ LZ)

so that the conductivity of the two-barrier, resonance-tunnel
structure is expressed in terms of,=#/I'y,, the tunnel

take place. lifetime of an electron in théith miniband, as
_, 2560 , M°
Let us investigate how accurately these formulas de- T m* (Arw) |N3L3F(N'L)’
scribe the magnitude of the conductivity in real structures 5
with a ratiok/y that is moderately low. Figure 4 shows the “’TM>(N —L9 K2 (18)
. . . . L —53 K7,
relative errors in the magnitude of the active conductivity 2w M

[palculated accqrding to Egél4) and(15)] plotted as func- where F(N,L)=N2L%(N2—L?* and K=NL/I is the

) : X h(‘fuantum number of the level to which the electrons move
eighth resonance level of a structure with widtk 275 A. under the action of the rf field

Also shown in this figure is the dependence of the parameter In order for this model of the coherent passage of elec-

2k/y on the barrier thickness. It is clear that for thin barrlerstronS through a two-barrier, resonance-tunnel structure to be

(b<720h A, 2I;/y>.0..5),. V\t’)ith tra]:‘nslitiolr:_ls 12et\¥ﬁ.en' levels correct, it is necessary that the characteristic tunnelling time
8—7 the conductivity is better fit by Eq14). This is ex- m=nhI/T\ exceed the time for the scattering processes

plained by the fact that in a structure with thin barriers, tran-WhiCh destroy the coherence of the electron wave function.

sitions to the ninth resonance level, as well as those 10 they,;q e 7p IS less than the characteristic time for transi-

Se"‘?”th resonanc(;a Irt]avel, ?jre |mporta_nt; t?):‘s’_ bgth form”kat‘f’ons excited by phonon scattering since the coherence can
are inaccurate and the cruder approximagb) is better. also be destroyed by collisions which leave an electron in the

h It SthU|d_ F’e POt%i that thg _maxmt;\m hpossmle.value Olcsame energy subban®iStrictly speaking, the more rigorous
the conductivity for &7 transitions, which, as a rigorous ., jtion 7p<7_ (@ restriction on the narrower lower leyel

calculation shows, occur at a frequenoy- (£ —7)/# (see which ensures coherence of the entire tunnelling process in-

Fig. ib)' is given Eetter by qu(lS). For thickgr bgrr!]?rs volving photons should be imposed; however, if we assume
(20 | < b <40 A, OHZ5<2 /y<0r']5)’ qu.(lS) IS 8|gnh|_|-k that scattering processes in the miniband into which the cur-
cantly more accurate than Eq4). When the structure thick- rent is injected are dominant, then during injection into the

ness is incre_ased further, as might be expec_:ted, the Calcu'ﬁbper level (=N) it is appropriate to consider the weaker
tions accprdlng to Eqg14) and_(15) are essentla_lly the same restriction on the upper levekp< 7.
and provide a very accurate fit to the conductivity. For a qualitative analysis we assume thatis indepen-
dent of the energy while the barrier poweris chosen as
large as possible, so that{I'y,=7p. Here in Eq.(18) for
I =L (injection into the lower level, positive conductivjtit

It might seem possible to obtain arbitrarily high reso-is necessary to st =L (limit on the lower leve), while for
nance conductivities of a two-barrier, resonance-tunnel strud-=N (injection into the upper level, negative conductiyjty

4. ESTIMATE OF THE MAXIMUM INTEGRAL CONDUCTIVITY
OF TWO-BARRIER RESONANCE-TUNNEL STRUCTURES
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M=L or M=N, depending on whether the restriction on the
scattering has been imposed on lekebr M.

For instrument applications there is interest in the inte-
gral conductivityG:

o o(e)
G=Sj f(e) de, (19 -
0 a é
3 ,n-1
whereS is the perpendicular cross-sectional area of the two- .10

barrier, resonance-tunnel structure, difé) is the distribu-
tion function of the electrons with respect to the transverse
(perpendicular to the barrieenergys of the flux incident on
the structure. For sufficiently narrow quasilevels, given that
I' /T )n(#)) electrons participate in the resonance interac-
tion, wheren(#)) is their average concentration in the flux
incident on the two-barrier, resonance-tunnel structiime
the energy interval’, near#)), Eq. (6) implies that

|6/ S] , arb

G=[I'L/T\n(£)]o(Z)/a. (20

The static transmission coefficient is assumed equal to unity.

Let us assume that in addition to the change in the height
P o 2_y2 ;

of the injection level é—ﬁwl/_(N —L%), the h_elght of ~ FIG. 5. Maximum attainable value ¢Ga% S| as a function of the quantum

the injector and the concentration of electrons in it vary innumberL of the lower working level. Injection into the upper levél)

such a way that the density of the supply curredy, limitation in the upper level(2) limitation in the lower level(3) injection

_ o o\ and limitation in the lower level.

=qu(#,)n(#)), is held constant. Here the electron concen-

trationn(#)) is inversely proportional to the transverse elec-

H LY — v *1\1/2.
tron velocityv (#) = (27, /m™) ™= attained for transitions between neighboring levels with

N=L+1, in agreement with the above numerical calcula-

n(zy)= qT(:(gi):Jo/{Q[Z(ﬁw/m*)l/(Nz—LZ)]}UZ- tions. In this case
(21) |Ga2/S|, 11 +1~L3(L+1)%(2L+1)3,
Substituting Egs.(1) and (8) in Eq. (7) and noting that 1Ga?/S| 1 ~[L/(L+1)]%(Ga%S) 41041,

I /T,=L%/1% according to Eq(20), we obtain Gl (LA(L+ DTGaYS)
LL™ L+1L+1
2 6 ’ !
G= iSZ_EquJOwE _M3_§|:(N, L). (22)  Wwhere the first subscript denotes the injection level and the
m i NI second, the level whose width is limited by scattering. Cor-

It is interesting thaG does not depend explicitly on the "€SPonding graphs are shown in Fig. 5. It is evident that the
effective electron mass*, but the active properties of the OPerating efficiency of the apparatus at the edge of the co-

apparatus are determined to a great extent by the qu(,ﬂmi{g;a_rent_regime increases substantially as the working level
Ga?/S, which is directly proportionalignoring the effect of L IS raised. e o _

the variable space chargeto the specific resistivity Clearly,|Ga®/§ is largest wherrp limits the width of
SR=Ga?/S(¢w)? (heres is the absolute dielectric constant the upper miniband, while the processes which destroy the

of the semiconductor This quantity determines the intensity conerence in the narrower lower subband are disregarded.
of radiative transitiongper unit arepover the entire struc- €re, using 5-4 transitions, instead of-2 1, makes it pos-

ture. which equaIGaZEfl(ZhS) and also the conditions for SiPle to increase the intensity of the radiative processes,
lasing, both in a laser as subhwith —Ga2/S>oaw (o is which is proportional tdGa?/S|, by a factor of roughly 50.

the positive conductivity for ohmic losses, ands the width A still larger difference in thg intensity of the transition;, by
of the optical waveguide and in a laser based on a roughly two orders of magnitude, can be expected whén
resonance-tunnel time-of-flight diod® with increased from 1 to 4 if we use the more rigorous condition

— Ga?/S>SRy(ew)? (R is the ohmic resistance of the pas- hl' = 7p, which ensures coherence of the wave function,
sive and contact layers of the digde both in the upper and in the lower subbands.

Using Egs.(3) and(9), we obtain 5. CONCLUSIONS

256 7,23 M6 The solution of the time-dependent Satirger equation
Ga’/S= * 3 0do5 % WF(N,L)(NZ—LZ)- (23 in the small-signal approximation has been used to analyze
the frequency dependences of the active dynamic conductiv-

It can be shown rigorously, given the properties of the functy of a two-barrier, resonance-tunnel structure in the THz
tion F(N,L) [see Eq(4)], that the maximum absolute value range. It has been shown that the conductivity of the struc-
of Ga?/S, like the maximum absolute values 6fando, is  ture is greatest when operating in neighboring energy levels.
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Transport of hydrogen in films of graphite, amorphous silicon, and nickel oxide
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A new concentration pulse method is used to study the transport of hydrogen in three
semiconducting materials deposited in the form of films on nickel substrates. The most probable
models for the transport are proposed. In graphite hydrogen diffuses in the form of molecules

and its diffusion is accompanied by reversible capture; transport occurs along microscopic voids
between scales of graphite. Valence unsaturated bonds at the boundaries of the scales serve
as capture centers. Diffusion in amorphous silicon is also accompanied by capture, but takes place
in an atomic form along interstices; valence unsaturated Si-bonds serve as capture centers.

In nickel oxide, as in graphite, diffusive transport takes place in the form of molecules, but capture
of hydrogen on valence unsaturated bonds has not been observed. A comparative analysis is
made of the properties manifested by these materials for oxygen in order to establish their
correlation with the structure and electronic properties of the semiconductord99®

American Institute of Physic§S1063-78207)00402-X]

Research on the transport of hydrogen in semiconductogen permeation, desorption with linear heating, and a gas-
materials is an important scientific and applied problem. Theeous chemical reactor with analysis of the reaction products
overwhelming majority of data on the interaction of hydro- through a microscopic leak. The gas analyzer is a time-of-
gen with solids, however, has been obtained on metals, arftight mass spectrometer with mass selection. The system
one of the most powerful experimental techniques, the hywas controlled with a computer. Slave systems were orga-
drogen permeation techniqtié,applies specifically to met- nized for controlling the sample temperature, turning on the
als. The main problem in using it for semiconductors lies indissociator, and controlling the hydrogen pressure and mass
the need to prepare a thin, vacuum-tight barrier of the tesselector. The latter made it possible to simultaneously record
material which will not be destroyed as the temperature iseveral components of the gas mixture. This apparatus has
varied. In contrast with the classical hydrogen permeatiorbeen described in detail elsewhére.
technique, the concentration pulse method which we have
developed* can be used for detailed studies of the kinetics
of hydrogen transport through double-layer membranes. ThBESEARCH TECHNIQUE

above-mentioned difficulty can be avoided by depositing a  pgesides standard variants of the hydrogen permeation
layer of semiconductor material on a metal and studying the\ng desorption with linear heating techniques, we have used
interaction of hydrogen with the resulting system over theihe concentration pulse method described in Ref. 3. This
entire transport path. method is based on analyzing a pulsed flux of hydrogen

In this paper we briefly describe the results of a study olyhich penetrates through a membrane. In particular, this
the transport of hydrogen in films of graphite, amorphousmethod can be used to study the kinetics of transport in
silicon, and nickel oxide deposited on nickel substratest\,\,o_|ayer diffusive systems, choose among several models,
which have been presented in detail elsewfiefejscuss the  and determine the magnitudes of the kinetic constants which
most probable models on a phenomenological level, anghfiuence the process.
make a comparative analysis of the properties which show | the regions near the surface of a membrane, one side
up with hydrogen. The test materials were semiconductorgf which will be called the inlet side in the following, dis-
that have widely differing properties and important practicalcussion, rectangular concentration pulses of hydrogen are
applications. Graphite may be used as a structural material ifyeated with a spacing of 2 meanders. After a certain time, a
controlled thermonuclear fusion reactors. The hydrogen Pagsenetrating flux is established and detected. The shape of
sivation of unsaturated bonds is of interest for reducing thgnese pulses is highly distorted because dispersion of the
density of states in the bandgap of semiconductor deViC@ﬁydrogen concentration waves. By expanding them in a Fou-
based on amorphous and crystalline silicon and for improvyier series it is possible to determine the frequency depen-
ing the device characteristics. Oxide coatings can be used {§nce of the amplitude and phase of the penetrating flux. In
actively inhibit hydrogen saturation processes which are ofyne case of a layered system, the latter will, in turn, depend
ten an undesirable factor in materials operating in hydrogn the mechanism for hydrogen transport, on the diffusion
genic environments. coefficient in the layers, and on the boundary conditions. An

analysis of the experimental data leads to a choice of one
EXPERIMENTAL APPARATUS mode_l ou_t of several possibilities and to numerical values for
the kinetic parameters of the model.

The experiments were carried out in an automated ex- Concentration pulses were created on the inlet side of

perimental system which combined the techniques of hydrothe membrane by turning a hydrogen dissociator on and off
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along the coating-free nickel surface. In separate experimen®RANSPORT MODELS

it was established that this procedure yields high-quality con-  One of the purposes of this study was to determine the

centration pulses. mechanism for transport of hydrogen through the semicon-
ducting films, i.e., to choose the most probable of the many
possible phenomenological models. Here we describe the
models that were considered. They are based on the bound-
ary value problems for two-layer membrané€s.is the hy-

THE SAMPLES drogen concentrationD; is the diffusion coefficient, and

i=1, 2, with 1 referring to nickel and 2, to the semiconductor
All the test films were deposited on the surface of care<jm.

fully degassed nickel membranes of diameter 38 mm, welded  The first layer was of nickel, through which hydrogen
into tubular stainless-steel holders. The side of the samplgiffuses in accordance with Fick’s law,
with the film on it was the outlet side with respect to the 5
. dCq 9°Cq

permeating flow. —=D,—7, x,1€[0,1,]. (1)

Graphite films were obtained by high-temperature de- at 29
composition of acetylene on the nickel surface. The proceon the free entrance surface of the nickel boundary condi-
dure for depositing a carbon film was studied beforehand antlons of the first kind are satisfied:
developed on ribbon samples placed in a gaseous reactor. Ci(l,.)=C, (1) @
Deposition on the membrane involved a single, short- 1(11,0=C,, (0.
duration (less than 400 )sinteraction of acetylene with the We examined two variants for transport of hydrogen
nickel surface heated to temperatures of 640—740 °C, aftehrough the test materials: in molecular or in dissociated
which the volume with the sample was evacuated and théorm. The conditions at the boundary between the materials
sample cooled. The short pyrolysis time prevents a signifiwere represented by an equation of continuity for the flux,
cant amount of carbon from dissolving in the substrate. In C, 9C,
the subsequent studies of hydrogen transport through the re- D, (0 t)=mD,—(l,,1), 3)
sulting two-layer system, the sample temperature did not ex- X1 9%z
ceed 450 °C, a temperature at which the solubility of carborwherem is a coefficient equal to 1 for atomic diffusion and
in nickel is negligiblé® and which guaranteed the stability of to 2 for molecular diffusion through the film and the bound-
the test sample. ary condition of the first kind for the concentrations is

The films were~0.4 um thick. Auger analysis with ion chot) I
etching was used to establish the absence of any impurities m= T
in the carbon. Electron microscopy of the surface revealed a ~2' 2’ 2
scaly structure with a characteristic scale size of about 5@herel’; andI’; are the equilibrium solubilities of hydrogen
um. Peaks corresponding to graphite showed up in x-rayn the nickel and in the semiconductor layer.

4

structural measurements. On the surface of the semiconductor that faced the
Amorphous silicon was deposited on a heated nickel survacuum we considered a boundary condition of the first kind,
face by rf plasma decomposition of SiHThis technique C,(0,t)=0 (5)

makes it possible to control the density of states in the band
gap (the band gap iIAE=1.75 eV}, reducing it to below
10'® ev~! . cm2 through the formation of Si—H valence
bonds!! These states bond with the valence saturated bonds
intrinsic to amorphous silicon. The test films were intrinsic
semiconductors. Their thickness was Qu®.

The possible recrystallization of silicon was considered
during the experiments. Recrystallization, which took place
under our conditions at a temperature €650 °C, led to
irreversible changes in the sample properties. The magni-
tudes of the steady-state fluxes and the rates at which they 5’_C2 _ &
were approached were increased by several factors. As a dt 2 axg '
result, the upper bound of the range of temperatures to be
studied was found to be 500 °C.

or of the third kind,
aC,
DZ& (0 t)=bCJ\(0,1), (6)

whereb is the constant for associative loss into the vacuum
from the solution in the semiconductor.

Three variants of hydrogen transport through the semi-
conductor were examined:
1) diffusion according to Fick's law,

x2€[0, I2]; )

2) diffusion with reversible capture,

An oxide coating was formed by processing one of the ‘9_(:2: 9*C, CKCotKaC X,€[0,1,]
membrane surfaces for 20 h in air at a temperature of 800 °C.  dt 2 gx3 20 T4YU 2mLe2d
Here the second surface faced a vacuum. X-ray structural )

analysis showed that an essentially single-phase layer of the _t:ktCZ_det:

oxide NiO with a thickness of about 02m was formed in at

close contact with the substrate. Electron microscopy rewhere k; and k; are the rates of capture in traps and of
vealed a grainy structure with a characteristic grain size otlischarge from them, an@, is the concentration of hydro-
~3 um. gen in the traps;
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TABLE I. Characterization of diffusion processes. tial energies during adsorption of hydrogen on different
planes of graphite. These calculations imply that when a hy-

Characteristic Graphite aS NIO drogen atom approaches the base graphite plane, an energy
Temperature, °C 250-400 300-500 450-590 barrier of height~1.5 eV develops with a potential well
g'ff“;;gfs g‘gjgg'ﬁr 23;013',08 2";1%?2'1“ beyond it, whose bottom, however, lies above the energy
Esl, oV o T0.35 0 level of the hydrogen atom outside the solid. Thus, adsorp-
Capture on dangling bonds absent tion onto the base graphite plane is energetically unfavor-
ki, 571 0.5 0.055 - able. The favorable adsorption sites lie on the boundaries
E:. eyl 0 0 - along the perimeter of the planes: they lie 3—4 eV below the
Keo, S 3x10° 340 - level of a hydrogen atom, and there is no energy barrier for
Eq, eV 0.55 0.45 .

adsorption.
Note Ep, is the activation energy for the diffusion proceBs, is the corre- The absence of capture or the existence of small activa-

sponding preexponential factdf; andE, are the activation energies for the tion energy for it indicate that the adsorption of hydrogen on
capture of hydrogen at a trap and for escape from fia@s Eq(8)] ko and 5 jyonds inside the microscopic voids has a weak activation
kqo are the corresponding preexponential factors. . . . L

character. In this situation the activation energy of roughly

0.55 eV for the reverse reaction, escape from a trap, charac-

3) the case of high permeability of the semiconductorterizes the energy that binds a hydrogen atom to the trap.

layer; the boundary condition at the outlet side is written in ~ As a semimetal, graphite has a sufficiently high concen-
the form of a balance between the diffusion and associativération of charge carriers~<10'° cm™3)'3in the temperature
loss fluxes from the dissolved state in the nickel into therange under consideration to lead to dissociation of a hydro-

vacuum at ratd*, gen molecule and adsorption of the atoms on neighboring
o-bonds. A hydrogen molecule inside the microcavities is
dC4(Xq,t) . 4 . . .
b* Ci(o) =D;————=(0, t). (9) always immediately adjacent to graphite, which enhances the
281 probability of this sort of reaction. Taking the analogy with
adsorption from the gaseous phase, we can say that the mol-
EXPERIMENTAL RESULTS AND DISCUSSION ecule, in effect, moves constantly along the surface of the

The following is a discussion, on a qualitative level, of adsorbate and experiences the effect of its electron cloud.
the most probable mechanisms for the transport of hydrogen ~ This model gives a satisfactory explanation of the mag-
through the test materials established as a result of theitude of the diffusion of hydrogen in a graphite film, as well

present investigation. The quantitative results are given ims of its weak temperature dependence. Confirmation of its
Table I. validity can be found elsewheté&® In a reviewt* the large

Graphite. Hydrogen is transported in the form of mol- scatter in the values of the diffusion coefficient for hydrogen
ecules and diffusion is accompanied by reversible capturdd compact graphites obtained by various authors has been
This corresponds to the system of diffusion equati@sind  attributed to the different structures of the materials that were
the boundary condition$3) and (4) with m=2. The low studied. Clearly, the different methods for preparing the
value of the diffusion coefficientsee the tableand its non-  graphite and the resulting different structures should lead to
activation charactefactivation energyEp=0) show that differences in the configuration and sizes of the microcavi-
transport appears to proceed along microscopic voids bdies along which hydrogen molecules may move. A correla-
tween the scales of graphite. tion has been obtainétbetween the measured hydrogen dif-

The scaly structure of a graphite film means that thefusion coefficients and the “degree of structural ordering” in
actual path length followed by the diffusant particles is muchthe samples.
longer than the film thickness, which may explain the low  The references in a reviéhave been divided into two
diffusion coefficient in the direction perpendicular to the sur-classes according to the temperature intervals over which the
face. Additionally, free movement of an,Hnolecule along measurements have been made. Our measurements of the
the intercrystalline voids is also improbable, since it is inhib-diffusion coefficient are in satisfactory agreement with data
ited by unsaturatedr-bonds in the base planes of the graph-from the low-temperature studie3 €500 °C).
ite scales. Because they overlap the electron cloud of the Amorphous siliconThe diffusion of hydrogen in this
molecule, elastic repulsion must occur and the diffusant maynaterial is also accompanied by captliEsg. (8)], but the
follow a twisting trajectory along a microcavity. Evidently, hydrogen is atomi¢gm=21 in the boundary condition§3)
this circumstance, along with the structural factor, also leadand(4)]. It may be assumed that the capture centers are the
to low diffusion coefficients for hydrogen molecules in valence unsaturated bonds intrinsic to amorphous silicon.
graphite. Our data on the hydrogen diffusion are in good agree-

Transport of molecules over internal microscopic void isment with datd’ for amorphous silicon and with the
accompanied by capture. Apparently, the traps are danglingalculationd® given in a review'® That review® also cites
bonds along the perimeter of graphite scales and the captudata which indicate the possible capture of hydrogen in sili-
reaction is just an adsorption, but not on the outer surface afon. However, the overall scatter in the data for the hydrogen
a graphite film that becomes the gaseous phase, but on innéiffusion coefficient in silicon cited there is up to five orders
centers that are energetically favorable. A semiempirical moef magnitude, so the agreement with some of them may be a
lecular orbital method has been u&ew calculate the poten- coincidence.
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The diffusion of deuterium in layered samples with hy- The energy expended in a diffusion jump in this case is de-
drated and deuterated amorphous silicon has been stfidiedermined mainly by elastic relaxation of the lattice as the
by analyzing SIMS concentration profiles. The resulting val-diffusant crosses the “narrowest” site. The lattice of silicon
ues of the diffusion coefficient are 4-5 orders of magnitudds considerably “looser” than that of metals, but because of
lower. SIMS does not resolve hydrogen that is diffusivelythe lack of free current carriers and the covalent chemical
mobile and captured on free Si-bonds, while our data shovonds, elastic relaxation of the injected perturbation is diffi-
that there is substantially more of the lattanits and tens of  cult. Because of this circumstance, migration of the diffusant
at. % captured on traps as opposed to tens and hundredthsigfalso difficult. In order for a jump to take place from one
at. % of diffusively mobile hydrogen Thus, the reported equilibrium position into another, current carriers must be
value$® appear to reflect changes in the profiles of the conpresent in the immediate neighborhood to facilitate local
centration of hydrogen on dangling Si bonds, rather tharlastic relaxation. Thus, the measured diffusion of hydrogen
diffusion. in amorphous silicon can be represented as the product of the

The magnitude of the preexponential factor for the dif-normal(intrinsic) diffusive migration times the local screen-
fusion coefficient of hydrogen in amorphous silicon was seving probability, which leads to the same estimate oy as

eral orders of magnitude smaller than in metdts them a  ith the mechanism involving migration over Si bonds dis-
“normal” value of 10~% cn?/s is typicaf’). Evidently, the ¢ ssed above.

mechanism for diffusive transport in the semiconductor is  There is still an objection to this model: the activation
different. Hydrogen is present in the lattice of metals in theenergy for diffusion in this case should include the energy
form of a screened proton which perturbs the equilibrium¢, generating free current carriersp.8 eV, but it is at least

Qen5|ty of the el_ectron flwd and the glastlc |nteract|on§ in t.hea factor of 2 smaller than this value. However, hydrogen
ion core™ In this semiconductor this sort of screening is injected into an interstice, which elastically deforms the

improbable because of a lack of intrinsic current carriers: We,qarest surroundings, should be a trap for electrons. This has
estimate, on the basis of the magnitude of the permeatingaan, confirmed experimentally by data presented in a

flux and the data given in the table, that the concentration OFeview?S which indicate that the density of states near the

diffusively mobile hydrogen in the silicon layer is bottom of the conduction band rises when the concentration

—108_ 109 ~m-3 ; ; ) i _ SES - cor
i 101. 11012 crr:j ' W?'Ie the_t cgnﬁe\;\;éa_?ﬁn of frlee telec of hydrogen injected during fabrication of a film increases
rons 1S 1—c orders of magnitude Iower.\né covaient, as beyond some optimal level. The concentration of electrons

opposed to metallic, bonds in the silicon lattickstances on captured in these levels, on the other hand, should have a

the order of several coordination spheres can be arbitrar”Yemperature dependence which differs from that of the equi-
viewed as a laticg) should lead to large energy expendi- librium concentration determined by heat remoftadnsfey

tures in the elastic deformation caused by introduction of thtsf-rom the valence band

impurity. : .
. . . An alternative reason for the low value Bf, in amor-
One variant that explains the low preexponential factor

D, is discussed in the book by Vavilat al?* on the mecha- phous silicon may also be that hydrogen can migrate only

nism for diffusive migration of hydrogen atoms along Si along special diffusion paths which have a low concentra-

bonds. Here the equilibrium position is the central site on gon- However, low preexponential factors for the diffusion

line joining neighboring silicon atoms. It appears that a dif_coefficient have also been obtairéed in several.crygtalline
fusive jump into a neighboring equilibrium position can oc- semiconductors. Data from studte&®of hydrogen diffusion

cur if there is an electron vacancy, i.e., a hole, there. In thid" graphites at temperatures above 700 °C, which corre-

case the probability of a jump would be proportional to thesponds to transport in the single-particle form through the

probability of encountering a hole immediately adjacent todraphite lattice, i.e., mlgrat_ln along interstices, show that
the diffusant, i.e., proportional to the concentration of intrin-N€ré also the preexponentil, is three to five orders of
sic current carriers relative to the concentrationMagnitude smaller than normal. We can assume, therefore,

Ny=10%° cm™2 of silicon atoms. Thus, the preexponential that the low preexponential fact@r, is related to a specific
factor D, would be Dy=DyN./N,  where mechanism for diffusive transport of hydrogen in semicon-

D,=10"3 cn?s is the normal value of the diffusion preex- ductors which differs from that for migration in metals.

ponential factof* and N,~10"-10 cm™3 is an Nickel oxide.Here, as in graphite, diffusive transport
estimaté® for the effective density of states in the conduction takes place in the form of moleculgm=2 in Egs.(3) and
band. (4)], but capture of hydrogen on valence unsaturated bonds

Although this mechanism for hydrogen diffusion in sili- has not been observed, despite the special attention which
con explains the small value of the preexponential factor, i1as been devoted to this problem.
is nonetheless unlikely. The doubled length of the Si—-H  Attempts to compare the experimental results with the
bond, equal to~0.3 nm, exceed the length of the Si—Si model which gave the best agreement for graphite, where
bond, (~0.27 nm), which should lead to repulsion of the diffusion along the semiconducting layer was accompanied
silicon atoms when hydrogen is introduced on the line join-by reversible capturgEgs. (8)], yielded negligible capture
ing them. The idea of repulsion has been confirmedates, i.e., degenerated to classical diffusion.
elsewheré? We may assume that, as in graphite, the resulting diffu-
The model in which the equilibrium position of a hydro- sion coefficient corresponds to transport of molecules over
gen atom is in the interstices, as in metals, is more realistianicroscopic voids between NiO grains. In fact, nonactivated
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transport of such a large injected impurity as the hydrogersystem of the solid. At very low free-electron concentrations,

molecule over a nickel oxide lattice appears unlikely. such as in nickel oxide, this interaction does not occur and
adsorption is not observed even when active adsorption cen-
COMPARISON OF THE RESULTS ters are present. The free electron concentration in graphite is

ubstantially higher than in NiO and has been estintatied
be 137—10'® cm™3. This is very low compared to metals,
Qut is apparently high enough for adsorption of hydrogen on
graphite.
The low concentration of free electrons in graphite com-

line structures. Hydrogen diffuses in these materials as mo_ared to that n me.talls would also seem 10 lead to a low
ecules and has a zero or very low activation energy, whicﬁ’mbab'!'ty of dissociation and adsorption for hydrogen. But
indicates that the hydrogen moves along microscopic voids"’.‘dsorp.tIon ona metal surface takes_ plemedoes ”@tduf' .
The low diffusion coefficients show that this transport is not"d & ;lngle collision of a .mo'leculelwnh the surface, while in
a Knudsen flow, but is a more complicated process. A Comgr_aphne, ari_—lz mOIECl.”e |n5|_de a film and moving over the
parison of graphite and nickel oxide, which consist of micro-CfOPOTES IS always immediately next to graphite scales and

crystals of substantially different shapes and sizes, indicates being acted on by them, which leads to appreciable rates

that the determining factor is apparently not the configura—Of adsorption.

tion of the microscopic voids, but the presence of electron

clouds from valence unsaturated bonds at the boundaries of

the crysta}ls. In amorphous 'SI|ICOH dep'05|ted 0(1 nlgkel therelF. Waelbroeckinfluence of bulk and surface phenomena on the hydrogen
are no microcrystals or grain boundaries, so diffusion takes permeation through metalsiich (1984.

place through the volume of the semiconductor with the hy-?I. E. Gabis, T. N. Kompaniets, and A. A. Kurdyumov, linteraction of
drogen dissociated. Hydrogen with Metal$in Russian, A. P. Zakharov, ed., Mosco¢987),

. p. 177.
Thus, we conclude that the structure of the material de-s| £ Gapis and A. V. Ermakov, FKhMM, No. 4, 64989.

termines the form of hydrogen transport through semicon-4|. E. Gabis, Author's Abstract of Doctoral Dissertation, St. Petersburg
ductors and the predominant diffusion mechanism: the pres:(1995. _

ence of microscopic voids between grains provides the 'F;ismg";';'s%:kh’*i:i';;gj(i;‘“;%"('lg'\‘é ‘I)A['T(Ta'g?ogﬁ"é "’I‘_”eot'QAO' g/dos(fg‘;‘;’]”o"'

hydrogen with a channel for transport in the molecular forme, e gapis, A. A. Kurdyumov, and A. A. 'Sa,%’sc'movy Pis'ma Zh. Tekh.
which turns out to predominate. Fiz. 21 (5), 1 (1995 [Tech. Phys. Lett21, 315(1995)].

Adsorption.It is known that for metals adsorption is a ‘I E. Gabis T. N. Kompaniets, V. A. Kurakin, A. A. Kurdyumov, and
collective interaction of the electron subsystem and ion coreSY'EA'GF;‘)’iZ” AFEh}EAu'\rAd’y’:IJ?r;o‘t/, 2%1%9% Tikhonov. Vestn. SPhGU. ser. 4
with a hydrogen molecule during which the molecule disso- vy, 2 'N. 11, 77(1993. o ' ' T
ciates and a covalent-metallic chemical bt formed %1, E. Gabis, A. A. Kurdyumov, and N. A. Tikhonov, Vestn. SPbGU, ser. 4,
with the surface. Adsorption of hydrogen on semiconducting VYp- 3. N. 18, 93(1993. _ ,
materials should be more localized than on metals in the :Z'ﬂg:a)mMrgigivfig(ggbharﬁases and Carbon in Meta[Russian trans-
sense that a hydrogen atom is held on the surface by a locals w. Danishevski, V. Latinis, O. I. Konkov, E. I. Terukov, and M. M.
covalent-ionic bond. Mezdrogina, Semiconducto¥, 495 (1993.

There is, however, a much more important difference .- P- Chen and R. N. Yang, Surf. Spil 481(1989. _
associated with the huge difference in the concentrations of g;,gfagig;gggg; lectronic Structure of Condensed Carbin Russiar
free current carriers in metals and semiconductors, whicltk. morita, K. Cr{isuka, and Y. Hasebe, J. Nucl. Matd62-164 990
affects the probability of dissociative adsorption. Let us com- (1989.
pare the transport of hydrogen over films of graphite andz:\z"-i %ae'_‘i' N”?' Matertst 52 (198?' Nl Mater 212215 144
nickel oxide. Both these materials have a polycrystalline (1'99;9. enisov, T. N. Kompanietst al, J. Nucl. Mater.212-215 1448
structure which, although it is not the same in terms of eithe#7y. w. Corbett, D. Peakt al, A. S. I. NATO, ser. B136, 61 (1986.
the size or shape of the grains, is identical in the sense th:’i‘\j@l- CAaPizzi and A& Mitigs, ArlJ_pl- F;hyS- Lﬁ_tﬁ, 912(%?37)1-
both materials have microscopic voids along whichrbbl: .t MEUIE 8 e oo Shn B SR,
ecules diffuse. In the region of the microscopic void of p E carison, Appl. Phys. Let81, 582 (1977.
graphite and NiO there are valence unsaturated bonds whichv. P. zhdanov, Ya. Pavlichek, and. Enor, Poverkhnost', No. 10, 41
interact differently with hydrogen in these materials. Thus, 25/1935-Ageev o. P, Burmistrova. N. . Potekhina. and S. M. Solovev. in
B o G Do daries o Micke e Jeracion of Hyrogen wih Wetan Russia . . Zaarov, Eo.

oscow (1987, p. 18.
bonds, while at the same time, the interaction with graphité*N. Mott and E. DavisElectronic Processes in Non-crystalline Materials
D ot e and graphite, each of V. 5. Vavv, V. . Kisle,and B, . MukasheBeects n Sicon e
! ’ on its Surfacdin Russian, Moscow(1990.

which has dangling bonds, we find that the presence of thesey grodsky, e{Ed.,Amorp?hous SerrficonguctorSpringer Verlag, N. Y.
bonds alone is not sufficient to dissociate hydrogen mol- (1982.

ecules; evidently, a high concentration of electrons in thé H- Atsumi, S. Tokura, and M. Miyake, J. Nucl. Matet55-157 241
conduction band is also necessary. In order for a hydrogen(lgg&

molecule to dissociate, it must interact with the electron subTranslated by D. H. McNeill

By comparing the properties of the three test material
with respect to hydrogen it is possible to evaluate the influ
ence of the structure and electronic characteristics of th
solid on the diffusion and adsorption of hydrogen.

Diffusion. Graphite and nickel oxide have polycrystal-
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Data are scaled from a study of the forward current in three types of barrier strygture:
homostructures p—n-GaPh-Si, p—n-GaAs—n-GaPh-Si, and p-n-GaAs-n-GaAsh-Si;
heterostructuren-GaPp-Si, p-GaPh-Si, n-GaAsPp-Si, andn-GaAsp-Si; and Au-n-GaP/

n-Si surface-barrier structures. Epitaxial layers of GaP and GaAs were created on Si-substrates by
gaseous phase epitaxy in a chloride system. Temperature measurements show that the
forward current has a tunnel character, although the width of the space charge region greatly
exceeds the tunneling length. A model is proposed for nonuniform tunneling along

dislocations that intersect the space charge region. This type of tunneling is taken into account
by introducing a phenomenological “dilution” factor for the barrier. The model makes it
possible to calculate the dislocation density in device structures from the current-voltage
characteristic. ©1997 American Institute of Physids$1063-782607)00502-4

1. INTRODUCTION types of structure are discuss@kc. 4. Then the dislocation
mechanism for the tunnel excess current flow through a wide

One of the areas of current interest in semiconductofcompared to the characteristic tunneling lengdbarrier is
electronics is the development of a reproducible technologyliscussedSec. 5.
for epitaxial growth of GaP and GaAs layers on Si-substrates
for the purpose of creating different micro- and optoelec-
tronic devices based on theft® Heterostructures of this
type can be used to combine the unique electrical, photoelec- The anisotypic n-GaPp-Si, p-GaPh-Si,
tric, and luminescence properties of GaAs and GaP with the-GaAs ., 75/p-Si, and n-GaAshp-Si heterostructures
advantages of high quality silicon wafers in monolithic struc-had epitaxial layer thicknesses of 3u4n. The GaP epitax-
tures. ial p—n structures on Si-substrates hadand p-type layers

The creation of homogeneous-bapd- n-structures of  with thicknesses of 3—4 and 2+8n, respectively. The con-
GaP and GaAs on Si-substrates and of anisotypic GaP/Si amntration of the principal equilibrium carriers in the
GaAs/Si heterostructures by gaseous phase epitaxy in a chlo-GaP, n-GaAsP, andn-GaAs layers was,=10 cm 3
ride system, as well as of surface-barri@— s-structures and in thep-GaP layerspo=5x10'® cm 3. The epitaxial
based on epitaxial layers afGaP on Si-substrates, has beenp—n structures of GaAs on Si-substrates came in two forms:
reportec® 20 All the I1I-V layers were nondegenerate, i.e., first, a buffer epitaxial layer of GaP grown by gaseous phase
the current carriers obeyed Boltzmann statistics. These dagpitaxy in a chloride system, where the thickness of the
show that the current flows in all these structures have onbuffer layer was of order @em, and second, with a buffer
feature in common: the current manifests a tunneling charlayer of GaAs obtained by molecular beam epitaxy with a
acter, even at room temperature, despite the large width ahickness of order 1.7um. The functionaln- and p-type
the space charge region compared to the tunneling length. GaAs layers were created by gaseous phase epitaxy in a

The purpose of this paper is to scale data from studies ofhloride system and had thicknesses of 5 andn3 respec-
current flow in three types of barrier structures based on GaBvely. The concentration of the principal equilibrium carriers
and GaAs on Si-substrates: epitaxat n-structures, aniso- in the n-type GaAs layers was,=5x 106 cm™2 and in the
typic heterostructures, and surface-barrier structures. The-type GaAs layerspo=10'" cm 3. The Au-n-GaPh-Si
scaling is based on a model of tunneling facilitated by dislo-surface-barrier structures were obtained by thermal sputter-
cations in which the tunneling transition probability and theing of gold to a thickness of 100-150 A on the surface of an
characteristic tunneling length are substantially increaseépitaxialn-GaP layer.
due to local dilution of the barrier along the flow path by a
dislocation which intersects the space charge region.

First, a brief overview of the data from a study of the
tunnel excess forward current is presented separately for For the test structures the dependence of the current on
each type of structuréSec. 3. Then the similarities and voltage(forward branchéscan be written as essentially ex-
differences in the mechanisms for current flow in the thregoonential with a small addition in the form of “bump<Fig.

2. TEST SAMPLES

3. PRINCIPAL RESULTS
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FIG. 1. The straight branches of the current-voltage characteristics for thret IG. zt' Tempfera;turet dept;rrl]dence gf the pr?r:exponentlal fagtéor tr(]jet th
types of barrier structures at 300 K@ homop—n- and hetero- ree types ot structure. The numbers on the curves correspond to the

. mple numbers in Tables | and II.
p—n-structures,(b) surface-barriemn— s-structures. The numbers on the sample numbers ables I and
curves correspond to the sample numbers in Tables | and II.

temperature lies in the rangg=30-70 meM(Table Il), i.e.,

1la and 1b, so that in analyzing the experimental data for allis roughly the same as in the heterojunctions. The preexpo-
three types of structure the current-voltage characteristic wagential factorl, increases slowly with temperatu(Eig. 2).
approximated by the expression loo=10"°—3x10"1® A/cm? for the p—n junction and
I oo=10"1° A/cm? for the p—n junction (Table 1l) in GaAs.

3.3. For the Au-n-GaPh-Si surface-barrier structures
where the temperature dependence of the preexponential fa@gampleslc and2c in Tables | and I} e=55—-70 meV and
tor |4 is given by the exponentidFig. 2) lo=10"" A/lcm? at room temperature, i.e., midway between
the hetero- and homojunctions. As the temperature is low-
ered, |, decreasegFig. 2). Extrapolatingl, to T=0 gives
for all three types of structure. loo=10"° A/cm?> and the temperature coefficient

3.1 The anisotypic heterostructurégsamples4—7 in  a=2.2x10 2K ! (Table ). ¢ is essentially independent of
Tables | and I} are characterized by a tunnel excess currentemperaturgFig. 30.
flow mechanisnf. The parameters in Eq1) at room tem-
perature are: characteristic energy 60—85 meV and pre-
exponential facto,=10"°~10"> Alcn?’. & does not de- TagLE I. Principal parameters of the current-voltage characteristics at
pend on temperature or increases slowly with temperaturgom temperature.
(Fig. 3b. The value ofs extrapolated toT=0 lies in the

I=1, expeUle, 1)

|0:|00 eXpaT

interval e ;= 33—80 meV(Table Il). The preexponential fac- _Samples Structure type lo, Alc® &, meV B
tor |, increases slowlynot thermally activatedwith tem- Homo-p—n-structures
perature (Fig. 2), the temperature coefficiera=Aln I,/ 1 p—n-GaPh-Si 10° 70 2.7
AT=2.3-25x10"2 K™ and Iy lies in the range 2 S‘:ggﬁzﬂgzzhs'sl exigz ‘7‘3 ;;
lo=(10"8-10"°) A/cm? (Table II). TbeasEansel :
3.2. A tunnel excess mechanism for current flow is also 4 n_Gapﬁg'fOWp'C heterop—n 3"2“31”5?5 65 25
typical of the homogeneous-bapd- n structures of GaP and 5 p-GaPh-Si 10°° 60 2.2
GaAs deposited on Si:® At room temperatures =45-70 6 n-GaAsPp-Si 3x10°° 85 3.6
meV andl,=5x10"8-10"9 Alcm?, i.e., less than for the 7 n-GaAsp-Si , 10° - -
heterojunctiongsamplesl-3in Tables | and II. 1o Au_n_G:F?fzzcie'bamem's'snuzciulrgf; - 01
The characteristic energy increases slowly with tempera- 5, AU—n-GaPA-Si 107 70 24

ture (Fig. 3a. The value ofe extrapolated to absolute zero
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TABLE Il. Parameters characterizing the temperature dependence of the straight branch of the current—voltage

characteristic.
Samples Structure type &g, MmeV B a, K™ 100y Alcn?
H0m0-p—n-StI’UCtUI’ES
1 p—n-GaPh-Si 60 2 6.1x10°2 10715
2 p-n-GaAsh-GaPh-Si 31 2 5.4<1072 3x10°%8
3 p—n-GaAsh-GaAsh-Si 73 2 3.0x1072 (1-10x10°%°
Anisotypic hetergp-n-structures
4 n-GaPp-Si 65 2 2.5¢1072 (3-10%x10°10
5 p-GaPh-Si 33 2 2.5¢10°2 (1-10%x10°°
6 n-GaAsPp-Si 80 2 2.31072 (3-10%x10°°
7 n-GaAsp-Si - 2 - -
Surface-barriem—s-structures
1c Au-n-GaPh-Si 55 1 2.1xX1072 10°°
2c Au-n-GaPh-Si 70 1 2.%10°2 (3-89 %1070
Approximate values are given fg, .
4. COMPARISON OF PARAMETERS reason)q is greater in the heterostructures than in the homo-

geneous structures, which is consistent with the above men-
tioned idea of the effect of the band width on the tunneling

phosphide-gallium structures and the highest, for thdProbability. Thus, the tunnel excess current is lowest in the

arsenide-gallium structures with a buffer layer of GaAs. Thisppos![ohldlet-gallltihmri—n ho:ngg;;gctures. In st(;]m? of the
agrees with the idea that as the width of the band gap jnsructural types that were studiedincreases as the tempera-

creases, the tunneling probability decreases, since there is (Ialﬂe IS ra;_sec{?g.f), ,tA)\Ut |ndall th? strulcttl_Jreﬁ’t:s/k'l_' ?’e-'t
increase in the height of the potential barrier to be overcome;.;reases'(t '9. 'al_d g. Tcrgl e”exlra[t)k?a Kin ﬁ an in m:je
In the heterostructurdg changes little compared to its varia- emperature yields., (Ta e .)' n the p=n homo- an

tion in the homogeneous structuré@g. 2, Table J. This heterostructure®3,,=2, while in the surface-barrier struc-

agrees with the idea that for heterostructures the main corjfyr,esﬁmzl' In all threZ types Ofl st'ructL;]re%mcrﬁeaS(/a_i_s with
tribution to current transport is from silicon. For the sameSINg temperature, and extrapolating the functigfl/T) to
an infinite temperature yields a value that is of the same

order of magnitude for all the structures: 19-10°

Alcm? (Fig. 4). In the homo- and heterostructurds, de-
001 a creases  with  increasing temperature  coefficient
a=Aln I,/AT (Fig. 2.

Ay
! ——t——— 5. DISCUSSION OF THE RESULTS

M 5.1. In all the structures examined here, the forward cur-
2

rent therefore, has the same functional dependence on volt-
age and temperature, which is evidence of a tunneling char-
100 s + 4 acter, although the epitaxial layefseutral interior$ of the
- — barrier structures were nondegenerate and had concentrations
on the order of 18—10' cm™3,
The tunneling features of the current-voltage character-
5 " istics show up most clearly at low temperatures, as is indi-
cated by the temperature variationsir(Fig. 3) and the weak
(not thermally activatedemperature dependencelgf(Figs.
700 1 1 1 2 and 4. The observed difference I for the three types of
c structures is consistent with the different heights of the po-
tential barriers to be overcome. The lowest potential barrier
1c o o o < exists in the heterojunctior(and is determined by the width
of the bandgap of siliconEg') and the highest, in the homo-
g%n%ous bang — n-junctions based on Gaféletermined by
E’?).
1 1 1 ’ 5.2. The characteristic energy That the layers consti-
100 300 tuting the structure are nondegenerate implies that the width

hK of the space charge regioW, is substantially greater than

FIG. 3. Temperature dependence of the characteristic erefgythe three the characteristic tunneling Ieng! metimes called the tun-

types of structure. The numbers on the curves correspond to the samp@e”ng de Bmg"e Wavele_ng)h)\v in all three St_rUCtureS; i.e.,
numbers in Tables | and II. all the structures were wide-gap structures with respect to the

It is clear from Fig. 2 and Table | that for the homoge-
neousp— n-junctions the lowest value df; occurs for the
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€,mev
3
T

X
x
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FIG. 5. Energy diagrams of barriers for the three types of struci@ae:
m-—s, (b) homop—n, (c) heterop—n.

0 L L o_ro"
oYX 250 [ % 112
== N Us—U)| )
x4
410 eff
c where x; is the dielectric constanty, is the dielectric con-
o P stant of the interior of the semiconducterjs the electronic
\ charge, and
2¢ A
0 - %/nn y (33)
— & 1.1 ) 3
n < % x| —+—|, 3
'“5_ 2¢' - (N) = Nh - Pp )
eff 2
" 410" XnXp (nn+pp) (3¢
e (nn%n+pp%p NnPp
/:,/ - wheren,, p,, and x,, %, are the concentrations of the
A principal carriers and the relative dielectric constants, respec-
L L 0" tively, in the interiors of then- andp-type barrier structures,
0 ] 5 Pyp
oyr,x’ andeU is the height of the potential barriéFig 5). Equa-

tion (3a) is for Schottky barriers, Eq3b) is for p—n homo-

FIG. 4. The parameter, and 8 as functions of the reciprocal of the junctions, and Eq(3c) is for p—n heterojunctions.
temperature for the three types of barrier structyg:homop—n, (b)

heterop—n, and(c) m—s. The numbers on the curves correspond to the . ~EEGaP_
sample numbers in Tables | and Il. The curves labelled with numbers with- ®b 'U“n_g 9 Hn» (4a)
out primes show the temperature dependenck, @nd those with primes, elU.~
N s GaP__ _ GaAs__ _ 4b
B. The dashed line indicates the level ®f . Eq Mn—Hp, Eg M= Mp (4b)
Si_  Si_ , GaP,GaAs 4c
Eg - ,LLp - lu’n ’ ( )

where the chemical potentialsu,=kT InN./n, and
tunneling effect. In factW can be estimated using the for- w,=kTIn N, /p,. Equation(4a) is for Schottky barriers, Eq.
mula (4b) is for the p—n homojunctions, and Eq4c) is for the
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p—n heterostructures. An estimate of the thickness of thdeen derived theoretically for a model of thermionic current
space charge region giv&¥=0.2—0.5 um. In addition, an  flow in narrow Schottky barriet$ and in nonidealwith sur-

estimate of the tunneling length, face states at a heteroboundary interfacnisotypic
N2 (U= U), 5 heterojunctiong? In order to achieve agreement with experi-

ment, the formula from Refs. 11 and 12 has been
wherem* is the effective electron mass, givess1 nm. The  generalizetf by introducing the parameteB.. This has
inequality W=\ means that the proposed tunneling has arbeen confirmed in our study.
enhanced probability for a tunneling transition. This can be  5.4. The temperature coefficieat The temperature co-
causedt~* by a spatially extended system of levels in theefficienta can be calculated proceeding from K§),
bandgap, which ensures so-called multistep, rather than

single-step, tunnelingFig. 5, which, according to our ideas, lo~exd —eUq(T)/e(T)]. (8)
can be represented by a single effective one-step and favored . _
(and, therefore, extendetlinnel transition by introducing a If &(T)=gq in the range of temperatures studied here

scaling coefficientr (the barrier “dilution” coefficieny,  and is essentially temperature independent, thénentirely
which enhancea. The required spatial extent of the system determined by the temperature dependedggT).

of energy levels in the bandgap is ensured by dislocations The linear temperature dependendg(T) is derived
which intersect the space charge region of the barrier strudfom Eg. (4), with allowance for the fact thaEgy(T)
ture. In the structures studied here, this sort of dislocatior= Eq(0)—aT (in the range studied here

can be nucleated on the heteroboundary and extend to the

space charge layer. i(z ki e
The introduction of a phenomenological dilution scaling €0\ 3 “« : n,/)’
coefficient, which increases the tunneling length, also en2= 1 N )
hances the tunneling probability, which shows up experi- = a+kin n—°+k In N,p, |,
0 n

mentally as a rise in the characteristic enesggompared to
its theoretical value, . In fact, the current is proportional
to the probabilityP of tunneling through the barriér,while
the probability is determined by the ratio of the width of the
barrier to the de Broglie tunneling wavelength, i.e.,
P=exp(—W/\), which after substitution of Eqg2) and (5)
gives

where the upper expression is valid for Schottky barriers and
the lower, for p—n homo- and heterostructures;
eUg(0)=E4(0) for p—n structures and
eUg(0)=(2/3)E4(0) for Schottky barriers. Assuming for an
estimate thatr=0.4 meV/K (the temperature coefficient for
the gap width and N.=N,=10"® cm 3 we obtain
I~exd —e(Us—U)/e], (6) a=(0.5-2.0x102K™ 1,

The somewhat higher experimental valuesaofTable

where the theoretical value . . .
II) are caused by the thermotunneling and not just tunneling

_fhel 1 [N v2 nature of the current in the extrapolated segment, scetlt
gtT xoM* % not a constant, as assumed in the calculation, but rises with
eff T and, thereby increases
and does not exceed,=10 meV, which is less than the 5.5. The low-temperature preexponential fackgy. If
experimental value¢Table ). Thus, the phenomenological we adhere to the assumption that the tunnel excess current
barrier dilution coefficient =¢/e,=5—10. originates in dislocations, then it can be estimated using the

5.3. The temperature variatios)(T). We note that in formula
some samples the excess current is not a purely tunneling
current but a thermotunneling current. The thermal character |=epvP, (10
shows up, in particular, through a strongtnding to expo-
nentia) dependence df, on 1/T (Figs. 4a—4tat high tem-  wherep is the density of dislocations, ang=10"s™ 1.
peratures. Another thermal feature, which is enhanced at In fact, the number of attempts at tunneling per unit time
higher temperatures, is the temperature dependence of is v=10"3s %, the number of successful attempts/B, the
(Fig. 3. This dependence can be approximéatday current through a single dislocation tube égP, and the
current density through the entire structurepisvP. Equa-

&(T)=#q coth(eo/B-kT). @) tions (6) and (10) imply that
In the high-temperature limifl{— ) Eq.(7) approaches
the linear forme(T) = B..KT (thus, the characteristic coeffi- I=epv exd —eUy(T)/e(T)]lexdeU/e(T)] (11

cient becomes temperature independent, sppees..) and
corresponds to the Bethe thermal emission current in surfac&nd, therefore,
barrier structures§..=1) (extrapolation in Fig. 4cand to

the Shockley-Nois Saa thermal injection current pa-n . _eUy(0) 12
junctions (3..) (extrapolation in Figs. 4a and ¥dn the low- 00~ €pV X e(0) | (12
temperature limit T—0) Eq. (7) gives a characteristic en-

ergy that is independent of temperatus€0)=eyn. A func- It is difficult to verify the relationship betweeh,, and

tional dependence on the temperature of the fefinhas &(0) using Eqg.(12) in these experiments because an ad-
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equate method for approximating the bunipyU character- cations are formed on the layer-substréte-V/Si) hetero-

istic with a single exponent has not been developed, so thergdructure and extend to the space charge region.

is an uncertainty in the value ef. We consider it our pleasant duty to thank L. M. Fedorov,
The experimental values of were determined over a D. V. Sergeev, and A. N. Topchii for help in preparing the

limited range of voltages so they may be higher than thesamples and A. M. Strel’chuk for useful discussions.

average. The smallest deviations should occur in the wider-

gap Semlconqucmrs’ since the range of measured VOIFageS. '1”r. Katoda and M. Kishi, J. Electron. Mate3, 783 (1980.

the exponential part of the current-voltage characteristic iseg r rang, S. Adomi, S. Lyer, H. Morkoc, and H. Zabel, J. Appl. Phys.

larger for them, so that there are more possibilities of intro- 68, R31(1990.

ducing a correction for the “bump.” Despite these difficul- 3A. Georgakila, P. Panayotatos, J. Stolmones, and J. L. Christou, J. Appl.

ties in determininge exactly, agreement with Eq12) is Phys.71, 2679(1992.

4V. M. Andreev and O. V. Sulima: [Ektronnaya Promyshennost’, No. 11,
observed, for example, for the—n structures, surface- 24 (1999.

barrier structures, and certain samples of heteras struc- SV. V. Evstropov, Yu. V. Zhilyaev, R. Nazarov, V. V. Roslin, L. M. Fe-
tures if the density of dislocations is assumed topbel0’ dorov, and Yu. Shernyakova, Pis'ma Zh. Tekh. Rig, 61 (1993 [Tech.
em=3 Phys. Lett.19, 24 (1993].

6V. V. Evstropov, Yu. V. Zhilyaev, N. Nazarov, D. V. Sergeev, and L. M.
Fedorov, Zh. Tekh. Fiz63, 41 (1993 [J. Tech. Phys38, 10 (1993].
CONCLUSIONS V. V. Evstropov, Yu. V. Zhilyaev, N. Nazarov, D. V. Sergeev, L. M.

. 10 . . Fedorov, and Yu. M. Shernyakov, Fiz. Tekh. Poluprovo@d, 1319
The experimental data'®scaled in this paper, as well as (1993 [Semiconductor®7, 729 (1993].

the voluminous data which have been scaled befotd, °V.V.Evstropov, Yu. V. Zhilyaev, N. Nazarov, D. V. Sergeev, and L. M.
show that the forward current in barrier structu¢ps-n and Fedorov, Fiz. Tekh. Poluprovodr27, 688 (1993 [Semiconductor7,

- . : 379(1993].
m—s homo- and heterostructupesan originate in tunneling o, \, Evstropov, Yu. V. Zhilyaev, N. Nazarov, Yu. G. Sadofev, A. N.

even in wide-gap \W>\) structures. This kind of tunnel  Topchi, N. N. Faleov, L. M. Fedorov, and Yu. M. Shernyakov, Fiz. Tekh.

excess current is caused by dislocatidaestended defects Poluprovodn 29, 385 (1995 [Semicond29, 195(1995].

10 P
which lie in the space charge region and create a spatially A+ V- Bobrov, V. V. Evstropov, Yu. V. Zhilyaev, M. G. Mynbaeva, and
P 9 9 P yN. Nazarov, V. V. Roslin, L. M. Fedorov, and Yu. Shernyakova, Pis'ma

extended system of levels in the band gap and thereby facili- 7 ten. Fiz.19, 30 (1993 [Tech. Phys. Lett19, 144 (1993].

tate tunneling through the barrier created by the space charg&. stratton, inTunnelling Phenomena in SolidRussian transl., Mir,

region. 12l\/loscow(;97:-9_, p. 106. _
In this paper we have shown that this kind of enhanced ﬁgnfjai?hgﬁ’gi'fé;;kh' Poluprovodri7, 1295(1983 [Sov. Phys. Semi-

.tunne“ng can be take't‘ Into aC.CQU”t phenomengloglpal!y bY2a. R. Riben and D. L. Feucht, Solid—State Electrén1055(1966.

introducing a free scaling coefficient for the barrier dilution, **A. R. Riben and D. L. Feucht, Int. J. Electra?0, 583 (1966.

r, which increases the tunne“ng |ength a|0ng the path of éss. M. Sze,The Physics of Semiconductor Devic@éley, N.Y. (1969.

. . . V. V. Evstropov and A. M. Strel'chuk, Fiz. Tekh. Poluprovods, 92
dislocation tube by a factor af compared to the de Broglie (1996 [Semiconductor80, 52 (1998

tunneling length outside a tube. 7A. Milnes and D. Feucht-eterojunctions and Metal-semiconductor Junc-
Thus, the entire straight branch of the current-voltage tions Academic, N.Y.(1972.

characteristic and its temperature dependence can be dléB. L. Sharma and R. K. Purohi§emiconductor HeterojunctionBerga-
scribed using just one phenomenological dilution parameter, Mo" ©xford(1974.
In the present experiments=5— 10 and the proposed dislo- Translated by D. H. McNeill

120 Semiconductors 31 (2), February 1997 Evstropov et al. 120



Photosensitivity of porous silicon-silicon heterostructures
E. V. Astrova, A. A. Lebedev, A. D. Remenyuk, and Yu. V. Rud’

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

V. Yu. Rud’

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted March 26, 1996; accepted for publication April 8, 996
Fiz. Tekh. Poluprovodr31, 223—-225(February 199¥

Data from experimental studies of the photoelectric properties of heterostructures of porous and
single-crystal silicon are presented. Rectifying heterostructures with photosensitivities of

up to 1 mA/W at 300 K in the spectral range 1.2-2.3 eV are obtained. Oscillations in the
photocurrent due to interference of the light in the porous silicon layers are observed.

The refractive index of porous silicon is estimated. The polarization dependence of the
photosensitivity of the heterostructures is studied. 1897 American Institute of Physics.
[S1063-78287)00602-9

Studies of the physical properties of porous silicon be-correspond to loweR. Breakdown sets in for a reverse bias
come important because of the observed possibility of funV, exceeding 300 V. The saturation current is 2<B) & A.
damentally transforming the basic parameters of the princi- When the structures are irradiated on the porous silicon
pal material in semiconductor electronics, silicon, by theside, a photovoltaic effect is observed with a negative charge
relatively simple action of anodic etchidg> We have used on the porous silicon layer and a voltage sensitivity
for the first time photoactive absorption polarization S,=20-50 V/W and a short circuit current sensitivity
spectroscopy to study porous silicon in heterostructures S =0.5—-1 mA/W. Since the magnitude of the effect is inde-
formed by a junction of porous and single-crystal silicon. pendent of the distance between the illuminated segment and

the contact, the effect can be attributed to separation of
EXPERIMENT photoinduced charge carriers in the electric field at the
. . silicon-porous silicon interface.
The test samples consisted of mirror layers of porous Figure 2 shows a typical spectral dependence of the

s!::con qnt.a.tpoh?geg SUbStthe (Ff(%fe S'“Cto?. with a speé quantum efficiency of the photoresponsg,defined as the
cific resistivity o ‘cm and a orentation prepared s of the short circuit photocurrent to the number of pho-

by conventional techniquésThe thicknessd of the porous tons incident normal to the porous silicon surface. The long

silicon layer was controlled by the_ etching regime, was meai/vavelength limit of the spectrum coincides with the absorp-
sured by a microscope on a section that had been etched in

KOH, and ranged from 1 to 1gm for different samples, tion edge of silicon and; depends exponentially dnw. The

. _short wavelength limit is apparently caused by intrinsic ab-
Current leads were connected to the layer of porous silicon 9 PP y y

- . . sorption in the porous silicohFor thinner layers of porous
and to the silicon wafer by means of transient melting of .. ot . .
indium. silicon this limit is shifted toward higher photon energiés

The photosensitivity was measured at 300 K by irradiat-N3 eV for th|cknessed:1 pm). : .
: . ; " : In the high photoresponse region the spectrum contains
ing the side with the porous silicon layer in both natural and o ) )
. ) about 20 peaks and minima . The average distance be-
polarized light. A tungsten lamp and an SPM-2 monochro- . . . :
. . tween neighboring peaks for a im-thick layer is ~90
mator with a quartz prism were used. When the samples V. The refractive ind timated using the f |
were irradiated on the side of the original silicon, there Wasm_ex' N € r/ezzja;:\ 'VE ;\n R Wai s 'Ta.e ;Jhsmg © Iormtl;]a
essentially no photoresponse. The photoluminescence me3- Amim-1 (Am=Am-1), Where Ap, is the waveleng

surements were made similarly to those described in Ref. .orrespondmg to a peak response, amgﬂeqotes the 'F‘ter'
erence order. The values of the refractive index obtained for

different samples lie in the range 1.6—1.8, which corresponds
to published value§® The presence of a rich interference
The test samples had a rectifying current-voltage charagpattern in the photosensitivity spectra of the silicon-porous
teristic with a forward direction corresponding to a negativesilicon heterostructures is evidence that the porous silicon
potential on the porous silicon layer. The current-voltageayers are highly uniform.
characteristic for one of the samples at 300 K is shown in  In addition to a photosensitivity spectrum, Fig. 2 shows
Fig. 1. With a forward bias the currehtdepends linearly on the photoluminescence spectrum of the same sample. It can
the voltageV, be seen that photoluminescence is observed in the spectral
range of the peak photosensitivity. At 300 K the photolumi-
I=(V—V, IR, : o
nescence spectrum contains no oscillations, but only steps,
with a cutoff voltageV,=1.5 V and a residual resistan& whose positions do not match the extrema in the photosen-
ranging from 2 to 10 M). Thinner layers of porous silicon sitivity spectrum. This indicates that the fine structure in the

RESULTS AND DISCUSSION
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FIG. 1. Steady-state current-voltage characteristic of a junction between
porous and single-crystal silicon at 300 =5 um.
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photoluminescence spectra of porous silicon does not origi-
FIG. 3. Spectral dependence of the photocurréhtandi® for a silicon-

nate in interference?®
When the same heterostructures were illuminated by linporous silicon heterojunction with light incident at 75° at 300 K. The inset

two polarizations as a function of the angle of inciderce

early polarized light, the photoresponse quantum eﬁicienc§hows the reflectivitiesrf andr®) at the air-porous silicon interface for the

was independent of the direction of polarization of the light
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FIG. 2. Spectral dependences in a silicon-porous silicon heterostru¢tire:

relative quantum efficiency of photoconversignat 300 K; unpolarized
light; angle of incidence 0°; illumination on porous silicon si@®); photo-

luminescencel,) at 300 K.
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relative to the principal crystallographic axes of the substrate
of the heterostructure over the entire photosensitive region
for normal incidence of the light on the layer surface. With
oblique incidence of the light on the porous silicon layer, the
photoresponse for light, whose electric veckbilay in the
plane of incidenceif), exceeded that corresponding Eo
perpendicular to the plane of incidence. Figure 3 shows the
spectral dependence of the photoresponse for both polariza-
tions incident at an angle of 75°. Figure 3 also shows that the
interference pattern and spectral range of the photosensitivity
are similar to those when the structures are illuminated with
unpolarized light. The difference in the magnitudes of the
photoresponse for the different polarizations lies within the
difference in the intensities of the light passing into the
sample and is caused by different reflectivities. The inset in
Fig. 3 shows the angular dependences of the reflectivities
rP andr® at the air-porous silicon interface for the two po-
larizations with a refractive index of 128.1t is clear from
the inset that the difference betweghandr® at 75° is large
enough to explain the difference in the photoresponse.
Therefore, in contrast with the photoluminescence of porous
silicon, which manifests partial polarizatidfil® photoactive

absorption is isotropic.
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Quantum dot injection heterolaser with ultrahigh thermal stability of the threshold
current up to 50 °C
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N. N. Ledentsov, A. V. Lunev, S. S. Ruvimov, A. V. Sakharov, A. F. Tsatsul'nikov,
Yu. M. Shernyakov, and Zh. I. Alferov

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

D. Bimberg

Technische UniversitaBerling, D-10623 Berling, Germany
(Submitted April 2, 1996; accepted for publication April 9, 1996
Fiz. Tekh. Poluprovodr3l, 226—229(February 199y

Gaseous phase epitaxy from metal organic compounds is used to obtain a low-temperature
injection laser with an active region based og J8a, sAs/GaAs quantum dots. Optimizing the
growth conditions and geometric parameters of the structure has made it possible to
increase the range of ultrahigh thermal stability in the threshold cutiemtcharacteristic
temperature isTo=385 K) up to 50 °C. ©1997 American Institute of Physics.
[S1063-78207)00702-3

One of the most promising areas of modern semiconducdoped with silicon and in @100 orientation. A schematic
tor physics is the production and study of the properties ofllustration of the laser structure is shown in Fig. 1a. The
structures with dimensionalities of less than 2: quantumpuffer zone, lower emitter, waveguide, and lower 8-nm-thick
wires and gquantum dots. These structures can be used {9aAs layer were grown at a temperature of 750 °C. The
improve fundamentally the characteristics of most devices iRemperature was then lowered to 490 °C and a layer of
opto- and microelectronics. Thus, it has been shown that thg, ' .Ga As quantum dots was deposited. The average
thermal stability of the threshold current in quantum dot la-5 0 unt of deposited InGaAs was three monolayers. The dots

sers is substantially higher than the upper limit predictedgrew in GaAs layer of thickness 8 nm. The temperature was

. - _5 . _
theoretlcally. for q”?’?‘“m welllasets” Until now, how then again raised to 750 °C and the waveguide, upper emit-
ever, ultrahigh stability in the threshold current has only .
ter, and contact layer were grown. This laser structure, there-

been realized well below room temperature and this has suh-"' . .
stantially limited the possibilities for practical applications of 'O€: Includes a layer of quantum dots enclosed in a narrow
quantum dot lasers. (16 nm quantum we_II, which, in turn, is bounded by wide-
In this paper we study the effect of structure geometry 3P Ab.sGa7As barriers.
growth conditions, and after-growth annealing on the oper- In the case of the samples for studies by transmission
ating characteristics of GaA#\,Ga)As injection lasers with  electron microscopy and photoluminescence, sB8y As
an active region based on InGaAs quantum dots produced ljuantum dots were grown under the same conditions and
gaseous phase epitaxy from metal-organic compounds. It iwere embedded halfway into the interior of a 2000-A-thick
shown for the first time that the range of ultrahigh thermalGaAs layer surrounded on both sides by a rather na(2s0
stability in the threshold currerithe characteristic tempera- A) Al,<Ga,sAs barrier. The transmission electron micro-
ture isT(y=385 K) can be extended to 50 °C. scope studies were carried out on a JEOL JEM 1000 micro-
The laser epitaxial heterostructures were grown on a gasscope(acceleration voltage 1 MV The photoluminescence
eous phase epitaxy system using metal-organic compounggas excited by the 514.5-nm line of an Ar laser and a ger-
of elements from group IIl and hydrides of elements frommanium photodetector was used for detection. “Shallow
group V'. The systgm was equipped with a horizontal reaCtOFnesa”-type strip lasers with a wide striwidth W=40
and resistive heating. Growth took place at a reduced pres- m) were made for electroluminescence studies. The oper-

sure. A. reduced pressure make_s it possible to enhance t ?mg characteristics were measured with pulsed excitation
uniformity of the composition, thicknesses, and doping lev-

els of the epitaxial layers compared to growth at atmospheriépulse duration 200 ns, repetition rate 5 it temperatures

pressure. Hydrogen subjected to multistep cleaning was us rath_lt_ahrazge 80_38f0 K. db holoical f .
as the carrier gas in this system. The sources of the main e dots were formed by morphological transformation

components of the solid solutions were trimethyl gallium,Of an elastically stressed JgGa As layer? A high-
trimethyl aluminum, ethyldimethyl indium, and arsine, while resolution transmission electron microscope image of the
the sources of the dopant donor impurity was silane and offoss section of a quantum dot along fl@& 1] direction is

the dopant acceptor impurity, bicyclopentadienyl magneshown in Fig. 1b. Figure 1c shows a high-resolution image
sium. Growth took place with excess arsine. The ratio of thedf a quantum dot looking in the substrate plaméew from
elements from groups V and lIl was 75. The epitaxial het-above. It follows from Figs. 1b and 1c that the quantum dot
erostructure was grown on a gallium-arsenide substrathas the shape of a pyramid with a square basex@@D
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FIG. 2. Photoluminescence spectra for different excitation power densities
of an InysGa sAs quantum dot laser structure after removal of the upper
emitter and contact layer by chemical etching. The dashed line indicates the
g lasing wavelength. The measurement temperature was 300 K. The inset
ALGa As shows the laser output spectrum for a current of 1.5 times threshold.

after deposition; this makes it possible to vary the position of
the peak in the photoluminescence spectrum in the range
1.00-1.36um at 300 K.

Annealing the quantum dots, which is unavoidable for
high temperatur€750 °Q growth of the upper emitter layers
of AlGaAs in laser structures, leads to a shift in the photo-
luminescence line to shorter wavelengths. According to the
electron microscopy data under trans-illumination, this stems
from a reduction in the amount of In in the quantum dots
owing to diffusion of In into the surrounding region. At the
same time, the shape and size of the quantum dot profile do
not change.

Figure 2 shows photoluminescence spectra of a laser
structure whose upper contact layer was removed by chemi-
cal etching. The photoluminescence spectrum for weak
pumping(5 W/cn¥) consists of an intense line with a peak at
~1.25 eV and a half-width of 60 meV, which is typical of
samples with quantum dots and which is determined by the
statistical size distribution of the dots. At high-excitation
power densities a feature shows up at 1.32 eV, which is
associated with a heavy exciton in the so-called wetting
layer. At still higher excitation powers the luminescence of
the ground state is observed to saturate and the photolumi-
nescence peak shifts to shorter wavelengths.

The inset in Fig. 2 shows the laser output spectrum of a
quantum dot structure. The spectral location of the laser line
(shown by a dotted line in Fig.)Zorresponds to the peak of
the photoluminescence line for current densities close to the
threshold; i.e., lasing takes place through zero-dimensional
states of the quantum dots. For long strips of length
FIG. 1. Schematic illustration of an JgGa sAs quantum dotQD) laser ~ L=1600xm at 300 K the threshold current density was 390
structure(a), h_igh-resolution trgnsmissipn electron microscope ima_ges of aAlcm21 while the differential quantum efficiency was 45%.
?rgi]n?&\;jeozé)n. the cross secti@in) and in the plane of the substraigew For short strips =500 xm), the differential quantum effi-

ciency rose to 60%, while the threshold current density in-
creased to 760 A/cfn The temperature dependence of the
n?) with sides oriented along thegd10] and[001] direc-  laser wavelength is consistent with that of the gap width in
tions and a height of-8 nm. The characteristic size of the aAs (Fig. 3); i.e., the mechanism for lasing does not change
quantum dots can be varied by varying the amount of depoaip to room temperature.
ited InGaAs, as well as the time at which growth is cut off It is known that for relatively high temperatur¢$80-
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with an active region based on two-dimensional structures
(quantum wells! Extending the region of ultrahigh tempera-
ture stability to above room temperaturg® °C) opens up
extensive possibilities for practical applications of quantum
dot lasers.

In summary, we have shown that with an optimal choice
of the structure geometry, quantum dot lasers produced by
gaseous phase epitaxy from metal organic compounds have a
low density and ultrahigh thermal stability for the threshold
current up to 50 °C.

This work was supported by the Russian Fund for Fun-
damental ReseardiRFFI), the Soros Foundation, and grant
INTAS-94-1028.
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The optical properties of structures with submonolayer inclusions of CdSe S S& matrix

are studied. The submonolayer coating consists of a group of nanddiady islands

with a height of one monolayer. The exciton oscillator strength of multiple submonolayer
CdSe—-ZnSSe structures is substantially increased compared to the case of a uniform quantum well
of comparable thickness and composition. In submonolayer structures lasing takes place
immediately next to the energy of the ground state of the heavy exciton, in contrast with ordinary
quantum wells of ZnCdSe, where it is strongly shifted to longer wavelengths by the energy

of a single optical phonon. This effect results from the removal of the momentum selection rules
during radiative recombination of excitons in submonolayer structures19€y American

Institute of Physicg.S1063-782807)00802-§

1. INTRODUCTION raised, the effective exciton temperature and, therefore, their
In the last few years considerable attention has been dmomentum, increase. Hot excitons, i.€., those with large
y ave vectors, cannot recombine radiatively, because mo-

voted to the creation of semiconductor lasers based on -V .
mentum must be conserved. Thus, mechanisms for the relax-

compounds and the group Il nitrides which operate in the_.. ; S .

. : ation of exciton momentum are required; these may include

blue-green optical range. A clear understanding of the . . . . )

: L . . inelastic exciton-exciton scattering and excitu®-
mechanisms for lasing in these semiconductors is extremel

: o . : E{honor) scatterind’ In the first case, lasing should begin at
important for fabricating long-lived laser structures with low . ;

energies lower than the energy of the exciton ground state by
threshold currents.

It has been shown that excitons are not important in thé" amount equal fo the e>§0|ton blnd!ng energy and in the
second case, it should begin at energies lower by an amount

mechanism for lasing in IlI-V compounds, because many- | to th f LO-oh : firmed b
particle effects screen the Coulomb interaction between eleGdU& 0 In€ eNergy of an LJ-phonon, as Is contirmed by
trons and holes and prevent the formation of excitofts. experiment. Even in very high-quality structures, the shift is

fact, in calculating the gain spectra of 1lI-V semiconductor30 to 60 meV. The need for an additional many-particle in-

lasers it is necessary to include only band-band transition&raction reduces the gain and this leads to higher threshold
and the observed lasing energy can be explained by a renoqurrents, heating of the structures, and their rapid degrada-
malization of the band width due to the high carrier density.1o"- oudl

The situation changes, however, on going to the Il-VI com- e have shown previousiyhat at low temperatures and

pounds because of smaller Bohr radiug)(and higher bond PUMP power densities, hot excitons can undergo lumines-
energy for excitons. The exciton density, at which theCence because of their localization on fluctuations in the

screening effects must be taken into account, can be esomposition and because of the thickness of a quantum well.
mated from the Mott conditiod,which gives a reciprocal At high temperatures or high pump power densities, this ef-
cubic dependence ors. Thus, for example;g=32 A for ~ fectdoes not show up because of the low density of localized
ZnSe, which is a factor of 5 smaller than for GaAs, and theCenters.

critical exciton density in ZnSe is-5x 10 cm™3. This is According to theoretical calculations that have been con-
two orders of magnitude higher than in GaAs. The excitorfirmed by numerous experimental ddtawhen two phases
binding energy in ZnSe is 21 meV, which is comparable towith different values of the components of the surface fric-
the energy of thermal motion, even at room temperature. |hion tensor are present on a crystal surface, the formation of
quantum wells the exciton binding energy increases to 3@n ordered group of two-dimensional islands of similar size
meV or more, the exciton radius decreases, and screening &d shape is always energetically favorable in the initial
further suppressed due to the reduction in size. Thus, thetages of growth. This effect is caused by elastic relaxation
stability of excitons is further increased. Therefore, exciton®f the intrinsic stresses of the crystal surface at the bound-
are preserved up to the power densities for laser pumping aries of the two-dimensional domaifislands.

room temperature, as has been confirmed by studies of laser In this paper we propose to introduce localizing centers
excitation spectra in which exciton characteristics have beedeliberately, employing a group of CdSe islands with a
observed—* Exciton effects thus play an important role in height of one monolayer formed by deposition of submono-
lasing in 11-VI compounds. However, as Grossal® have layer coatings of CdSe on a #S¢ surface for this pur-
shown, when the pump power density or temperature ipose. In this case the excitons are localized in the direction of
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Phaton energy,ev FIG. 2. Photoluminescence spectRlL) (a—9 and photoluminescence ex-

citation spectra with a detection energy of 2.684 @y of a sample with a
FIG. 1. Temperature dependence of the photoluminescence spectra forsggle submonolayer. The spectra were taken WENT ;=80 K, Po,=1
sample with a single submonolayer. For each temperature the gap width {fy/cn?; (b) T,.,=300 K, Po,=1 Wicn?; (0) T,eq=80 K, Pg,=100 kW/
reduced to the width corresponding to 80 K. The excitation power density ig;np- () Treg= gO K, Po=1 mWicr?. The arrosfv denotes the calculated
1 Wien?. energy of transitions involving a light hole.

growth and in the plane of the substrate, which eliminates thesluminescence spectra of a sample with a single submono-
momentum selection rules. We have studied the optical propayer of CdSe in a ZnSSe matri®% ZnS. The average
erties of these structures and demonstrated the possibility, i@mount of deposited CdSe determined from the growth rate

principle, of using them as active regions for lasers. was ~1/3 ML. The spectra in Fig. 1 are reduced to a tem-
perature of 80 K, i.e., are shifted in energy according to the
2. EXPERIMENT temperature dependence of the gap wifthe magnitude of

the shift was determined from optical reflection spegffae
peak at an energy of 2.844 eV corresponds to edge emission
from the wider band ZnSSe matrix. As the detection tem-
'%erature Ty is increased, the emission from the submono-

Epitaxial layers were grown with the aid of a molecular
beam epitaxy systentEP-1203 on GaAs substrates with
(100 orientation with and without use of an epitaxial GaAs
buffer layer. The sources for the base molecular beams we ' .
elementgry Zn(6N), Se (6N), Mg (5N), and Cd(6N), and quer (2.711-2.750 e\J.shn‘ts by 3_9 meV tq h!gher ener-
zinc sulfide(5N). Photoluminescence spectra were taken b ies. The same effect, i.e., a shift in the emission peak from

placing the sample in a cryostat in a flow of gaseous heliun‘?'nl. to .2'750 eV_, 'S prodgced by raising .the pump power
at temperatures of 5—-300 K. The excitation sources were ensity(Fig. 2. This behavior can be explained by the fact

halogen lamp, light from which passed through the mono i@t “1arge” and “small” islands are participating in the

chromator, a cw He—Cd laser with an output wavelength o{ormation of the radiation. According to a calculation and
325 nm a;'ld a pump power densiB,,=1 Wicn?, and a some published dafd,an energy of 2.711 eV corresponds to
ex 1

pulsed nitrogen laser with an output wavelength of 337 nmthe (_amission from an ex_citon in a quantum well of C_:dSe V.Vith
and a pump power density of up Ry,= 100 kWiend. The @ thickness of 1 ML. This means that the lateral dimensions

detection system consisted of an MDR-23 monochromato?_f the large islands substantially exceed the radius of an ex-

with a cooled photomultiplier operating in the photon count-Citon and there is no add_ition.al quantization |n the lateral
ing regime for cw excitation or in a synchronous detectionplane' As the temperature is raised, the probability of thermal

regime for pulsed excitation. gjection of carriers from Ia.rge' islands, whose density is low,
into the ZnSSe barrier region increases. As a result, the prob-
ability of capture and recombination of nonequilibrium car-
riers through small islands increases because of transport.
Figure 1 shows the temperature dependence of the phWhen the pump power density is raised, all the states in the

3. RESULTS AND DISCUSSION
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FIG. 3. A schematic representation of a structure with a short-period sub-
monolayer superlattice.

large islands are filled and the intensity of the luminescence
from them becomes negligible compared to that from the
small islands, whose density is much higher. Thus, at low
temperatures and pump power densities, we see emission
from only the large island§.e., actually from quantum wells
with a thickness of 1 M), while as the temperature or pump
ppwer Qensity are raise_d’ the small islands will radiate. TheiIEIG. 4. Temperature dependence of photoluminescence sg@tirdor a
dimensions can be estimated from the quantum-well energ¥ample with a short-period submonolayer superlattice. For each temperature
in a one dimensional model with infinitely high barriers, athe gap width has been reduced to that corresponding to 80 K. The excita-
shift in energy by 40 meV corresponds to 35 A. From thetion power density ie,=1 Wicn?.
half- height of the peak we estimate the spread in lateral
dimensions to be-10 A. Figure 2 shows a photolumines-
cence excitation spectrum of a line from large islands mea€dSe is~6%) propagates through the ZnSe with its thick-
sured at 80 K(detection energy 2.684 @Vin this spectrum ness of 30 A and the CdSe islands in the next layer grow
the small islands show up in the form of a peak at 2.750 eVpredominantly directly above the previous layers. Here the
We attribute the peak at 2.797 eV to an electron-light holewave functions in the islands from neighboring layers over-
transition in the small islands. In fact, a calculation for alap, which leads to a reduction in the ground-state energy.
1-ML- thick quantum well and including size quantization in This sort of effect has been observed in an InAs/GaAs
the plane of the islands for light holes yields fair agreemensystemt!
with experiment(the calculation is indicated by an arrpw The optical reflection R) spectra shown in Fig. 5 and
For a direct comparison of a submonolayer structure antheir second derivatives with respect to energyR/dE?)
a structure with a quantum well, we have grown a sampldor structures with submonolayers and with quantum wells
with multiple submonolayers, as shown schematically in Figreveal a sharp rise in the oscillator strength in the case of a
3. The reference structure had exactly the same geometrgiructure with submonolayers. This is especially noticeable
but in this case the active region consisted of a uniformin the plot of the second derivative. Thus, the amplitude of
quantum well of ZnCdSe with a thickness of 70 A containingthe feature associated with the submonolayers, which for an
25% CdSe. The overall thickness of the CdSe, calculate@lentical lineshape is roughly proportional to the exciton os-
from the composition of the solid solutions 8 A in the cillator strength, is four times higher than for the quantum
submonolayer, short-period superlattice and 18 A in thewell, and the difference would be by a factor of ten when
guantum-well structure. taken per CdSe molecule. This is also confirmed by the idea
Figure 4 shows the temperature dependence of the phaf the formation of quantum-well islands, since according to
toluminescence spectra of the structure with multiple subtheoretical calculations and experimental data, the oscillator
monolyaergas in Fig. 2, all the spectra are reduced to 80 K strength for structures with a dimensionality of less than 2
The peak of the photoluminescence spectrum for this samplg.e., for quantum wires and dofsmust be substantially
is shifted by 70 meV to lower energies relative to the peak ofgreater. If a submonolayer deposit leads to the formation of a
the photoluminescence spectrum of the sample with a singleniform quantum well of supersmall thickness, then the os-
monolayer(Fig. 1). We may assume that the high stress fromcillator strength should fall due to the strong delocalization
the CdSe islandthe lattice mismatch between the ZnSe andof the electron and hole wave functions and, therefore, due to

1
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Y| T R R N T utable to the fact that localized excitons,which can recom-

25 46 27 28 289 30 bine radiatively at any lattice temperature, take part in the

Phaton energy, eV optical gain. The limitations imposed by the momentum se-

lection rules, which are important in three- and two-

FIG. 5. Optical reflection spectra and their second derivatives for sampleaimensional cases. are eliminated here

with a submonolayer superlatti¢e) and quantum wellgb). The detection
temperature i 4= 80 K.

4. CONCLUSIONS

the strong reduction in their overlap fee=0. In a model of In this paper we have shown that:
a uniform wide well with a thickness of 200 A and a small — depositing submonolayer coatings of CdSe on a ZnSe
average content of Cd, the oscillator strength should also b&nSSe surface leads to the formation of a group of nano-
small, since for thicknesses of 50-200 A the oscillatorsized CdSe islands with characteristic lateral dimensions of
strength falls off rapidly as the well width is increaséd. 30-40 A.
Thus, agreement with experiment is attained only in the — in short-period submonolayer structures a sharp rise in
model of a group of quantum-well islands. the oscillator strength for exciton transitions is observed
Figure 6 shows the dependence of the photoluminescompared to the case of the equivalent uniform quantum
cence spectra on the pump power density for a structure wittvell.
multiple submonolayers. For excitation power densities be- - lasing in structures with submonolayers begins imme-
low 10 kW/cnt the shape of the spectrum is essentially un-diately adjacent to the energy of the exciton ground state
changed as the pump power is raised; the small shift tibecause the momentum selection rules are eliminated.
longer wavelengths is caused by slight heating of the sample. — a qualitatively new possibility has been demonstrated
Further increases in the pump power density leads to théor lowering the threshold current and increasing the laser
appearance of stimulated emission at the low-energy edgenergy in semiconductor lasers based on I[I-VI compounds,
(for 30 and 100 kWi/crf). Here the difference in energy as well as in other wide-band semiconductors with high ex-
between the photoluminescence peak and the peak in theton stability.
stimulated emission is only 9 meV, while for quantum wells This work was supported by the Samsung Electronics
this shift is in the range 30—60 meV, according to publishedCorporation, Grant No. INTAS-94-481, and the Russian
data. That the shift is so small in our case is probably attribFund for Fundamental Research, Grant N 95-02-04056.
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The electron and hole spectra in strained G8i,/Ge heterostructures grown on(Hl1) plane

have been investigated. It is shown that the structure of the conduction band in these
structures can be determined by investigating the polarization of their photoluminescence. The
selection rules for indirect optical transitions have been found.1997 American

Institute of Physicg.S1063-782807)00902-3

INTRODUCTION material is perpendicular to the heterostructures. In this case,
an electron in structures with thin layers loses this quasimo-

Silicon-based materials are of great interest because @hentum in a collision with the heterostructure. This is mani-

their wide applications in electronics and because of thdested formally in that the Brillouin zone for electrons in

rapid development of silicon technology. In particular, thestructures with quantum wells which are not coupled by tun-

heterostructures Ge,Si,/Ge and Ge_,Si,/Si have been neling is two-dimensional. A momentum perpendicular to

studied intensively in recent years. the heterostructures is not present in it. This is manifested in
Since the lattice constants of Ge and Si differ by ap-short-period superlattices as a folding of the Brillouin zone.

proximately 4%, at least one of the materials in such heteroAs a result, the minimum of the conduction band lies at the

structures is deformed. In addition, structures with thin lay-center of the zone.

ers, in which the elastic deformation energy is less than the

formation energy of a dislocation at a heterostructure, can be

dislocation-free structures. It is now well known that in ENERGY BAND GAPS

Ge,_,Si/Ge and Ge_,Si,/Si heterostructures the potential The energy band gaps must be determined in order to

wells for holes are layers with the smaller fraction of Siin a.. ;
wide range of deformations and for anv orientation of thef|nd the electron and hole spectra in a heterostructure. We
9 y shall take these band gaps from Ref. 4. We note that for

growth plane(see, for e_xample, Refs. 1-5. However, thex<0.3 and lattice constants 5.43<%<5.65 A the valence
structure of the conduction band in these heterostructures is

still not completely understood in a wide range of their pa_energy band gaps calculated in Ref. 5 are approximately

. . % Il h | in Ref. 2 i-
rameters. This is explained by the fact that several vaIIeys30 6 smaller and the values measured in Ref. 2 are approxi

. . mately 6% larger than in Ref. 4. According to Ref. 4, the
whose position depends on the deformati®nand on the . . . .
: . average energy in the valence band in the solid solution
thickness of the layerecause of the quantum-size effects G Si_ is determined by the expression
are present in the conduction bands of Ge and Si and of theel‘X X y P

solid solution. Even for the currently intensively studied EL,=(90.9,—1073.6x. 1)

Gel‘X.Six./Si systems, grown pseudom(_)rphically on Si, theyere and below the energy is expressed in meV. The quan-
;jata rllndu(:jatfmg Wh'Ch Iayler IS a poltentlal wellb_for eIeCtror(;Stity a,, expressed in A, equals the distance between the clos-
or tt ed. te;yrgatmnx close to are ambiguous and oot atoms in the growth plane, multiplied #y. We assumed
contracictory. that a,=5.43 A in undeformed silicon and,=5.65 A in

hol In the prgsent Wgr.k/,Gwehwnl calculate the electron ahndundeformed germanium. We also assumed that the structure
ole spectra in Ge., h/to€ eteriostructures grown on the g pseudomorphica, is the same for both materials of the
(111 plane, and we will determine the selection rules forheterojunctiom

interband dipole transitions in this system. We found that, Quadratic interpolatichwas used fora, in the unde-
depending on the deformation and composition of the soliqOrmed solid solution:

solution, the bottom of the conduction band in Ge can lie

below or above the bottom of the conduction band of the — 8;=5.65-0.24(1—-x)—0.2?, A. 2

solid solution. We will show that the type of valley at the average enerd,, of the valence band is understood to

absolute minimum of the conduction band in these heteropg the average energy of the maxima of the three valence
structures can be determined by investigating the p°|arizabands(heavy light, and spin split-off bangs

tion dependences of the photoluminescence. The positionsE;,, E;,, and Eg,, of the tops of the

Despite the indirect structure of the gaps in Ge, Si, and,gayy ight, and spin-split-off hole bands are determined
their solid solution, Gg ,Si,/Ge heterostructures can be fqm the formulas

direct-gap structuresDirect-gap band structure can be ob-
tained when the bottom of the conduction band lies at a point Eo—E. 4+ A SE 3)
of the Brillouin zone where the quasimomentum in the bulk hh—Fav T3 o
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Ih= av_E+T+§ ot Ao +Z( )
(4)

Ay 6E 1 ) 9 2
Esn=Eay =5 + 7~ 5 VAT A0SEF 7 (5E)% (5)
5E:2‘/§dsxy1 (6)

where g, is the xy component of the deformation tensor,
d is one of the deformation constantsg is the spin-orbit
splitting,

+2C11+ 2C1,—2Cyy -700F
C11+2C1,+4Cy,)"

Sy 3 ag

Cj; are the elastic moduli, anal, are the lattice constants in R
the undeformed crystal. The, y, andz axes are directed
along [100], [010], and[001] directions, respectively. We FIG. 1. Positions of the band extrema in the solid solution_G8iy versus

call the holes with the large mass in tfi&11] direction x (lines with index 2 for a structure grown pseudomorphically on germa-
heavy holes nium (a,=5.65 A). The positions of the band extrema in germaniiimes

. . . with index 1) are also shown in the figure.
The band gap in the undeformed solid solution was stud-

ied experimentally in Ref. 10. We shall employ for the dif-
ference in the energies of tlheand A valleys and the top of
the valence banCE'é and Eé, respectively the expressions

obtained by ugtemperaturel = 4.2 K):
-a

Ag
(exxT eyt e)+ 3

Eg=740+127(x, ) (11)

A deformation in thg111) plane or along th€111] direction
does not lift the degeneracy of the minima of thevalleys.

o ) ) We can therefore write the following expression for the cor-
We assume that they are valid in the entire range.ofhis  responding energg, :

is completely justified for Eq(8), since it approximates well
the experimentally measured quanlﬁﬁ in a wide range of
X (0.15<x<1). We recall that the bottom valleys in the
undeformed solid solution are valleys forx<0.15 andA
valleys forx>0.15. Because of the small range of values of
X where experimental data are available Ei; the use of
Eq. (7) can result in substantial errors farclose to 1. o 4Cyy

To calculate the splitting of the bands and the changes in ~ “*~ ®¥¥~ 22" C 37 2C,+4Cy,
the band gap as a result of the deformation, we used the
constants of the deformation potential of pure Ge and Sin
calculated theoretically in Ref. 4. Linear interpolationxn
was used to calculate all parameters of the solid solution.

Deformation results in the splitting of energy of the
minima of theL valleys. We call the valley where the rota-
tion axis of the constant-energy surface is directed alon
[111] a 1L valley and we call the three remaining valleys
3L valleys. The position of their minima is given by the
expressions

Eg =931+ 18x+ 206¢2. (8)

=A

= A
A —A u 0
E _Ev+Eg+ Hd+__a (8XX+8yy+82)+_1

Qi 1) . (12)
)

Egs.(9)-(12) E;4 and 2§ 4 are constants in the defor-
mation potential of thee and A valleys, respectively, and

a is the constant in the deformation potential of the valence
band.

The energies of the extrema of the energy bands in a
%olid solution grown pseudomorphically on a germanium
substrate(a, equals the lattice constaat;, of germanium
are plotted in Fig. 1 as a function &f It is clearly seen that
the energy band gap of the top of the valence band for the
heavy holes is larger than for the light holes. This difference

— L
By =B +25 ey, © s attributable to the splitting of the valence band of the solid
solution by the deformation. This assertion is true for any
E. —F — 2 =L, (10 5.43 A <a<5.65 A. Indeed, the germanium layers in this
sLU L g Futxye case can be compressed only in the growth plane. For such
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. FIG. 3. Hole energies versus the wave vector along the germanium layer in
FIG. 2. Energies of the tops of _the quantum-wgll subbands of the valencg Ge5:Si1/Ge heterostructure grown pseudomorphically on germanium.
band versus the germanium thickness in & 8, ,/Ge heterostructure ¢ gojid lines correspond to the wave vector oriented ajaag] and the

grown pseudomorphically on germaniuga,=5.65 A). The solid CUVES —  dashed lines correspond to the wave vector oriented in a direction obtained
correspond to heavy holes and the dashed curves correspond to light holgg, [112] by rotating aroundi111] by an angle ofr/6. The Ge layer is 100
A thick.

layers the top of the heavy-hole band lies above the top of

the light-hole band, since the constaly, of the deformation

potential of the valence band in E@) is less than zero. As . ) o

we have already mentioned, the average energy of the v&f the heavy-hole band in a solid solution lies below the top
lence band is lower in the solid solution than in germaniumof the light-hole band(i.e., the well is deeper for heavy
If the deformation of the solid solution is of a different sign holeg. For this reason, ds decreases, the heavy-hole levels
than in germanium, then in Ge,Si, the top of the light-hole are expelled more rapidly from the quantum wells.

band lies above the top of the heavy-hole badgd.£<0), The symmetry group of the Hamiltonian describing the
and therefore the band gap of the heavy-hole band is largemotion of holes in a heterostructure is gy Symmetry

It is also larger in the case where the deformation is of theyroup. It contains a sixfold inversion axis, which is parallel
same sign in both layers, since the deformation splitting oty the direction of quantization of the motion. The hole spec-
the valence band in this case is larger in germanium than ig,m is parity degenerate with respect to reflection in the

the solid solution. The latter circumstance is explained by thpgrowth plané® The symmetry group of hole isoenergy sur-
fact that, first, in this case <aces<5.65 A (ages; charac- faces is therefore Bgy, group and these surfaces are invari-

terizes the undeformed solid solutjonand therefore ant with respect to rotation by an angle #f3 around the
germanium is more strongly deformed and, second P y 9

daes| <|ded [111] axis. Figure 3 shows the energies of holes in the
o .
It is also obvious that for the Ge,Si,/Ge heterostruc- quantum-well levels on the wave vector along the gerama-

tures grown pseudomorphically on germanium the absolutgium layer in a Ge,Si,/Ge heterostructure grown pseudo-
minimum of the conduction band lies in thé Valley of the ~ morphically on germanium. The solid lines correspond to the

solid solution. wave vector directed alond 12| and the dashed line corre-
sponds to the wave vector directed in a direction which is
HOLE SPECTRA obtained from{112] by rotation around111] by an angle of

/6. The Ge layer is 100 A thick. We see from the figure

The hole spectra were found by numerically integratingthat the hole spectra are nonparabolic and almost isotropic.
the Schrdinger equation with the Luttinger Hamiltonian al- 1he characteristic energy scale for nonparabolicity is the
lowing for Qeformat|orﬂ The haundary cor_ldltlons for the splitting between the subbands. The fourth level with
wave functions were chosen by analogy with Ref. 12. k~0.025 A L . .

. ) . goes into the continuous spectrum.

Figure 2 shows the energies of the tops of the quantum- N th inb=0. wh is the hol i i
well subbands of the valence band as a function of the thick- '\ ca 1€ poinp=0, wherep s ;e hole guasimomen
ness of the germanium layer in a GeSi,/Ge heterostruc- tum in thezgrowth plane, the hole dispersion relat|on_ has the
ture grown pseudomorphically on germanium. We see fron{OM & =p“/2m. The massn depends on the deformation, on
the figure that for thin germanium layefis<20 A) the first ~ the thicknesd. of the germanium layer, and onin the solid
light-hole subband lies closer to the conduction band and fopolution. Using perturbation theory with the hole kinetic en-
thick germanium sublayerd>20 A) the first heavy-hole ergy along the layer as the perturbation parameter, we derive
subband lies closer to the conduction band. This occurs béhe following formula for the heavy-hole mass,;, in the
cause of the deformation, the result of which is that the todirst subband of an infinitely deep well wifln==0:
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different valleys. In addition, the bottom of the conduction

* 2
Mo/ Mpy=A+ i + 64( 2B%+ D— > I—z band in the Ge layer can lie above or below the bottom of the
V12 3 /= (4l=1) conduction band in the solid-solution layer. This is attribut-
able to the fact that, depending on the fraction of silicon in
the solid-solution layer and the lattice constant in the growth
% 1 plane (deformation, the A, 1L, and 3 valleys can be ar-
5 D 5 D 5 5 " ranged differently with respect to one another, both within a
|| A— 3 —417 A+ iy —4v3modLZe,, /% layer and in neighboring layers.

First, we ignore the quantum-size effects. &svaries
(13)  from 5.43 A to 5.65 A, the B valleys in the germanium
whereA, B, andD are constants which determine the holelayers lie no higher than thel1valley. Furthermore, th&
Spectrun’ﬁl and Mg is the free-electron mass. Va”eyS in the germanium Iayel’ always lie above theval-

The curves ofm,, in the first quantum-well subband leys in the solid-solution layer. Itis convenient to analyze the
versus the germanium layer thickness are shown in Fig. 4 fostructure of the conduction band for different valuesapf
two Ge _,Si,/Ge heterostructures. The curves were obtained@nd X, taking into consideration only the bottom valleys in
by solving the Schiinger equation numerically. The lattice €ach materialsee Fig. 5 We see from Fig. 5 that in the
constant of one of these Structureaig 5.65 A, which cor- regions 1, 2, and 4 the bottom of the conduction band in the
responds to an undeformed germanium layer. For the othé&termanium layer lies below the bottom of the conduction
constanta,=5.637 A, which corresponds to a minimum of band in the solid-solution layeftype-1 modulation of the
the elastic energy in a multilayer structure with equal germaband$ and the reverse arrangemefifpe 2 occurs in the
nium and solid-solution thicknesses. In the calculation, thé€gions 3 and 5. We note that in the regions 1, 2, and 4, the
solid-solution |ayers were assumed to be tunne”ngbottom of the conduction band in the germanium Iayer is
nontransparent layers. We see from the figure that deformdocated at the minima of thel3valleys.
tion of the germanium |ayers decreasﬂﬁ_l and decreasing It should be noted that Flg 5 is more ||ke|y of an illus-
the thicknes4. of the germanium layers increases;,. It is trative, qualitative nature, i.e. it shows which situations in the
interesting to compare the values wf,;, shown in Fig. 4 conduction band are in principle possible for different pa-
with those obtained from Eq13). According to Eq(13), in rameters of the heterostructure. As we have already men-
an infinitely deep wellm;,;, does not depend oh in an tioned, this is due to the error in the quantiti& and espe-
undeformed germanium. Faj=5.65 A, we obtain from Eq. cially (7), as well as the uncertainty in the deformation-
(13) my,=0.05dm,. For a structure witta,=5.637 A, we potential constants and the band gafl§ employed.
obtain from Eq.(13) m,,=0.059n, for L=20 A and
my,=0.0574n, for L=250 A. Therefore, the values of
my,;, obtained from Eq(13) for L>200 A agree to within

20% with the values calculated by solving the Sclimger 565
equation.
5.60
ELECTRON SPECTRA
As we have already mentioned, the bottom of the con- = 555
duction band in the Ge and solid-solution layers can lie in g
0.10F 5.50
. 5.45
0.031 T e 3.09A 0 0z 04 05 08 10
--- q,=5.637A R N, '
Eoost Ge, ,Sig Ge Ge,..Si, Ge
2
-t
g 4 3k 3L 4 —4 3L
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p —1b 3L 54 A
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FIG. 5. Boundaries of the regions in the,(x) plane where the bottom
valleys of the conduction band in the germanium and solid-solution layers
are arranged identically with respect to one another. The relative arrange-
ment of the bottom bands in germanium and the solid solution for each
region is shown in the bottom half of the figure. Size quantization was
disregarded.

L,A

FIG. 4. Heavy-hole massy,;, at the bottom of the first quantum-well sub-
band versus the thickness of the germanium layer in @£5@ ,/Ge het-
erostructure for different values af .
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Furthermore, in the case of strong deformatidms to 4% andw;; corresponds to the material of the quantum well.
the nonlinear deformation effects which we have ignored are  In deep subbands which are located far from the edge of
probably important. In reality, the boundaries of the regionghe quantum well, the electron wave function is localized
in Fig. 5 can therefore have a different arrangement. Addimainly in the quantum well and the dispersion is approxi-
tionally, some regions can be absent or, vice versa, othenated well by relation§l5) and(16), where the components
regions with a different structurgn the sense which we are of the tensow;; are used for the quantum-well material. In
considering of the conduction band can exist. Therefore, thethe shallow subbands which are located close to the edge of
situation with respect to the conduction band must be studiethe quantum well, an electron is very likely to be located in
experimentally. the barrier and its dispersion is described by relatiti®
In Ge or solid-solution layers of finite thickness, size and(16) with the components of the tense; for the bar-
guantization increases the energy of the conduction bander. We see from Eq(14) that the masses in the dispersion
minima. As a result, the boundaries of regions 1-5 changeelation (15) should be virtually independent of the silicon
and, in general, some of them vanish or new ones appear.content in the solid solution. The effective masgeg. (14)]
Calculations employing the data of Ref. 4 and the differ-are also virtually independent of the deformatfoior pure
ence of the_-valley energie$Eq. (7)] show thata L valley ~ germaniumm,~1.59 andm,~0.1.
in the solid solution lies lower in Ge for any values>oénd
a,. For this reason, Ge,Si/Ge can be a direct-gap struc- sg| ECTION RULES FOR OPTICAL TRANSITIONS
ture in momentum space, but then the electrons and holes ) ) )
will be localized in different layergype-2 modulation of the It was shown in the preceding section that the bottom of
bands. This situation corresponds to region 3 in Fig. 5. the conduction in a Ge,Si,/Ge heterostructure can lie in

Let us examine the dependence of the electron energid8€ 3, 1L, or A valley. This raises the following question:

on the two-dimensional momenta in the case where germe{-s it possible to determine by studying interband optical tran-
nium is a quantum well. In this case, as one can see frorgitions the valley in which the bottom of the conduction band

Fig. 5, the bottom of the conduction band is formed Hy 3 in a heterostructure lies? We shall show that the answer is
valleys. Let us choose a coordinate system in whichxthe affirmative if the top of the valence band is formed by the

y, andz axes are the crystallographic directiqad 2], [110], ~ n€avy-hole subband. _

and[111], respectively. Consider the valley whose constant- Ve shall study a symmetric structure. We call a structure
energy surface in the volume of the semiconductor possess§¥mmet_“c if it contains a symmetry plane at the center of the
a rotation axis alon§111]. For it, the tensow;; of the re- ~ 9ermanium layer. The symmetry group of the hole wave vec-

ciprocals of the effective masses possesses the foIIowin%?r in such structures iB34. The heavy-hole wave functions
nonzero components: ransform according to a double-valued representation

L, +L< and the light-hole wave functions transform accord-

W 1 +i W _ 1 ing to Ly (the designations are taken from Ref.)1%Zhe
*9m, om’ Y m,’ momentum component along tfi#11] axis transforms ac-
cording to theL; representation, and its two components in
_ 1 " 8 _ __2‘/7 1 _ 1 the (111) plane transform according to theg representation.
sz_g_ 9_1 Wyz=Wzx= T — M
my m, m,_m
where m;, and m, are, respectively, the longitudinal and 7 —1L TRANSITIONS
transverse masses in thevalleys. We give the following The hh—1L transitions should be observed in hetero-
expressions for the effective masses in the solid solttion: stryctures for whicha, andx lie in region 3 in Fig. 5. The
m,=(1.76—-0.18&+0.122)my, wave_—vector group of thell electrons iD gy anq the wave
functions of these electrons transform according to the rep-
m, =(0.1+0.03)my. (14 resentationL, . The phonon wave functions with a wave

vector corresponding to thelL1point of the Brillouin zone

The constant energy surface of two-dimensional ele(?iransform according to the following representations:

trons in the valley considered is an ellipse. One of its semi; O-L}, TO-Ls, TA-L{, andLA—L; . We employ

axes is also the projection of the rotation axis of the constantt-he standard designations for phonons: The letteend T

energy ellipsoid, which corresponds to the valley in the leIkcorrespond to longitudinal and transverse phonons and the
material, onto th€111) plane. For an infinitely deep well or

in th h q th i th " lettersO andA correspond to optical and acoustic phonons.
In the case wheren, andm, are the same In the quantum i, the standard methd4Swe find the following selec-
well and the barrier, the dispersion relation in th¢h

N Il subband b itten in the f tion rules for dipole transitions between the heavy-hole sub-
quantum-well subband can be written in the form band and the I valley with the participation of phonons.

2 2 Just as in bulk germanium, transitions with the participation
Px py . . .
Em(Px,Py) =En(0,0+ 5=+ 5 -, (15  of LO and TA phonons are parity forbidden. Transitions
X y with the participation ofT O phonons are allowed with any
where polarization of the light. Transitions with the participation of
5 LA phonons are allowed only for photons with nonzero pro-
i:W _ W i:W (16) jection of the electric field vectoE onto the(111) plane.
m, % w,, omy Y Transitions with the participation dfA phonons are forbid-
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den in the case where the electric field vector of the lighthh —A TRANSITIONS
wave is parallel to th¢111] direction. It can be shown that
the hh—1L transition with LA-phonon participation and
E Il [111] is also forbidden in an asymmetric structure.

The region 5 in Fig. 5 corresponds to these transitions.
The wave-vector symmetry group of thevalleys isa. The
: - lectron wave functions transform according to the represen-
For structures with quantum layers the minimum of the®'® ) !
d y tation B, + B, (seeAppendix. The wave functions of th&O

energy of the L valley and the maximum of the valence dTA bh f di
band are located at the same point of the Brillouin zone?" phenans transform according to the representa-

However, the optical dipole transitions with no scatteringt'ons’ b wave functions of theA _and LO phonons
from light- and heavy-hole subbands into the talley are transform gccordmg 0 thé, r(.apresentatloq..Thg symmetry
forbidden. The point is that the electron and hole wave funcfiIIOWS optical trgnsmons V.V'th. the part|c_|pat|on of any
tions are even under inversidimdicated by the superscripts phono_nsbarkd arbnrary I%olarézart:on c?f dthelllght Wa\r/]e. Hﬁw_
+ in the representatiopgnd dipole transitions are forbidden ever, in bulk germaniur and the solid solution, when the

between states with the same parities. Strictly speaking{?ono,m of the cobnductlchin b;’:md'tllheshln tlzﬁe'vglleys;T(z:f)tlczl
these arguments are invalid for transitions in which the numransitions arfoo served only with the participatiorT éfan
ber of the quantum-well level changéer example, for tran- TO phonons:% The absence of transitions with longitudinal-

sitions from the second quantum-well hole subband into th&honon participation cannot be attributed to the selection

first subband of the l1 valley). This is explained by the fact ru_k:]s, Le. to the hsymmetﬂ;? _Thergfore, onlybtransﬂon_s
that the wave functions in the quantum-well subbands withVith  transverse-phonon participation are observed in a
even numbers are odd under inversion; i.e. the electron angel—,xs'xlGe hgterpstructure in which the bottom of the con-
hole wave functions in even subbands transform according t uction band lies in tha valleys.

the representationls, andL, +Lg , respectively. We note

that in this case the selection rule for the transitions withconcLusIONS

LO- and TA-phonon participation is also lifted. o
Summarizing the results presented above, we shall for-

mulate a method for determining from optical investigations
hh—3L TRANSITIONS of Ge,_,Si,/Ge heterostructures the states, together with the
valley to which they belong, that form the bottom of the
conduction band. If the bottom of the conduction band is
formed by states fromA valleys, then radiative transitions

!eys isCan. The elec§r0n+wave+ functions transform accord with the emission offO phonons prevail. When the bottom
ing to the representatiors; + B, (seeAppendix. The wave . :

. . . of the conduction band is formed by states frorh &alley,
functions of phonons with wave vectors corresponding to the

3L point of the Brillouin zone transform according to the 2aiatve —transitions with LA-phonon emission ~ pre-
P 9 dominate!’ The TO-phonon energies corresponding to the

. . At s A

?Xg"ﬁﬂ% Azep;eﬂs;ft:tl?? II_—I(greA:jl' ,ole-rtgns',a'\t%o:séz th Ge-Ge, Ge-Si, and Si—Si bonds are well kndwine tran-

LA anldTO—Z ’honon artic% .ation areIZIIowed folrlan V\glar- sitions fromA valleys can therefore be distinguished from
b P P yp the transitions fronL valleys by comparing the energies of

ization of the light. " . o .
. . h -f t t th the t t th ph -
Therefore, thenh—3L transitions withL A-phonon par- bhonon re_lt? rz:\jns! lons \;]w © _ran5|f|ons|_v1w ”p onondpar
ticipation are allowed for photons witle || [111] and ticipation. 1o distinguish transitions fromL1valleys an
transitions from & valleys, it is necessary to investigate the

2}?{;;3?:2?&232{2 ];(z;?'eidfgr'ollj 'rs] Ivr\]/theircehSttlk?gs? :(:I?;Svre-: olarization of the radiation. Transitions withA-phonon
transitions occur. It turns out that thge roceed through thgarticipation and: | [111] are forbidden for a L valley and
j yp 9 are weakened for [3 valleys.

states L, +Ls and B, +B, . The mtermed@te state Of course, there are also more direct methods for deter-
!‘4 Fls ongmatgd from the statEs of the.conducni)n beind mining the type of bottom valley of the conduction band. For
n b.UIk germaniim, andﬁ the intermediate stdig +B, example, one method is to measure the electron mass along
originated from thel, +L 5 state of the valence band. The layers in observations of cyclotron resonance. However, such

transmon through the Iattgr.s.tate IS mpst likely, since it 'Smeasurements require structures of very high quality. The
closest in energy to the initial state in the valence band.

Radiative transitions with. A-phonon participation in bulk
germanium proceed mainly through an intermedlafestate a5, £ | Con.
in the conduction bantf. In a heterostructure, transitions oc-

The regions 1, 2, and 4 in Fig. 5 correspond to
hh—3L transitions. The wave-vector group of thé ¥al-

curring through the intermediate stdtg , which originate E Q G QG o Qo l Ql

from I';, under the influence of electric-field components ;- 1 1 1 1 1 1 1 1
lying in the (111) plane correspond to these transitions. Aa; 1 1 -1 -1 -1 -1 1 1
transition through the., state is more likely than through A; 1 1 1 1 -1 -1 -1 -1
the stateB; +B, , since for it the difference in the energies A2 1 1 -1 -1 1 1 -1 -1
of the initial and intermediate states is smaller. Therefore, th@li 1 -1 , - ! - ! !

intensity of thehh— 3L transitions withL A-phonon partici- 52 i :1 _: _'i :: : _i _1
pation andE |l [111] is lower than that of transitions occur- B;— 1 1 i i i i 1 1

ring under the influence d& 1 [111].
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Mechanical properties of pure and doped InP single crystals determined under local
loading

Yu. S. Boyarskaya, D. Z. Grabko, M. I. Medinskaya, and N. A. Palistrant

Institute of Applied Physics, Academy of Sciences of Moldova, 277028 Kishinev, Moldova
(Submitted November 3, 1995; accepted for publication April 11, 1996
Fiz. Tekh. Poluprovodr3l, 243—246(February 199y

The mechanical properties of pure and dogd, Zn, Sn InP single crystals have been

investigated in the temperature range 293—-600 K. It is shown that impurity hardémingase

in microhardnegsis much more pronounced at high temperatures than at room temperature
because of the retardation of moving dislocations by impurities, which is strongest at high
temperatures. Appreciable scratch hardness anisotropy ¢fQfieface of the experimental

crystals at 293 K was observed. It decreases rapidly as the temperature increases in the interval
293-600 K. It is shown that thgl10] and[110] directions on th€001) face of the

experimental crystals are nonequivalent. The observed phenomena are explained by the different
contributions of the two mechanisms of plastic deformation: slip and twinning in the __

process of scratch formation along ##00) and(110 directions, and along thg10] and[110]
directions. ©1997 American Institute of Physids$1063-78207)01002-§

1. INTRODUCTION mation of the facémicroindentation and scratch generajion
was performed with the aid of a PMT-3 microhardness tester.

InP is a semiconductor material which is very promising_l_h ind isted of a di d id with
for a wide practical applications. This makes a comprehen- € indentor consisted of a diamond pyramid with a square

sive investigation of its physical properties necessaryP@se(Vickers pyramid. The loadP on the indentor was

Among the many works devoted to the study of this com-varied in the range 10—40 g. The indentation microhardness

pound, comparatively few are concerned with the mechani¢H) was calculated by the standard forméland the hard-

cal properties. Deformation of InP single crystals by uniaxialness determined by the sclerometric methiad)(was found

compression showed that at temperatures below 730 K thefeom the relation

is no plastic deformation of the material, only brittle fracture

is observed. Under a concentrated load on these crystals,

however, it was found that dislocations appear near the de-

formation location even at room temperat@r€or this rea-

son, local loading is a promising method for studying the

mechanical properties of InP at temperatures ranging from

room temperature up td~700 K. On this basis we set as whereb is the scratch width.

our goal in the present work to investigate the mechanisms The microhardness measurements were performed for

of plastic deformation of pure and doped InP single crystalgwo orientations of the indentor: the diagondiof the im-

in the temperature range 293-600 K under the action of Rrint parallel to the(100) directions andd || (110). In the

concentrated load. sclerometric investigations the indentor moved along these
crystallographic directions.

2 EXPERIMENTAL PROCEDURE The dislocation structures arising near the imprints and

scratches were investigated by the method of selective etch-

Pure and doped InP single crystals were grown by thg,, rhe etcher consisted of a solution of Gr@ g) in HCI
Czochralski method. Their characteristics are presented |P3>0 mi

Table I.
The investigations were performed on tf@&01) face,

Hs=P/b?, (1)

The acoustic emissiofAE) accompanying the deforma-

which was subjected, after preparation, to chemical polishinéIon process was detected with the aid of a specially as-

in order to remove a defective layer near the surface. Deforfembled apparatds This apparatus makes it possible to
record the numbeK of AE signals arising during the forma-

tion of twins and cracks, and it is insensitive to the develop-

TABLE I. Characteristic features of the experimental samples. ment of dislocation structures around imprints and scratches.
_ _ The experiments were conducted in the temperature range

Crystal Carrier density, cfn 293-600 K. The error in measurirtg and Hg was ~5%.

InP 4.1x10'° The variance in the values dF was~ 25%. This rather large

:EEE; zzgllgfs variance stems, in part, from the fact that the AE method is

InP-Sn 2 %107 sensitive to the nonuniformity of the defect structure along

the surface of the sample.
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TABLE II. Microhardness of pure and doped InP crystads,| (100, H,
P=40 g* > 2

T=293 K T=600 K

Crystal H, kg/mn?  |AH|/Ho, %  H, kg/mn?  |AH|/H,,% ]

InP 365 - 80 - 150
InP:Fe 360 1.4 110 37.5
InP:Zn 380 4.1 170 125 -
InP:Sn 380 4.1 160 100.0 x4

110 7 e - W 3
*AH=H—H,, whereH andH, are the microhardness values for doped and 4 = 2
pure crystals, respectively. 12%-——* 4

70 T T v v
300 400 500 600 T,K

3. EXPERIMENTAL RESULTS AND DISCUSSION

The data presented in Table Il attest to the fact that af!G. 1. Temperatures dependences of the scratch hardness idr Bjfand
room temperature doping has a very weak effect on the mi'—Ti'Z” (3 4). The directions of indentor motion ar100) (1, 3) and
: " (110 (2, 4).
crohardness. The change in the microhardness falls Wlthl§'|
the limits of measurement error.

~ However, the picture changes substantially at a deforma-  However, the microhardness anisotropy was found to be
tion temperature of 600 KTable I). In this case, substantial appreciable in investigations by the sclerometric method
hardening is observed; the relative changesHnreach (Taple |1I).

~100%. This situation can be explained as follows. The | Taple IIl, the(100 and(110) directions indicate the
hardening observed in InP to accompany doping is attributegirection of motion of the indentor during scratch generation.
.ordma.\r.lly 4to the rgtardatlop of moving dlslopatlons by KS=(H<S“°>—H<51°°>)/H§10@ is the scratch hardness anisot-
impurities™ In InP, just as in other IlI-V semiconductor rqpy factor.

compounds, dislocations are virtually immobile at room it tollows from Table Ill that at room temperature the
temperaturé=® Therefore, the retardation effect is strong anisotropy of H, reaches 80-100%. In this case
only at high temperatures. The effect of the temperature ORy(100 - 4(110 wh?le in the microindentation case the pic-
the impurity hardening of InP crystals was previously ob-. ° °

. S ) imeh ture is reversed —H ;09>H 119 .Y The different character
served in uniaxial compression experimehtswas shown ¢ 1ha hardness anisotropy for these two methods of defor-
that the increase of the upper yield point due to doping

high 'Smation was also observed for other crystdfishe nature of
greater at higher temperatures. ) .. this phenomenon was studied in detail in Refs. 3 and 8.
It follows from Table Il that the greatest increase in mi-

hard i th f dobi ith £ One can see from Table Il that as the deformation tem-
crohardness occurs in the case of doping with Zameptor perature increases from 293 to 600 K, tHe anisotropy

impurity). This pbservation agrees ngl with t.he results Ofdecreases substantially and in some ca&e:Zn) it even
Ref. 4, where it was found that Zn in InP single crystals, ,nishes. This result is rather unexpected, since previous in-

lretargls all basur:] types Of_d'SIOCZt'Om'_('g’ ar_ld (sjcrew dis- vestigations of scratch hardness anisotropy on114) face
ocations. Another impurity (S, donor impurity decreases in InP showed thaKg remains virtually constant in the tem-

the velocity only of 3 and screw dislocations; the velocity of perature range 293—673%Eor this reason, additional inves-

a dislocations was found to be even higher. tigations were performed to clarify the reasons for the strong

The :jegult_sli fglr olr:ly Sqnefl ongnta‘uon of thbe |_nd<(ajntfor arr]eeffect of the temperature on thég anisotropy, which we
presentg In taple . simrar "’?ta were o tamg or theyhserved. The temperature dependences of the microhard-
other orientationd | (110). The microhardness anisotropy,

) . ! X ness which were obtained by moving an indentor in the
l.e., the difference in the values b1 andH<110>’,'S VerY (100 and(110) directions are presented in Fig. 1. We see
small. For example, at room temperature the anisotropy ¢

tfici o - / %) f %hat for the(110) directions the standard temperature depen-
efficient InP-2% (K=H 109 —H(119/H(110,%) for pure  yonce of the microhardness is observed — this parameter
InP and~13% for doped samples.

decreases with increasing temperature. However, the picture
is different for the(100) directions. In this case, a sharp drop
TABLE Il. Microhardness anisotropy of pure and doped InP crystals in Of Hg with increasing temperature does not occur at first, and
sclerometric investigations. a weak maximum is observedFig. 1, curvel) or Hg in-
creases with increasing temperatFég. 1, curve3). As a

T7293K T-600K result of such different behavior of the microhardness for the
Hs, kg/mn? Hs, kg/mn? (1100 and(100) directions, either a sharp decred$ég. 1,
Crystal 100 (110 K, % (100 (110  K.% curves1, and2) or vanishing(Fig. 1, curves3, and4) of
H anisotropy is observed.
::gFe %’4 112362 12(‘)‘ 87% 11%‘; 41587 The large difference in the temperature dependences
InP-Zn 93 168 80.6 106 106 0 Hy(T) for the (1000 and(110) directions suggests that the

InP:Sn 91 161 77 105 163 55 character of the plastic deformation for these two directions
is different. It is well known that plastic deformation in InP
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It follows from Table IV that twinning makes a larger
contribution to scratch generation alog@00 than along
(110). The fact that at room temperatuté{’*? is much
higher tharH{!%? (Table I1l) could be due, in part, to the fact
that twinning is more difficult in the case of indentor motion
along(110 than along(100). Therefore, a new factor pro-
ducing scratch hardness anisotropy is observed: the different
contributions of a particular mechanism of plastic deforma-
tion during indentor motion along different directions on the
face being investigated. Thus f&t,anisotropy in both semi-
conductors and other crystals has been attributed only to the
specific nature of their slip elements, especially the arrange-
ment of the extruded material in front of a scratch®f$1°

It is well known that the[110] and[110] directions on
the (001) face of IlI-V semiconductor compounds are not
equivalent!? Therefore, it was interesting to determine
whether or not they differ with respect to hardness and the
parameters of the acoustic emission that accompanies defor-
mation. Such investigations, as far as we know from the
literature, have still not been conducted on these materials.

Rectangular dislocation etch pits were detected on the
(001) face of InP:Sn crystals. According to Ref. 11, fi40]
direction is oriented along the long side of the rectangle.

Using this orienter, it was found thad["%=130 kg/mnt
andH™%=150 kg/mn?. The values oN were found to be
different: N3 0;= 220 andN(y,0;=290.

Therefore, these results confirm the nonequivalence of
the directiond110] and[110]. Etch pits which are as sharp
as those in In:P:Sn were not obtained in other investigated
crystals. However, a difference in the scratch hardness
FIG. 2. InP. Dislocation zones of scratches generated alaAg) () and ~ (AHg) and in the number of AE pulses\N) for the[110]

(110 (b) at P=20 g. The arrows indicate the direction of indentor motion. and [110] directions was observed for them also. For ex-
The scratches were generated at room temperature. The zones are revealgghple, AH =30 kg/mrﬁ and AN=100 for InP and 10
after annealing at 623 K fd5 h followed by etching. kg/mmz and 110, respectively, for InP:Zn.

can proceed by slipping and twinning. In the deformed4. CONCLUSIONS
zones, which arise when the indentor moves in both direc-
tions, we observed twins and dislocation rows oriented alon% ; :
the locations where thel 11} slip planes characteristic of Inp SN @S dopanisis much more pronounced at high tempera-
emerge on the investigated fag&g. 2. As to which type of  tures (~600 K) than at room temperature, because of the
mechanism of plastic deformation that contributes here mafetardation of moving dislocations by impurities, which is
depend on the scratch direction. I this is so, then the numbdP'©r€ Pronounced at high temperatures.
of acoustic emission signals detected during the motion of an 2 Strong scratch hardness anisotropik) was observed
indentor should be different for thel00) and(110) direc-  ©n the(001) face of pure and doped InP crystals in sclero-
tions (see Sec. R The data presented in Table IV confirm Metric investigations at room temperature: For indentor mo-
this assumptioR. t|o<r11oglong(110> H is approximately two times larger than
H ({100,

3. It was found that the temperature dependences of
H(M® and H{ differ sharply. The first parameter de-
creases with increasing, as is characteristic of microhard-

1. Impurity hardening of InP single crystalse, Zn, and

TABLE IV. Number of acoustic emission signals detected during scratch
generation P=13 g, scratch length 48@m) on the (001) face of the

experimental InP crystald. =293 K. ness. The second parameter changes, only slightly, and for
some samples it even increases withAs a result, theH
N anisotropy decreases &t-600 K or even vanishednP:Zn).
Crystal (100 (110 4. The pronouncetH anisotropy afT =293 K and the

— P po inadequate behavior a9 and H{1%9 with increasingT
InP:Zn 500 320 are explained by the fact that two mechanisms of plastic
InP:Sn 390 250 deformation make different contributions — slipping and
twinning during scratch generation that accompanies inden-
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generation confirm this explanation. I. Yonenaga and K. Sumino, J. Appl. Phy&l, 917 (1993.

. . . . . 5S. G. Simashko, N. V. Bezhan, and V. D. Martynenko, Fiz. Tverd. Tela
5. Sclerometric investigations and AE detection confirm (Leningrad 19, 1619(1977 [Sov. Phys. Solid State9, 946 (1977

[110] and [110] nonequwalence on th@01) face of IlI-V M. I. Val'kovskaya, B. M. Pushkash, and E. MaronchukpPlasticity and
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Russian, Kishinev, 1972, p. 235.
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Unusual absorption “band” in the infrared spectrum of silicon annealed at high
temperature and then rapidly cooled

N. S. Zhdanovich

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences 194021 St. Petersburg, Russia
(Submitted February 7, 1996; accepted for publication April 11, 1996
Fiz. Tekh. Poluprovodr3l, 247—-249(February 199y

An unusual absorption “band” with a giant half-width has been detected in the infrared
absorption spectra of silicon obtained by zone melting and subjected to cyclic heat treatment at
1250 °C with rapid cooling after each anneal and with partial removal of the thermal

oxide in each cycle. A model explaining the observed features of the spectrum in terms of the
transformation, occurring during heat treatment of impurity nanoprecipitates contained in

the initial silicon and in terms of the microblock structure of the material is proposedl9%7
American Institute of Physic§S1063-78207)02402-7

The technological process of fabricating silicon semi-  An unusual absorption band was observed in the spectra
conductor devices ordinarily includes a series of high-of all sections(zones I1-VI in Fig. 1 of a plate which was
temperature heat treatmerk$T) with partial removal of the quenched after each annéglg. 2). The band is so wide that
thermal oxide after each treatment. To model this proceswithout a substantial compression of thescale it could be
approximately and to study the effect of such HTs on intercompletely missed. A peak near8n due to interstitial oxy-
nal oxidation and other processes in silicon, which are im-gen is seen against the background of this band. It was found
portant for device quality, the following experiment was per-that as silicon is gradually removed from the surface of the
formed. Plane-parallel plates, each about 1 mm thick andample, the intensity of this peak decreases, i.e., the oxygen
several centimeters long, were cut in the axial direction fronresponsible for the peak is concentrated in the surface re-
the 26-mm-diameter silicon ingot obtained by zone meltinggions of the plates. In the process of annealing, oxygen pen-
Each plate was polished on both sides using the factory tecletrates into the sample from the surrounding atmosphere and
nology. Two plates were annealedrfd h in anoxygen diffuses into the volume of the silicon. The diffusion coeffi-
stream at 1250 °C. Next, a boat with one of the plates wasient (D) in the near-surface layer containing an elevated
removed as quickly as possible from the furnace into air, andrelative to the volume of the samplamount of interstitial
the second plate was cooled together with the furnace. Oxidexygen after heat treatment was estimated to bex 10 °
was removed from part of the surface on both sides of eachn?/s, which agrees well with the value &40 ° cné/s
plate and an infrare@R) transmission spectrum of the trans- obtained from the temperature dependencP q@iresented in
mission in the range 2—2Bm was recorded in this section.

The transmission was measured using a comparison sample,

consisting of an unannealed plate of the same thickness from
the same ingot. The absorption coefficier(i\) was calcu- 20}
lated from the transmission for each wavelengttiNext, the
annealing was repeated, but the oxide was removed from a
larger area of the surface than the first time, after which the
transmission spectra were recorded in the same sections of 151
the plates as after the first anneal and in the newly exposed «
sections. These operations were repeated. Figure 1 illustrates  § 5
the topography of the sample surface and the sequence of ¥ 1.0} J
operations. N 7 5
4
a5t
J
I I mm v v v l 2
ool — 1 i I 1
0 5 1 15 20

FIG. 2. Absorption &,) in silicon subjected to a heat treatment cycle at
1250 °C with slow(1, 2) or fast(3—6) cooling, relative to the absorption
FIG. 1. Schematic diagram of the working sample. Thermal oxide was(«y) in the unannealed materia,a= @; — @y. 1, 3— zone | after the first
removed from both sides of the plate after each anneal — zone |, after theix anneals2 — zone | after the seventh annedl— zone V after the fifth
second and all subsequent anneals— zone I, after the third and all subsend sixth anneal§§ — zone VI after the sixth anneab;— zone | after the
quent anneals— zone Ill, and so on. eighth anneal.
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Ref. 1 . This is apparently the most accurate dependenc@he rocking curve for this material was found to be broad-
since in Ref. 1 agreement between the data obtained by diened compared with the standard curve for the silicon em-
ferent authors was also achieved in different temperature inployed in semiconductor technology, suggesting a possible
tervals withD varying over eleven orders of magnitude. microblock structure in the experimental material. In this
The absorption band with a giant half-width is a volume case the interval ok where the absorption peaks of built-in
effect. The absolute absorption at the maximum apparentlimpurity formations are distributed can indeed be very wide.
depends primarily on the postanneal cooling rate and inH the assumptions made above are correct, then the ease with
creases with this rate. No appreciable variation of the intenwhich the band with the giant half-width, which accompa-
sity of this absorption as a function of the number of annealsies the alternation of anneals with fast and slow cooling
is observed — for curve8 and4 in Fig. 2, except for the (Fig. 2, curves2 and6), appears and disappears, could indi-
maximum of the peak near g@m, the experimental points cate that these formations are extremely small. Unfortu-
obtained in the first six anneals are essentially indistinguishnately, | have no information about the origin and past his-
able. The differences in the curv@sind6, which refer tothe tory of the plates employed in the experiments; such
same zone but with different anneals, are most likely due tanformation undoubtedly would be helpful for the present
an intermediate anneal with slow cooling afmt) higher  discussion.
guench rate after the eighth anneal. The observed effect is The fact that one of the maxima lies neau g makes it
easily reversible. For example, after the seventh anneapossible to attribute the shorter wavelength component of the
which is accompanied by slow coolirithe first six anneals band to absorption on Si—O bonds. The absorption band with
were accompanied by quenchjnghe intensity of the band a maximum at 1230 cm', which is most often observed in
decreases almost to zefourve 2), but the next anneal with the spectra of silicon after heat treatment and is due to
guenching restores the magnitude of this absorptamve  SiO, precipitates, lies in this regio(see, for example, Ref.
6). 2). It should be noted that in studying the state of oxygen in
As one can see from Fig. 2, the shape of the band andilicon with different heat treatments, the base of the inter-
the position of the maximum are different in different zonesstitial oxygen peak at &m in many spectra contains addi-
of the working plate which has undergone quenching. Fotional absorption extending over a long distance on both
example, as the light probe is moved along the axis of theides in\ (see, for example, Ref. 3 This additional absorp-
ingot (from zone | to zone V) the band transforms into a tion has not yet been explained. It has not been ruled out that
superposition of strongly overlapping componeftsrves it could be due to processes which are similar to those which
3-5). This change in the shape of the band is especiallyed in our investigations to the appearance of an absorption
clearly seen after an intermediate anneal with slow coolingband with a giant half-width.
In this case, as a result of the next anneal with quenching, The longer wavelength component with a maximum
two maxima appear in the spectrum from the section of theear 12um is very likely due to clusters of Si—C bon8s.
plate (zone ) where one maximum was observed after theThe change in the ratio of these components in the spectra
first six anneals with quenchirigompare curve8 and6). In  from different zones of a quenched plate could then reflect a
the spectrum where such a splitting is most clearly observediifference in the content an@r) state of O and C in differ-
these maxima lie near 8 and 1an. ent parts of the ingot. The increase in the long-wavelength
All observations presented above, taken collectivelycomponent after an intermediate anneal with slow cooling
suggest that the appearance of an absorption band with auld be due to the formation of nuclei, in the process of
giant half-width in the IR spectrum is most likely due to the such cooling, for more intense subsequent formation of clus-
presence of nanoprecipitates of silicon oxide and carfmde ters of Si—C bonds, which are observed after annealing with
possibly, nitride, which are optically inactive before heat quenching. The simultaneous formation of Si—O and Si—C
treatment, in the initial silicon an¢br) their transformation clusters is apparently associated with a compensation of in-
during treatment. We are not dealing here with the precipiternal mechanical stresses in the sample. The incorporation
tation of particles of a second phase, as often is the case withf clusters of Si—O bonds in silicon produces compressive
silicon during heat treatment — in that case the absorptiostresses in the crystal, and the simultaneous incorporation of
bands have a much smaller half-width than the band studie8i—C bonds should decrease these stresses and the internal
here. Moreover, such formations in silicon have a tendencgnergy of the system. Processes of this kind have been ob-
to dissipate at temperatures of the order of 1250 °C anderved, for example, to accompany the implantation of oxy-
higher. The situation at hand most likely concerns weaklygen ions in silicon plate3Clusters of Si—N bonds can also
ordered and very small clusters of Si—O and Sie€Si—N)  serve, in principle, for compensating the mechanical stresses
bonds with an unusually wide variance in the bond angleslue to Si—O bonds, especially since the absorption maximum
and, possibly, bond lengths. Only in this case could the suen the stretching vibrations of Si—N bonds in silicon nitride
perposition of a set of narrower bands with maxima in a widealso lies near 122m. Although the nitrogen content in ordi-
range of\, which correspond to different variants of the nary commercial silicon is much lower than the oxygen and
incorporation of these bonds into the silicon matrix, give acarbon contentsee, for example, Ref. § the lack of infor-
result similar to the observed effect. X-Ray diffractometry of mation about the initial material does not allow us to rule out
the silicon investigated apparently supports this assumptiorthis possibility completely.
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Numerical modeling of microplasma instability
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The basic features of current flow in the form of microplasma pulses have been confirmed by
numerical modeling. It is shown that a microplasma can appear spontaneously in the

presence of a local inhomogeneity in the space-charge regiompehastructure, and the increase

in the temperature of the structure as a result of Joule heating leads to microplasma

suppression. The kinetics, shape, and duration of the microplasma pulses were studied numerically
as a function of the applied voltage and the parameters of the semiconductor structure.

© 1997 American Institute of PhysidsS1063-782@07)01102-3

1. INTRODUCTION 2. MATHEMATICAL AND PHYSICAL MODEL OF
SPONTANEOUS SWITCHING ON AND OFF OF

Experiments show that localized regions of high MICROPLASMAS
rrent density, which ar lled microplasm re form . . Lo .
current density, ch are called microplasmas, are formed According to Ref. 3, microplasma formation is described

_durlrtl_g avl'illa_\nched_ br_elakdown ((j)fthretver_se-bllz;\sad—n by a system of two equations: a balance equation for the

junctions. ' IS ordinarly assumed that microplasmas are|qcron density averaged over the thickness of the SCR

formed because of weak inhomogeneities in the space-charge

region (SCR of a p—n junction, which produce a strong on n

electric field in local regions of the junction. However, many gt DA n+nwi(n,Vi) T_n+GT @

properties of microplasmas, primarily hysteresis which oc- . o .

curs upon the appearance and disappearance of micropla"’lsr]d .the equation of pontmwty of the total current in the
) . . ._quasineutrah or p regions of the structure

mas, cannot be explained on the basis of this mechanism.

Microplasmas form with very weak currents on the initial aV, ~ ) 4

section of avalanche breakdown, when the average value of c E“TWALVi_] +(V=Vip @

the avalanche multiplication factoM does not exceed

10°—10%, while the avalanche multiplication factor in mi- “'='€¥i k ; .
croplasmas is in the ranh® 107—10°. These properties of ionization by the charge carrier¥; is the voltage drop

wereexplaine heorercaly n el where 3 shown a0 e ST o Lo-n oncton. et s e e
microplasma formation is associated with an increasing deéion coefficient and drift velc:city 6f clectrons i’n the SCR
pendence of the impact ionization rate on the nonequilibriumT —wlv, is the time of flight of the carriers through the,
carrier density and the spreading of the current alongS“CRW i“S the thickness of the SCR, is the specific capaci-
qguasineutrah andp regions of the structure. In Ref. 3 it was tance of thep—n structure, A, = 3% ax2+ 3% ay?, thez axis
shown that a microplasma can also be excitecbifi—n g orieneted along the normal to the plane of fhen junc-
structures in which the—n junction is ideally uniform over tion, W is the effective thickness to which current spreads in

its entire area and the existing structqral nonuq|form|t|es argne quasineutrap or n regions,e is the conductivity of the
only nuclei of spontaneous formation of m'crOplasmas’quasineutral regionp=W/, V is the total voltage drop

yvhose properties and parameters are ggsentlallgcross thep—n structure, ands+ is the rate of thermal and
independent of the parameters of the nonuniformities. Th?unneling generation in the SCR.
theoretical results obtained in Ref. 3 were later |, the investigation of microplasma properties performed
confirmed in Ref. 5, where the results of angp the basis of modeld) and(2) the possible Joule heating
experimental investigation of Si-baseu-i—n structures of the structure, was disregarded. On the other hand the very
are described. Nonetheless, the spontaneous switching ®figh current density in the microplasma channel gives rise to
and off of microplasmas was not explained inin a substantial heating of the-n structure in the region of
Ref. 3. the microplasma. For sufficiently high current densiji¢be
In the present paper, we examine a theoretical modeloule heating of the lattice

vSvhlch _makes it possible to explalp mmroplas_mq instability. AT=T—T.=jVR; 3)

pecifically, we show on the basis of a qualitative and nu-
merical investigation of the proposed mathematical modetan be of the order oAT=20—100 K12 Here T, is the
that the self-heating of p—n structure can cause spontane- heat-transfer temperature, aRel is the thermal resistivity of
ous switching on and off of microplasmas. the structure. Changes in the avalanche breakdown param-

wherev; is the averagéover the thickness of the SGRate
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1.010 formation of narrow spike structures, which are microplas-

2" mas, are realized in such systems with parameters corre-
2 sponding to the intersection of the zero-isoclines on the de-
// scending section(curves 1 and 2). As noted above, a

!

-
-

1.005

’ temperature increase results in higher breakdown voltages;
2 i.e., the point of intersection of the zero-isoclines will move
- increasingly farther into the stable region. This situation is
! illustrated in Fig. 1(curvel1’), which shows the evolution of
0.995 the local coupling curve with uniform heating of the struc-
ture. A nonuniform state in the form of a microplasma can
exist in this zone of the parametdisetween the position

-~

f

0'99070~¢ '-: '-3 '., . L and1l’), together with a stable uniform state corresponding to

v v ./1.0 ! 0 a uniform distribution of the avalanche curréns the tem-
Uy perature increases further, the points of intersection of the

o o local-coupling curves and the contour lines of the state can

FIG. 1. Characteristic form of the zero-isoclines of the systém(2). 1, end up in a region where stable inhomogeneous solutions do

1'—Local coupling curveszero-isoclines of Eq(1)] for different tempera- . d th b ' L. f th .

tures with uniform heating of thep—n structure (1—T=T;, 1'— noj[ exist, and t ?n a_m abrupt transm_on of the SyStem |n-t0 a

T=1.1T)); 2, 2', 2'—contour lines of the statdzero-isoclines of Eq(2)] uniform state(switching off of the microplasma, which is

with different voltages on the—n structure[The results of the numerical accompanied by a jump in the current in the current-voltage

modeling of Egs(5) and(6) with the parameters indicated in the text characteristic of th@—n structure should occur.

Therefore, the presence of local nonuniformities, which

give rise to a local decrease of the breakdown voltage, leads
eters with increasing temperature of the semiconductoft some voltag&'=V,, to switching on of microplasmas. At
caused the microplasma parameters to be temperaturgm same time, the self-heating of the structure, which prima-
dependent, since the impact ionization factor of electrons antily influences the mean free path of the charge carriers, re-

holes in the microplasma channel decredses. sults in a suppression of instabilities and switching off of the
Therefore the rate of ionization in Eq. (1) is actually a ~ Microplasma. o _
function not only ofn andV;, but also of the lattice tem- The fact that self-heating is potentially capable of pre-

peratureT. For this reason, the systeff) and (2) must be venting the development of an instability is also confirmed
supplemented with an equation describing the temperatur@y qualitative estimates and existing experimental micro-
distribution in the plane of th@—n junction, and the de- Plasma switching data in which an increase in the breakdown
creasing temperature dependence of the impact ionizatioPltage due to self-heating was notetiThis hypothesis is _
rate », must be included in Eql). The temperature distri- @lso confirmed by the experimental fact that, as a rule, mi-
bution in the plane of theg—n junction can be described croplasmas are generally not observed in germanium struc-
with the aid of a simplified heat-conduction equation, avertures at room temperature, but they appear when these struc-

aged over the thickness of the SCR, tures are cooled to liquid-nitrogen temperature, and in
. p—i—n structures, where negative differential resistance

. —=)\2ALT—(T—Ti)+EVin, (4) (NDR). arises at a Iovy critical current densny_, the (_eX|§tence

ot of stationary current filaments becomes possible with intense

where7; and\ are the thermal relaxation time and length, cooling.
C=ev,Rt, Ry is the thermal resistivity of the sample, and
T; is the effective temperature of the heat reservsiib-

stratg. For simplicity, the temperature dependence of the> NUMERICAL MODELING OF MICROPLASMA INSTABILITY

thermal conductivity was disregarded and the relaii8p For numerical modeling it is convenient to write the sys-
which describes uniform heating of the lattice, was taken agem of equationsl), (2), and(4) in the one-dimensional case
the source. in the form

Since the characteristic length and time of temperature . .
propagation are much longer than the characteristic length N 2% Ty o) ike— +koj ®)
and time of the propagation of the carrier density in the " dt = Jx2 vitVis Dri(Dike =i+l
SCR® an approximate scenario of the effect of a temperature V. 2V,
increase on microplasma behavior can be obtained evenon , —_'-12__1 B v +V, (6)
the basis of a qualitative analysis of the system. Specifically, at gx=
treating the temperature as a parameter of the sy&tgn®), aT 2T
and(4), we can analyze the evolution of the zero-isoclines of 7 5 =\? v —(T-1)+CyVij, )
the system of equationd) and (2) for the case of uniform
heating ofp—n structure® where the temperaturE is measured in units of;, and the

The characteristic form of such zero-isoclines for modelscurrent densityj and voltageV; are measured in units ¢f
describing current flow in reverse-biaspetn junctions is andV,, respectively, for which the following condition is
shown in Fig. 1. According to Ref. 6, conditions for the satisfied?
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(9|n Vi jt

Cami ® o
This condition determines the point of the maximum of the 10r-
A-shaped local-coupling curvéransition from positive to 1
negative differential resistance for the SCR of flzen struc- T
ture). The coefficients in the dimensionless equations are de- F
termined by the following expressions;=w/v,, = p/C,
=D, L=W, andB=j,V, 'p. The functionsk; andk, 0
simulate local nonuniformities. A large number of mecha- }
nisms, which give rise to a decrease of the breakdown volt- w0’ N S Z
age, could be associated with the nonuniformities. In prac- 1wt . 1:"1‘.‘ 1 .
tice, however, they all result in a change of the character of -02 01 0 of 0.2
the I-V characteristic in a local region as compared with the z/b

uniform part of thep—n-junction® We have therefore cho-
sen for the numerical experiments, functions which changé&!G. 2. Current density distributiof(x) in a p—n-structure with the micro-
only slightly the voltage dependence of the current for theasma state switched dourve 3 and off (curve 2.
SCR of the structure.

For v; we used the model expression

N 2

Vi T =vihexdVo(1—{exd —A=TIViR)L (9 the lattice cools down and the system returns to the state in
which spontaneous microplasma formation is again possible.
The formation of a new microplasma in the region of non-

. . _ uniformity again leads to heating of the structure and to sub-
In this expression the dependencervoon V; andT is stan-

. S . sequent vanishing of the microplasnaver a time of the
dard and a weakly growing depe”fgggel) Is characteris- order ofy); i.e., a current in the form of microplasma pulses

tic of a wide class op—n j.unctions. of the telegraph signal type flows through then junction
num-g;iec aSIIB;/St?a?Ilir?g; Zggggg?ff)’E(gg'g)aggd(?l(\)l)va\‘j‘vi;??ﬁd (Fig. 3@. The dynamics of the maximum current density
. i T —1 RNOPT oscillations is shown in Fig. 3b. This picture also has been
following coefficients: 7,,=2X 10 s, y=3X10 S, . . .
= “c P Y o 5 observed in an experimental study of microplasihade
1=2.5x10"° s, 12=2x10" ! cn?, L?=4x10"° cn?, ortical sect 4 to the switchi 4 off of
N2=2Bx10°5 on? C,=1/20, i,=107% B=3x10*, ve |caI sec |onshcohrre_spon | o the switching ondan o |'0
a=1, b=1, c=10, =012, microplasmas, the anonta sections correspon to coo ing,
and the sloping sections correspond to heating of the lattice
k;=1—0.1 exp—x?%/(0.01L)?], and decrease of the current flowing through a microplasma.
In general, such pulses can exhibit very diverse shépas
ko=10—exd —x?*/(0.01L)?]. rectangular to triangularand a random charactéthe pulse
The following parameters characteristic for Si-based semiduration and the pauses between the pulses satisfy an expo-
conductor structures were used for the calculatibn=1  nential distributiof. The shape of the pulses depends mainly
cn?ls, vo=10° cm/s, w=2Xx10"° cm, W=45%x10"3 cm, on the shape of the |-V characteristic for the transit region,
C=2x10"8 Flen?, p=1.5x10"2 Q-cn?, j,=10 Alcn?, which later can acquire a single-valued character because of
V=50 V, R;=0.03 K- cm?/W, a=4x10"% K™!, T;=300 heating, and also on the load resistance. The pulse shape can
K. be changed from triangular to rectangular by optimizing
Numerical modeling of the systenis), (6), and(7) con-  these two characteristics. The random nature of the pulses is
firmed the results of the qualitative analysis made aboveexplained by the random fluctuations of the ionization func-
When the external voltage reached the valire units of  tion, which is of a statistical nature. But since the embedded
V,) V=V, =1.005(Fig. 1), a strongly nonuniform solitary nonuniformities and defects can also have a random nature,
state of current flow appears spontaneously over a time of thise random “telegraph” signal can also be obtained in a
order of 7y in a region of localization of the nonuniformity model of switching on and off of nonuniformities due to
of the order ofAx (Fig. 2, curvel). Local heating of the heating. Since the instability region of the current flowing
lattice in the region of microplasma localization results in athrough a microplasma is 0.1-2 4/in the indicated range
decrease in amplitude over a time of the orderrefand there can exist at temperature-propagation distances several
switching off of the microplasma and a transition into a statenonuniformities the interaction between which upon switch-
of uniform current flow over a time of the order ef (Fig. 2,  ing on and off can produce a random telegraph signal. This is
curve?2). It should be noted that as a result of the temperaturalso indicated by experimental observations which show that
dependence, even local blocking of the current, which ignicroplasmas were observed to interact when they were
caused by a local decrease of the voltage in the region of theeparated by large distances.
microplasma, i.e., the thermal current in such a region be- Furthermore, it was noted in the numerical investigations
comes less than in the rest of the-n-junction, is possible. that a sufficiently large temperature gradient is capable of
Since a high-density current does not flow in the structuredisplacing the microplasma from the uniformity on which it

c
vi=a+b exp(l—j—>. (10
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FIG. 3. Dynamics of the current flow in the form of microplasma pulses. a—Spatial distribution of the current, b—dynamics of the variation of the current
density at the center of a microplasma.

was formed. Therefore, a nonperiodic heating and cooling of capable of suppressing the instability.
the lattice near a local region can occur when only one mi-

croplasma arises on a nonuniformity. In turn, this process!|. v. Grekhov and Yu. N. Serezhkimyvalanche Breakdown of4m Junc-
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Oscillations of a ballistic hole current through uniaxially compressed semiconductor
layers

N. Z. Vagidov, Z. S. Gribnikov, and A. N. Korshak

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted April 4, 1996; accepted for publication April 17, 1996
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The oscillations of the ballistic hole current through a thin base pt pp* diode compressed
uniaxially in the direction of the current are investigated theoretically. As a result of
compression, the hole dispersion relation contains sections with negative effective mass along the
indicated direction. The current oscillations are caused by the instability of the stationary
ballistic current-carrier distribution, which contains an extensive quasineutral plasma region in
which the mobile component of the charges consists of drifting carriers with negative

effective mass. In many cases, the current oscillations possess a harmonic character, whose
frequency is determined by the length of the base and by the voltage, amounting to hundreds of
gigahertz for long 1 wum), weakly doped bases and several terahertz for short

(<0.1 um), strongly doped bases. Criteria for a quasiclassical approach to the problem, which
was used in the numerical modeling of the vibrational processes described here, are found.
This approach is justified if the ballistically injected carriers are distributed in a sufficiently wide
band of transverse momenta. 897 American Institute of Physid§1063-7827)01202-1

1. INTRODUCTION (>0.5 um) to keep the frequencies of the current oscilla-
tions that arise relatively loup to 1 TH2. Conversely, the

In the present paper we theoretically analyze the generasecond group of parameters corresponds to much stronger
tion of oscillations of a ballistic current by the current carri- goping of the base, large deformations, and higher applied
ers with negative effective maglEM). We examine a spe- yoltages. Such parameters require thin bases. Since the re-
cialized version of this theory when the carriers are holes irquired voltaged/, are such that the interaction with optical
anisotropically compressed cubic semiconductors with diaphonons is unavoidable, we take some latitude in the choice
mond or zinc blende latticésThis generation mechanism of temperaturesright up to room temperature and abave
has recently been observed elsewletand it was previ- The frequencies of the oscillations for this group increase to
ously discussed for the model structures and specific struct0 THz and even higher.

tures with a different nature of the NER7! Anisotropically The ballistic nature of transport in diodes belonging to
compressed hole semiconductors are of special interest behe first group can be ensured automatically by attaining the
cause they can be very easily verified experimentally. chosen parameters. In the second case, however, the chosen

The paper is organized as follows. In S@€ca prelimi-  parameters with a uniform random distribution of impurities
nary discussion is given of most aspects of this work andare not, by themselves, guaranteed to be ballistic. Therefore,
qualitative estimates of the parameter ranges required for thige calculations for the second group are model based. The
effect to occur are made. In the main section, Sec. 3, wescillation frequencies predicted in these calculations can be
present a description of a calculation of the nonstationaryealized in practice with a layered structure of a base with
ballistic current of holes with a dispersion relati@ (p) modulated doping, which decreases hole scattering by the
corresponding to the lower subband. In the calculations it igharged impurity but preserves the screening action of the
assumed that the current is carried through the thin bases @fhpurity.
pTpp* diodes with different base lengthsdifferent carrier The limits of the classical approach employed in Sec. 3
densitiesn, different light-hole massesr() and heavy-hole are investigated in Sec. 4, i.e., the conditions under which
masses ), and different degrees of compression. The caltransitions into a state with the dispersiga(p) can be ig-
culations were performed in the quasiclassical approximanored. In contrast to Sec. 3, where all results are obtained
tion, in which the existence of the next hole subbandnumerically, the criteria of Sec. 4 are obtained as a result of
E,(p) is completely ignored. The working voltage rangesan analytical analysis.

Va € (V¢ Vi), in which the current oscillations exist, are Section 5 is devoted to a final discussion of the results
found and the dependences of the frequency and amplitudsbtained and an assessment of the possibilities.

of the current oscillations on the voltagé, in the range
(V¢,Vy) are calculated.

Two groups of substantially different parameters of the
samples are examined. The first group corresponds to low 2.1. Hole dispersion relation under uniaxial compres-
temperatures at which there is no interaction between thsion. Uniaxial deformation radically restructures the energy
holes and the optical phonons. In this case the diode basepectrum of holes in semiconductor crystals with diamond or
are comparatively weakly doped and must be long enoughkinc blende lattice$.As a result of compression of a crystal

2. PRELIMINARY DISCUSSION
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along an axis of the typgl00Q] [or as a result of uniform
tension in the(100) plang, the points of degeneracy of the
valence bands shift from the positiopg,=0 in both direc-
tions along the[100] axis and occupy the new positions
(P)12=*Pc, Py=p,=0 (the p, axis is oriented along
[100]), and p? is proportional to the deformation. The new
positions of the points of degeneracy of the valence bands
are of interest to us, because sections of NEM,
aZE/ap§<o, in the dispersion relatioR,(p) for the bottom
valence bandsee Fig. 1 appear near them. These sections
exist only for sufficiently low values op, andp,, i.e., in
some solid angle around t#00] axis.

The hole dispersion in the uniaxially compressed crystal
is given by the relatioh

E; Ap)=Ak*+ae¥[E(K)+E(k,e)+E(e)]"3 (1)

where k=p/t, e={e:} is the deformation tensor,
€= €yt eyy-i- €2,
E(K)=B2k*+ C?(kZk]+kZk, +kik?),
2
E(e)= 2 [(€xx— Eyy)2+ (eyy_ ezz)2+ (€7~ exx)z]

1 | L 1 1
+d%(ey+ €5, €5,), 0 05 10 1.;( 20 25 30

T

E(k,&)=Bb[3(K e+ ke y+kle,,) —k?e]

FIG. 1. The dispersion relatioifs; 5(py) of the valence subbands in the case
+2Dd(KyKy€exyt Kik €4+ K K €y, of compression along the axis. The plots were constructed in the coordi-
L ) nates/, x defined in the text. afp-Ge; the parameters/B=1.552; values
A, B, C, andD are parameters describing the hole disper-ofk, , cmt 1—0,2—0.5,3—1; b—p-InAs; parameter&/B=1.173; val-

sion in the absence of deformation, abt= D?—3B?; these  ues ofk, , cm % 1—0,2—0.7,3—1.4.
parameters are related to the well-known Luttinger
parametefs Y123 by the relations A=h2y,/2mg,
B=#%2%y,/my, and D=v3#2y;/my; here my is the free-
electron mass. An isotropic dispersion relation waip=0 is —==—
obtained in the cas€=0 (or y,= y3). The parameters, apyx  h v3lk,|
b, andd in Eq. (1) are deformation potent!afsln what o the differential effective mass is negative for the bottom
fol!ows, we examine the case of compression a_\long>¢_he branchE, (k) with

axis, ande,,= €,,= €,,=0 ande,,= €,,, so that it is suffi-

cient to know onlya andb. In this caseE(€)=b?(e’)? and 2 B

E(k,&)=Bbe'(2k2—k?), where ¢ =eyu—¢e, and kil<zke g 6)

k? =kj+KkZ. We consider only the isotropic cas€+€0),

which corresponds to large spin-orbit splitting of the valenceObviously, Eq.(6) is only an approximate equation, since
band. We then can write B=A, and the right side of relatioff) is close tok;. In

reality, the limit for |k, | is somewhat smaller. Curves of the
E; AK)=AK?+ae+[B2%k +b?(e')?+Bbe’ (2k3—k?)]2 quantities

PE 2 2k,

AxB ——

, ©)

) ~
=E1,/BK=(AKYBF)(k*+1—2ki+x2)V2+1
We see from Eq(2) that b1 EaalBRe=( ) )
) versusk, for fixed values ofo are constructed in Fig. 1;
2= —b € m0, (3) hereEi,~Ej,—ae+ BkZ andk=k/k.. These curves make
¢ Y2 it possible to study the NEM sections where they occur and

also their disappearance at sufficiently large values?of
Besides the sections of NEM which we require, the spec-
gra of the valence bandg; 5(k) in uniaxially compressed
Semiconductors are characterized by another feature which is
important to us—at energigg<Elc=(A+B)k? [energy is

and the minus sign corresponds to a negative value’ pf
i.e., compression. Differentiating expressi(®) twice, we
obtain an expression for the reciprocal of the effective mas
m,,; near the point of degeneracysk,|, |k, |<k):

PE 2| 6k k> measured from the bottom of the bakgl(k)] the holes be-
%f: A A+B [45_ka+3|&]3/2 ' 4 come appreciably lighter: The density of states in each of

them is much smaller than in the heavy-hole band without
where 6k, =k,— k.. For sk,=1 it follows from Eq.(4) that  deformation. In fact, at the bottom of the bakd(k) the
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(V¢,Vy) by a wide central quasineutral region filled with
current carriers with NEM, are described in detail in the
preceding studiés®!! for other mechanisms for obtaining
carriers with NEM]

As shown in Refs. 2—7, 10, and 11, the rangg (V) in
which the current oscillations occur is relevant if the thick-
nessl of the base of the ballistin*nn* (or p*pp*) diode

is greater than some critical vallig, which is estimated to
be 10,11

aT 1/2

e

de|6,|
No(1—m/M)

1 1 1 | ] Here x4 is the permittivity, andng is the density of the

0 0.2 0.6 20 jonized impurity(in our case acceptorswhich is assumed to
uniformly dope the base. In the picture under consideration
the doping of the base is mandatory.

()

le

FIG. 2. Density of states§ versus E, where G(E)=2m242

X (7, /mg)¥2(E)IVE—E(0), E(0)—energy of the bottom of the corre- In most investigated cases the oscillations of the ballistic
sponding subbanc,, eV: 1—0, 2—0.15,3—0.31. current(for I >1, andV.<V,<V,) are nearly harmonic; i.e.,

they are described by a single frequeri¢ywhich increases
with decreasing length of the sample. Since the condition

longitudinal mass equals the light-hole mass=m, and the |>1c must be satisfied, the frequenéycould be increased,
transverse massy=4m/(1+3m/M) and density of states first, by increasing the doping and, second, by means of
massmy=2%3m(1+3m/M) 3. For 4m<M these masses small deformations. A decrease of the deformation means
are all much smaller than the heavy mass At the bottom  that E; decreases and therefore the lower lindit of the

of the bandE,(k) the longitudinal mas#!,=M (heavy-hole active voltage interval also decreases, since

mass$, the transverse masé,=4m/(3+m/M) and the den- 2b|€'|

sity of states masM y=2*3M*m?3(3+m/M)~ 25 The eV,=E.=(A+ B)k§=m. (8)
massedM; and M are also much smaller than the mads

for m<M. Decreasing the voltage, in turn, decreases the frequéncy

The decrease in the hole mass near low energieBurthermore, by varying the lengthor the voltageV,, we
E<E, indicates a substantial improvement in the conditionscannot proceed as we please, since we must satisfy with an
of ballistic transport. In the well-known, study Heiblum adequate margin the ballistic conditibil,,, wherel,, is the
et al® investigated experimentally the ballistic transport of mean free path of the carriers with enerdy=E.:
light holes injected into GaAs by a tunneling contact andl,=E 7(p.)/p.=Ppc7(Pc)/2m. We represent the momentum
verified that their mean free paths are snteimpared with  relaxation time =(p,) in the form 7(p.)=r
the analogous electronic lengthecause of intense scattering X (pc) 7p(Pc)/[ 7i1(Pc) + 7p(Pc) 1, wherer(p,) is the scatter-
into the heavy-hole band. In the case of an uniaxially coming by impurity ions with densityr, and 7,(p.) is the scat-
pressed semiconductor, the situation should change substaering time on phonons. Suppose that there is no scattering
tially, because folE<ae+ Bk§ the E,(k) band is absent, by phonons and only scattering by impurities is present. In
and because the holes in each band become “lighter.” Thghis case, just as in the case of the elementary dispersion,
curves of the density of states in the banfg(p) and 71(p) ~E¥%ny; i.e.,1,~E?2/n,. Since according to Ed7),
E,(p) for fixed values oim andM and for several values of |~ (E</ng)*? the conditionl,>1, has the form
pZ, including the cas@.=0, are shown in Fig. 2. All ener- E32~, 012

( . o o>ang”, 9
gies are measured from a common zero point, which is as-
sumed to be the bottom of the,(p) band. where « is a constant of the material. This condition can

2.2. Oscillations of the ballistic current and the ballistic always be satisfied by adjustirig. and (or) ny. Actually,
condition. The estimates in the preceding section show thahowever, we always have an upper limit on the values of
uniaxially compressed semiconductors are suitable for invess., determined by the threshold for the formation of numer-
tigating the ballistic transport of holes with negative effec-ous dislocations and imperfections. The existence of a
tive mass(NEM); this is the topic of discussion in the next threshold value oE, also indicates the existence of a thresh-
sections. A characteristic feature of this study is that it doe®ld densityng'®, which cannot be exceeded because of the
not contain a description of stationary distributions of theunavoidable destruction of ballisticity. The latter circum-
hole densityp and the electric potentia¥, because such stance means that there exists a lower limit @md an upper
stationary distributions in the most interesting range of volt-limit on the frequency of the generated current oscillations:
ages on thep*pp* diode, which we defined by its limits f<f, .

(V¢,Vy), are unstable fow,>V,, and the stable regime in Disregard of the scattering by phonons is justified only
the indicated range is a regime of oscillations of the ballisticwhenE.<#% wq, wherewy is the frequency of a longitudinal

current around some average val{M/e note that unstable optical phonor(it is assumed that the small anisotropy of the
stationary distributions, which are characterized in the rangeeformation of the semiconductor, which gives rise to appre-
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ciable changes in the spectrum of the valence bands at enanodels for the formation of sections of NEM in the hole
gies E<E,., does not cause a large change in the phonoulispersion relatiorf-’ These other models were based on the
spectrum, and only in the case of lattice temperatures whichpossibility of growing special layered heterostructures with
are so low that the absorption of optical phonons can bgarallel transport, so that modulated doping in these cases
ignored. In this case, only scattering by acoustic phononsvas assumed to be one of the elements of the technology.
remains, which for the actual values Bf and ny can be In the case of a model with uniaxial compression, the
disregarded. In this case, we must also impose the conditiomansition to layered-doped structures means that the technol-
eVy;<fwy. The topE.<hwq for a possible deformation, ogy becomes appreciably more complicated and much less
which is much lower than the fracture threshold, indicatesaccessible in practice.

the existence of a maximum density, which is determined by

the condition a(n{")*?= (% wy)%? and a corresponding

lower limit on the length: 3. OSCILLATIONS OF THE BALLISTIC-HOLE CURRENT

12

I>|Cl:_

S| (10) 3.1. Equations and proceduréo calculate the hole cur-
0

2 rent through the doped base of the diode)6<I, we solved

The limit (10) means that there exists an upper threshold folPoisson’s equation

the vibrational frequency that is estimated to be close to 1 P2V

THz [since conditions of the typ€l0) must hold with a — kg —z=e(P—ny), (14
certain margil If we wish to obtain higher vibrational fre-

guencies, we must increase the deformation and corresponi which the hole density

ingly increaseE . abovefiwg, increaseny, decreasé., and 2

shorten the base. Then emission of optical phonons becomes p= 3 j f(p,x1t)d3p (15)
important and the preceding estimates cannot be used. For

simplicity, let us assume that scattering by phonons is deis determined from the distribution functidi(p,x,t). This
scribed by a constant mean free path. This introduces anothg@nction can be found from Boltzmann’s equation
parameter into the criterio®), which acquires the form of of of

E2 E'FUX&—FGF(?—:O, (16
B> anb+ B . (11) Px
0

T o (Kd

in which the electric field intensityfF = —dV/dx is deter-

Here B is the new parameter, which characterizes the scatlined (self-consistently with the calculation 6f) from Eq.
condition(9), by no means can always be satisfied by adjust/€lationEs(p) [see Eq(1)]: vy=JE;(p)/dpy. The boundary

ing E, andn,. The values oh, which satisfy the condition conditions for Egs(14) and (16) are V(0)=0, V(I)=V,,
(12) can be found if the condition and the prescribed distribution functions of the holes enter-

ing the basdfrom thep™ contact is

: _ _ f (P00 =f[Es(p)—ul, f(p,L,t)=F[Es(p)— ul,
is satisified and if they lie between the extreme values a7

ng~ which are determined by the roots of the quadrat'cwhere the indices- are the signs of the velocity, of these

equation obtained by equating the left and right sides of quutgoing holes. The functiofu[ E,(p) — x] is the Fermi dis-

E.>4Ba (12

(1D: tribution, and the values of the Fermi energyare identical
32 4af at the cathode and anode, they are fixed, and they are deter-
(n51’2>)1’2=z (11 £ ) (13 mined by the prescribed equilibrium hole density at the con-
¢ tacts.
When the inequality(12) holds rigorously,, these extreme The system of equationdl4) and (16) was integrated
values(n{t'?)1/2 becomeE>? and BEY?, respectively. numerically by analogy with the preceding stuciesand

In the region of emission of optical phonofifor the  the previously obtained dependences of the amplitude and
polarization mechanism of the electron—phonon interactiorirequency of the oscillations on the voltayg and acceptor
and for a weaker mechanism—deformation, which domi-densityn, were obtained by the method of computer curve
nates in diamond-type semiconduciotee condition(12)  tracing(CT method. In this methodV, or ny is assumed to
can hold for deformations which are destructiVe., unre- be slowly varying in time: V,=V,(0)+Vjt and
alistic in practice. The only realistic method that we can see ny=ngy(0)+ngt, so that they run through the entire range of
is to weaken electron scattering by dopant ions while mainvariation, of interest to us, of these quantities. For example,
taining their average concentration at the preceding levein the case of the voltage the interval of variation \6f
determined by selecting the valuelgf This requires modu- always contained the intervaV{,V,). In the case of the
lated doping of the base, which results in stratification of thevariation of ny (for fixed V,) a critical value at which the
base into strongly doped layers with acceptoréin the case oscillations were disrupted was always found. The rates of
of hole transpoit and undoped layers between them. WechangeV, andn; of the parameters were always chosen to
have already proposed this method in order to realize othdre low enough so that the variation process was quasiadia-
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respective of the form of the oscillationg\ general property

of all three dependencés-j(V,) is the presence of sections
with N-shaped features with negative differential conductiv-
ity (NDC) on the initial sections of the oscillation intervals,
followed by sections wherg increases withv,. All three
dependences are characterized by well-defined oscillation
frequencied, which are equal to, respectively, 500, 330, and
250 GHz and which do not depend on the voltage These
frequencies satisfy the simple dependerfce(l+1,) %,
where in this cask;=0.5 um. The voltage independence of

f markedly distinguishes these results from the results de-
scribed in Refs. 2, 4, and 7, where in the case of different
mechanisms of the formation of NEM sections in similar
situations a strong voltage dependefi¢¥,) was observed.
Another feature of the characteristics being described is the
1 H‘lﬂtﬁ‘ obvious nonlinearity of the oscillations. Fdr=0.5 um
[{f (curvel) the oscillations are characterized by some “rectifi-
cation” (asymmetry. The lower half-periods are much

o uu‘\\
ot u ] | I

-

- sharper than the upper half-periods. The same effect is ob-
served in a more obvious form on the initial sections of the

T

" 5 oscillations on curveg and3. These initial sections become
N"M}f'ﬁ‘;:‘ s ,,‘rrﬁ‘*""’“”““ sinusoidal sections, and the rectification then seems to
“r ' change sign. In addtion, complicated variants of the nonlin-
ear oscillations also occur on curv@sand 3. We note that
the amplitude of the oscillations was found to be greatest for
3 ) . . , ) . [=0.5um, and the voltage interval was widest for
0.03 0.04 0.05 =1 pm.
Y, V Two additional curveg4 and 5), which correspond to
different parameters of the doping dendibpth curveg and
FIG. 3. The curves of(t) calculated by the computer curve tracing method. deformation(curved4), are drawn in Fig. 3. An increase in the
The voltage varied according to the laW,=V,(0)+Vit, where  gcceptor density in the base by more than a factor of 3,

r_ — 4 r_ — 4 . . . . . .
Va=10"% Vips (for curve 4—V,=2x10 " V/ps). The parameters of the \yhjch js accompanied by a small increase in compression
samples correspond @Ge withm=0.043n,, M =0.34m,, andT=4.2 K.

The curveq1, 2, 3 correspond to samples witk=0.5 (1), 1.0(2), and 1.5 (Curve 4,1=0.5 IU“m)' did not appremably Change the from
eV (3), ny=3x10" cm™3, x=0.004 eV (this corresponds to the behavior of the sample of the same len@tirvel). The
p(0)=p(1)=3%10" cm®), andE.=0.022 eV. The curvef?) and(3) are  oscillation frequencyf increased up te~600 GHz (which
shifted downward on the current scale by 500 Adc@) and 1000 A/ corresponds to a decrease in the paramla_DerAn appre-
cn? (3). Parameters for the curvel: 1=0.5um, ny,=10° cm 3, . . L
1£=0.0125 eV p(0)~2x 107 cm %), E,=0.028 eV, the current values ciable change in the behavior is observed on cuveklere
must be increased by a factor of 5 compared with the values shown on ththe frequency of the oscillationsy 250 GHz, remains the
axis; the parameters for cunge =2 um, no=2x10" cm 3, u=0.022  same as for a slightly shorter ba@eirve3, | =1.5 um); this
eV, andg;=0.022 eV. also corresponds to a decreasé of The scale of the section
N-NDC for j(V,) increased appreciably.

batic and did not affect the parameters of the oscillations ~ The functionj(t) for a fixed valuev,=0.035 V and for
(amplitude, frequency, forinthis was checked by varying other fixed parameters, with a linear decrease in the doping
the rates themselves. densityny=ngy(0)—ngt in time, is shown in Fig. 4curvel).

3.2. Results for long, weakly doped basetmst results  The linear decrease of is clearly seen as a linear decrease
were obtained for a base with germanium parameter# the average current density However, a decrease im,
(m=0.034n,, M=0.34m,, % w,=0.036 eV. In this mate- by more than a factor of 3 did not cause substantial changes
rial, for E.<#Aw, andeV,<%w, (and sufficiently low dop- in either the amplitude of the oscillations or the frequency.
ing densitiey bases with length$ up to ~2 um can be Both quantities decreasédith decreasingy) only near the
used. Figure 3 shows the current dengify) for samples upper values ofg, ng~(3—-4)x 10" cm™3. The amplitude
with three different lengthk (0.5, 1.0, and 1.:m) and other  and frequency remained constant when the nonlinear oscilla-
parametergcurvesl, 2, 3,respectively equal to the values tions (here the degree of nonlinearity was higher for higher
indicated in the caption. The voltag¥g, instead of time, are  values ofng) changed appreciably.
plotted along the abscissa, so that the dependences which are Similar results were obtained for bases withnAs and
obtained are also current-voltage characteristics which inlp-InSh, which differed in the present calculations from the
cude simulation of the oscillation sections. The dashed linep-Ge bases by the values of the masseandM (i.e., the
in the oscillation sections represent the curves of the averaggarametersy; and y, or A andB), as well as the values of
current density, which were obtained jas (j mintimad/2 (ir-  the permittivity x4 in Poisson’s equatiofil4).
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3 4 5 The other way in which the scattering at a charged im-
L L S A LR L puritiy can be decreased is by increasing the en&ggand
g\iﬁ( correspondingly the range of working voltages, i.e., transi-
' \ tion into the regionE., eV,<fwy. In this case, the mean
15 -'1 free path decreases sharply due to the emission of optical
{‘1 10 phonons and it is necessary to switch into a different region
of base thicknessdsand therefore sharply increase the dop-
MM ant density, which requires a further increas&gf decrease
!

M . of I, and so on. Self-consistency starts at much too high
WN values ofE., which are unrealistic. To remain at the level
M E.~0.2-0.4 eV, the scattering by impurities must be de-
creased by a factor of 2—3; i.e., selective doping must also be
allowed in this case.
[\; Next, we present the results of model calculations of
VW\ ballistic-current  oscillations at of room temperature
! \ . (T=300 K) for short (<0.1 um), strongly doped
W "AM N\ (no=10" cm3) bases. In the case @ktype Ge the base
M f'\f N\ thicknessl <0.5 um is sufficient for hole transport without
‘ 0 scattering by optical phonons. In the case of materials such
as p-InAs and p-InGaAs, the stricter condition
| <0.05-0.06um must be satisfied.
The function j(t) for a linearly increasing voltage
V,(t) is shown in the inset in Fig. Hor a p-Ge diode with
DN I=0.1 um andny=2x 10" cm~3). The short section of the
1 . 1 . 0 oscillations (between values oV,=0.4 and 0.5 V re-
i”os 300 “00 sembles the analogous section of the oscillations from Fig. 3
’P (curve 4). However, not only did the voltage range change,
FIG. 4. The curves of(t) calculated by the computer curve tracing method bgt the c_urrent de_nS|ty increased sharplyin accor_dance
with acceptor densityn, decreasing in time according to the law With the increase img) and the frequency of oscillations
1—(40-0.1) x10* ecm™3, 2—(3-0.6)x10" cm™3, 3—(4-0.8) increased alséalmost 10 THx The increase in frequency is
x 10 cm 3. Here Fimet is measured in ps. Th_e parameters correspond toapparently due not only to the decrease in the lehgthut
Ip;%‘_eé iumrvi fg?ggfi@:ﬁgggtf\';jvirfoc_’ggg'?fC":ﬂtgg?:ﬂ‘ééﬁ also an increase in the voltages and average fields in the
scissa at the top and ordinate on the figit=300 K,1=0.1«m (2), 0.07  charged layers. Just as in the preceding cases, the direct de-
um (3), u=0.25 eV,E,=0.391 eV,V,=0.425 V. pendence of the frequency on the voltage across the sample
is not studied here.
The functionsj(t), calculated by the same method for
3.3. Results for short, strongly doped bas8sce the five different Iy Ga ,As base thicknesse$=0.08, 0.07,
results in the preceding subsection, were obtained for sma@.06, 0.055, and 0.054mm) with ny=2x10" cm 3,
deformations E.<%w,), low voltages €V,<#Aw,), and E.=0.22 eV, andT=300 K are presented in Fig. 5. The
low temperaturesT<# w,), they describe the real situation parametersA andB for this alloy were found by linear in-
in uniformly doped p-type bases. The frequencies of the terpolation of the well-known parameters for InAs and
ballistic-current oscillations predicted there, however, areGaAs. A decrease of the lengthdecreases the oscillation
low (<1 THz). The increase in these frequencies, as indiinterval and increases the oscillation frequeri8yTHz for
cated in Sec. 2, is connected with the shortening of the bade=0.08 um to 10 THz at|=0.06 um). We obtain on the
when it is more strongly doped. If in the process the condi-sample withl=0.08 um (Fig. 5, curvel) ostensibly two
tion E;, eV,<fiwq is preserved, then the decrease in theranges, merged into one another, of oscillations with differ-
mean free patty, supercedes the decrease in the $izand  ent frequencies: The range of lower voltages corresponds to
the predicted generation becomes unrealistic. The way out dhe frequencyf<8 THz and the higher voltage range corre-
this situation, as indicated in the same section, is to switch tgponds to the frequench=10 THz. The curved-5 lie in
structures with modulated doping, which makes it possible td-ig. 2 in a manner so that it is possible to constrigztshed
decrease the scattering by dopant ions, while maintainingine) the phase boundary of the region of oscillations in the
constant at the same time the screening action of the dopafit,V,) plane.
on the longitudinal field=(x). Therefore, by using layered- The two functionsj(t) with dopant density decreasing
doped bases instead of uniformly doped bases, we can dtnearly in time in the case of short bases are presented in
tempt to obtain generation in the case of shortened basdsg. 4 (curves2 and 3). They were calculated for the same
with small deformations and low temperatures. For a specifivalue E.=0.39 eV and the same voltayg,=0.425 V. The
assessment of the possibilities of this advance, the scatterimgodel samples are distinguished by a long l&se).07 and
by ionized impurity in selectively doped structures must be0.1 um, respectively. Since the densityn, in the samples
studied in detail, which falls outside the scope of this studydecreases with time according to several different laws, the
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4. QUASICLASSICAL HOLE APPROXIMATION UNDER
UNIAXIAL COMPRESSION

4.1. Equations and procedurtn the numerical calcula-
tions in the preceding section we ignored the existence of the
second hole subband with dispersion relatityfp) and we
assumed that holes in the subband with the relaEg¢p)
move in electric fields classically and cannot pass into the
subbandE,(p). Actually, the minimum gap between the
hole subbands near the point of degeneracy is very narrow,
so that tunneling between the subbands occurs in very weak
fields (and at the degeneracy point itself in zero fields
Px==*p., P, =0). This makes it necessary to analyze the
validity of the classical approach more carefully.

In this section we examined the general approach to the
problem indicated above and we obtained the required crite-
ria. We note that hole transport, in which the interband tun-
neling in a prescribed spatially constant electric fi€lds
taken into account, was studied a long time &gb:14-1°
However, in those studies only an undeformed crystal was
examined, i.e., tunneling occurred near the p@nt0; the
method of analysis was based substantially on the fact that
the fieldF is constant in space.

Here we employ a universal method which is applied to
a wide range of problems, specifically, in Refs. 17-20 and
which is based on a unitary transformation of th& 4}
Kohn—Luttinger Hamiltonia® This transformation, which
was proposed in Refs. 22 and 23, reduces the problem to
operations with a X2 Hamiltonian

FIG. 5. The curves of(t) calculated by the computer curve tracing method " P+Q R 1 0

with voltage increasing linearly with timév,=2x10"2 Vips), |, um: H= - ~ ~|+b€

1—0.08, 2—0.07, 3—0.06, 4—0.055, 5—0.0545; ny=2x 10 cm, R" P-Q 0 -1

©=0.08 eV (p(0)~10" cm %), E.=0.22 eV,T=300 K, m=0.376n,,

M=0.0403n,. The curves are shifted along the ordinate by the amount 0
Aj;=525(0.055-I;[ um]) X 10° Alcm?. Inset: j(t) obtained for the case +[aet+eV(x)—E] o 1l (18)
p-Ge with T=300 K, 1=0.1 um, ng=2x10"% cm 3, x=0.14 eV

109 -3 _ _ .
(P(0)~10°% em™), E;=0.31 €V,V,(0)=0.2 V. where the parametese andbe’ are the same as in E¢f).

As provided above, here only the version of isotrofincthe
absence of deformati¢rvalence bands is use@=0 (i.e.,
v2=v3), although according to Ref. 19, a similar procedure
moments of equal density can be identified with the moment§an also be used in a more general formulation. In (£8)
of equal current density. The oscillation frequerfeitually ~ We used the notation
independent ofiy) in the case of a shorter bagaurve 3) is ) 2 - B
much higher than in the case of a longer bézave?2): 13 P:A( k2 — o2l Q= >
and 9 THz, respectively. In the shorter sample the amplitude
of the oscillations is largefalso, the amplitude remains — 9 —
nearly constant with a large drop in the average value of R:‘@B(j—“ﬂ d_x> R*=v3B
j(1)]. Oscillations in the shorter sample ceased at a substan-

tially higher acceptor densitin agreement with the discus- V(x) is the electric _field_ potential, anB is the total hole
sion in Sec. 2 energy. The Hamiltonian(18) operates on the two-

The ballistic-current oscillations were accompanied bycOmPonent column wave function
‘Ifl( kJ_ !X)

oscillations of the potentigland field in the diode baséfor

a prescribed constant voltage on the djoded oscillations Wik, x)= VoK, ,X)
of the hole density, which have the form of irregular plasma ) i
waves that propagate in the direction of hole transport. Sinc/Nich gives the system of equations
these patterns are fundamentally the same as the analogous ) d>v, )
patterns for different mechanisms of NEM, we refer the =% (v1+2v2) —5 oz +1(y1~ v2)PL+2mp

reader to Refs. 4, 6, and 7, where these patterns are pre-
sented. X (ae+be +eV(x)—E)]¥1+V3y,

2

) d
kL+2W

2

k2 d
?+|kl_|d_x)!
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negative potentiald/(x). The quantity|eV(x)+ae—E]| is
=0, (19 small on the hole emittefi.e., at the anodeand increases
away from it, so that the functionfs A(x), which are nega-

v,

) d
X| pLWot2Aipy] 5=

) 2y, 5 tive at the anode, can change signxaand |V(x)| increase.
—h5(y1=272) —g iz tL(nat y2)pi+2mg The functionf;(x) changes sign first al/(x)| increases,
and for even larger values ¢&V(x)| f,(x) also changes
X(ae—be'+eV(x)—E)]¥,+v3y, sign and becomes positive.
dw, In what follows, we restrict our attention only to the
x| p2W¥,—24|p, | W) =0. (20)  solution (25) with the plus sign, which corresponds to the
branchE4(p), in front of the radical on the right-hand side.
The use of the parametess , in Egs.(19) and(20) made it ~ Classical treatment of this subband will be checked below..
possible to introduce explicitly the Planck constdniand Besides §, Egs.(23) and(24) also make it possible to
then perform a quasiclassical expansion. We seekind To=S{"—S{?. In the next approximation ifi, the sys-
¥ Ak, ,X) in the form tem of equations obtained from Eq49) and(20)
\Ifl‘z(x)=exp{es;(x) +iSl,2(x)} 2) — (275285 ) 1+ 2v3ilp,[72(SY) e T
; 2 P —iTo—
and we exp)and the fL;nction§,§x)) in quasiclassical series: V3iva(pi+2|p.[iS) e =0, 26
S A)=SYx)+aSx)+4282(x)+ ... .  Together I N E I 0)\ 7 T
with 812(%)2 we int%éuce thegcliﬁ‘ference of these functions 72~ 272)l1%=2%(S )] 2/3ilp. | yo(S7) €T
T(X)=To(X) +AT1(X) +£°T(x)+ ...,  where  T(x) +V3iy,(p?—2|p,|iS) T.€'To=0, (27)

=) - (x).

S(lAf'[er sﬁ(?bstituting the expressiof2l) into Egs.(19) and can be used to calculatgknowing Tgy(X)] (§1(?2))’ and
(20), the latter equations, will contain the functiong(9 T1(x) and then to check that the conditi¢®2) is satisfied.
and $%(x), in addition to different powers of the exponen- We have
tial cofactors exptiT(x)]. Rapid convergence of the quasi-
classical series requires satisfaction of the condition T1=A4/A, (28)

A T1(X)]<1, (22 where
which would make it possible to use the expansion
e M= To[1+iAT,(x)+0(A2)].

The condition(22) is used below as a criterion for the valid-

A=2(¥i =4y T§S)*—695p2 To—V3p, [ 1S

X[(y1+27,)€ 0+ (y1—27y,)e” o],

ity of the classical approach employed in Sec. 3. A=iyV3|p,|SH{—4ivV3y,|p. |+ (y1+27,)
In the zeroth approximation i, it follows from Egs. _ _ _ _

(19) and(20) that X (|p.|—2iSp)e'To+ (y1—27,)(|p. | +2iSH)e Tob.

(711272)S°+ (v1= v2)p? +2mg[ae+be’ +eV(x)—E] 4.2. Quasiclassicity criterion.Let the potentialV(x)
+\/§y2(pf+2|pi|i5(’,)e*”0=0, 23) vary according to the law

(71 272) S+ (y1+ 7,)p? + 2m[ae—be’ +eV(x) - E] V) =VemVae ™™, 9
+v3y,(p% —2|p, [iS))e'To=0, (24) Wwhere V. is determined by the conditiorf,(x)—0 as

) ] ] o . X—om, i.e.,eV.=ae—E—y.be'/2y,, and the characteristic
(everywhere except’ the prime designates a derivative with length\ ~* is estimated to be slightly lower. Thea(x) has
respect tax). We thus obtain

the form
’2 2 2 2
=—p7+ + +
Sy7=—p? + 1100 =100 + fop?, (25 S 30
where ) )
) where F,=4mgy,eV,/(yi—4v5), and fi(x)=mgbl|e’|/
FL(X)=— 2m0{y1[eV(x)2+ae—2E]—2y2be }' ya— v1F,e *$2y,. The law of variation of the potential
Y1~ 472 (29) presumes that in the limix—co there exists a region
e , with holes with NEM, where the potential equals, and the
fo(X)=— 2m0{2y2[eV(x2)+aez E]~ vibe }, condition (22) must be checked for the approaches to this
Y1—472 region, where screening remains linear. The valueg qf
12my y,be’ which must be studied, below are determined by the Fermi
f3(x)=— 20 2 . distribution of the injected holes. If this distribution is not
Y1=47%; too wide, then for the potentialé, =V, the condition
We recall that we are interested in the case of compres-
on (be! i n ST @
sion (be*<0), so thatf;>0. We are also interested only in S 3lPL

157 Semiconductors 31 (2), February 1997 Vagidov et al. 157



holds for all values ofp, under consideration. Under this satisfactorily with the previous estimate ®f The quantity

condition we obtair Sj|=(mgb|€’|/y,)2, and we can also
obtain the estimate

|e?To|>1. (32
The conditiong31) and(32) make it possible to estimate
A=2V3y,|p, |S?(y1+27,)€'To,

A=2(¥{— 4y THSy?

and, finally,
-2 )
Tol= o Te ™™
‘/372|pl|
(Yi—4yp)N | —fo(Vi3+Tap2 +1y)
v — . (33
¥2P1 S VE2+f4p?

It is easy to verify that the right side of EB3) is maximum

p, could also be estimated from the hole distribution in the
momentum space. These estimates did not refute the previ-
ous estimates. We have therefore used solely this brief infor-
mation.

5. CONCLUSIONS

We examined above the previously proposed mechanism
for excitation of oscillations of a ballistic current of carriers
with NEM on the basis of uniaxially compressed hole semi-
conductors. Holes as current carriers realize best and with the
largest margin the required conditidh>2m. Furthermore,
the NEM realization studied here is of a volume charagter
contrast to the contadinterface character in the case of
asymmetric double quantum wétisor compositd”X quan-
tum wells). Accordingly, the carrier dispersion necessary for
our purposes does not require in and of itself a layered struc-
ture of the base and can be realized in the homogeneous

for f§=(\/§—l)f3pf/2. The expression in square bracketsvolume of a hole semiconductor. Therefore, the experimental

on the right side of Eq(33) equals~0.49\/f4|p, |, so that

VY1— 473 L

T,|=0.28 ,
T ¥ Ip. |

and the condition(22) acquires the form
Yi-4v: A
Y2 Ip.l
We shall apply two different estimates &f for use in the

0.284 <1. (34)

expression34). The first estimate is similar to that used in
Ref. 7, where the screening length of the electric field
screened by drifting holes with NEM in the quasineutral

NEM region serves as 1. This situation differs from that

realization of this version in the regime of low temperature
(T<hwyp), low voltages €V=1,), and small deformations
(Ec<hwg) is most realistic (especially since the base
lengths in this case are also easily accessibe0.5 um).
Unfortunately, the frequencies of the oscillations in this case
are not too hightypical value~0.5 TH2. At the transition

to the maximum admissable deformatiorifor which
E.>%wg) the lengthl must be substantially decreased and
thereforen, must be increased in order to obtain oscillations.
In this case, the scattering of holes by randomly arranged
acceptors makes it impossible to satisfy the conditib®
with acceptable values &.. The way out of this situation
can be found in modulation doping and by switching to a
layered structure of the bas@ut preserving the volume

studied in Ref. 7 in that there all carriers had the same negaxechanism for formation of NEM Specifically, this could

tive mass, since the dispersion relation in xhdirection was

uniform to a first approximation. In our case, however, the,

dispersion relationE(p,) near the pointp,=p. depends

strongly on|p,|, so that screening is produced by a multi-

component hole mixture. The value bffor this mixture is

calculated in theAppendix The set of parameters in Fig. 1

corresponds to\~100 um™ 1. After substituting|p, |=p,
and using EqsiA.10), (A.11), and(A.12) from the Appendix
the condition(34) acquires the form

1/471/2

2(yo—yp) ¥ e2m0n0
0.2 <1. (35
E{ 71_5/431/2)/1/4),2( 7’%_ ] 75)1/4 th1/4pz/4

be 5-doped bases with the required period and with the re-
quired surface density of acceptors per layer. The transition
to layered bases and values 0.1 wm would make it pos-
sible to achieve oscillation frequencies above 10 THz, which
were obtained here in Sec. 3. On the other hand, the exist-
ence of a variation of the potential in the transverse direction
would result in some changes in the dispersion relations for
holes, which were ignored in Sec. 3.

The transition to a layered structure of the base, how-
ever, eliminates the structural simplicity ofpd pp* diode,
which is the main attractive feature of the mechanism. In this
case there appears an additional competing method for real-

Substitution of the parameters from the caption in Fig. 5izing a dispersion relation with a NEM section in hole
gives the inequalityi|T;| = 0.1<1. According to our esti- semiconductors—quantization of holes in quantum wills;
mates, the conditiof35) holds satisfactorily not only in the here we give an extensive list of earlier studies. The appli-
case of large deformatiorig.~=0.3 eV), but also in the case cation of longitudinal transport through the base in hole
of small deformationgE,=26 me\). guantum wells makes it possiblg tb maintain a large ratio
The second method of estimation consists of determinM/m; 2) to regulate the energy, by the width of the quan-
ing the quantityn directly from a computational experiment, tum well; 3) to combine in pseudomorphic structuf@gssys-
since we have at our disposal the hole density distributionems GegSi;_, or In,Ga _,As) two mechanisms of forma-
along thex axis for all values ofV,. We estimate\ at the tion of NEM—quantization and anisotropic deformation;
voltageV,=V,, i.e., at the boundary of the transition from a and, 4 to perform modulated doping. Therefore, the analysis
stationary state into an oscillatory state. The valueof such quantized hole layered bases on the basis of the
A~150 um~! was obtained for the concentration distribu- problem described here is extremely urgent. We note that the
tions corresponding to the model in Fig. 5; this value agreeproblem of oscillations in layered bases was studied
158 Semiconductors 31 (2), February 1997
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previously in a model version; it was found that current International Science Foundati¢@rant N K5D100, and the
oscillations were present even in the case of a single layerFund for Fundamental Research of the Ukrainian State Com-
As mentioned in detail in Sec. 2, the main conflict in themittee on Science and Technolodrant 2.3/23 “Bal-
generator principle lies in the double role of the dopant—thdista”).
dopant screens the electric fidland in this role there must
be a large amount of dopant in order to realize short struc-
ture9 and it scatters hole@nd in this role there should not
be any dopant at gl The modulated doping, which results in
an unavoidable layered structure, is one method for solving. Calculation of the effective screening radius of holes
this conflict. with negative effective mass
Another possible method is to introduce a definite inho- | Sec. 5 we employed the parameterwhich deter-

mogeneity in the distribution of impurities along the direc- mines the decay of the electric field in the quasilinear NEM
tion of the current, i.e., along the axis, since different re-  region and which has the physical meaning of the reciprocal
gions of the base play different functional roles. However,of the screening radius of the electric charge. We recall that
we note that such a stratification is dangerous in that it iy the NEM region the charge of the acceptors is neutralized
impossible to give a systematic ballistic description. Thisby the charge of the drifting NEM holes, so that the neutral-

description should not depend on any assumptions about cagy condition P=n, holds. Here the hole densif§ is given
rier scattering in the base, for carriers entering the base fromy £q. (15), which we rewrite in the form

both electrodes, only in the case when a potential minimum 4
is absent therdi.e., the potential well should be described _am j

. . . . P= f(X,py,PL)- Al
only by a monotonic function or contain one potential bar- h3 P.dp.dpd(X,Px,Py) (A1)
rier). Introducing layers with a high doping level, we intro- Let us assume that the effective andthe anode is the hole

duge potential vyells and n SO doing it is hecessary to Olei'njector) lies in the planex=0. The holes entering the anode
scribe the trapping of carriers by wells and freeing of the

; are described by the Fermi distribution
carriers from the wells.

The generation mechanism, which we examined above 1, for ,u>E1(px,pJ_)>0,
and which is based on carriers with NEM, is an analog of the and p,>0;
well-known Gunn effect. In both cases use is made of the  f(O.px.pPL)= 0, for p<Ey(py.p.)
increase in the mass of the carriers as their kinetic energy ’ or pM<0 BEerL
increases. The fundamental difference between these mecha- o
nisms lies in the fact that the Gunn generation of oscillationdVe note that the parametgron the effective anode is not a
is a typical dissipative effect with diffusion transport, inter- constant of this contact, but rather it depends on the flowing
valley transitions as a result of scattering, and an increase ieurrent, and the potential of the effective anode, in contrast
of the mobility and density of states masses. In our case it ito the potential of a metallurgical anode, varies with the cur-
a nondissipative effect; only a single transport mass increasgent. Using Eq.(A.2) and the condition for a ballistic hole
and only in the direction of motion. It is obvious that inter- current, we write the hole distribution function for arbitrary
mediate situations with a small number of scatterings in thevalues ofx (ignoring, on the other hand, the reverse flow of
base(so-called quasiballistic transpirtvhich combines the holes that leave the anodie the form
particular features of each mechanigee, for example, Ref.
25), are possible.

6. APPENDIX

(A.2)

1, for w—eV(x)>Ei(pyx,p.)>—eV(x)

The quasiclassical approach used by us requires that apr, , o y— and p,>0;
other criterion be satisfiedin addtion to the condition TR 0, for Ey(px,pr)<—eV(x),
(22)]—the frequency of the current oscillationsr2 must be Ei(px,p)>—eV(x)+u or p,<O.
small compared with the minimum quantum frequency, (A.3)

w=[Ea(ke) ~Es(kc) )/ This condition cannot be satisfied \yg ntroduce for prescribed values afand p, the two

for p, =0 whenw=0; but it will hold for most holes par- maximum values ofp,, which are denoted ap(l):p(l)

ticipating in the current flow ifw is assumed to be the value %(p, %) and p@(p ;) and which are determi;ed b; the
1 X 1

atp, =py.: formulas

2 [2 = =
w(p) =7\ yljzyz plbe’|. (36) E1(py” pu)=—eV(x), El(piz),pl)=—ev(x)+(ﬂ)

Let us estimate the corresponding frequencywWe recall thatV(x)<0 and thatE;(p,,p,) is measured
f(p,)=w(p,)/27 for |be’|=2x10"2 eV andu=4x10"3 from the bottom of the bandE,(ps.p,); ie.,
eV. The result if(p,) ~7 THz, which is more than an order E (p,,p,)=E;(py.p,)—ae+ Bkg is the kinetic energy in
of magnitude higher than the frequency found in Sec. 3 fokhe bottom subband. Using EgA.3) and the definitions
the current oscillations. The estimates are just as favorable ifp 4), we have
the other cases.

This work was performed with the partial financial sup- p=
port of the Joint Fund of the Ukrainian Government, the

4 Pr
7 |, PP =R, (A5)
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wherep, is the highest value g, determined by the con-
dition

E4(0p,)=p. (A.6)

The problem now is to obtain an explicit expression for

(2)—pM) and to calculate the integral in EGA.5). Using

Egs.(2) and(3), we have

2 2 V1Pt 2728
Px=— pJ__Z'YZ 2 A2
Y1i—4v3
2 (71P2+2y,p0)?  3p2p? AT
2 (2—4v3)2 T 42442 '

wherepZ=—pZ—muE/y,. Itis easy to verify that EqA.7)

is a modification of Eq(25). Substituting in Eq(A.7) for

E the right-hand sides of EqA.4), we obtain expressions
for (p{)? and ({?)?, respectively. Substituting these ex-
pressions into Eq(A.5), we obtain

_ A
~ hp,

2
Y1Mos Pr
Yi—4v5 2

Y2 2 2 43p
+ 3pé ((prp0+p2)

Y
(PR PD*A -~ 5

A8
3p2 (A.8)

(PS—pd) |,

where

Po=3p2 (¥i—473),

p3=4mi[eVi(x)+ul?l (vi—473)°.

On the right side of Eq(A.8) we assumed that > p,
and thatE > u, V(x)=V.—V1(X), whereV, is determined
by analogy with to Eg. (29: eV,=—E.=

— (y1+2y2)p§/2mo. Further simplification of the right side
of Eq. (A.8) gives the expression

p1=4e2Vi(x)md/(vi—4v3)?,

24_77 Mopt  Pr | YaPr 4meeVyy, (A.9)
h* yi-4v;pe| 2 po3(vi-473)]
and from Eq.(A.6) (sincep.>p,) we have
2mou
pi=——. (A.10)
Yi— 72

The quasineutrality conditio®=n; in the volume of the

P (L= y) (Vi 4y3) ]2

(A.11)
Substituting Eq(A.11) into Poisson’s equatiofiL4), we ob-

tain
d2v,
dXZ :)\Zvlv
where
3/4
\2 emong ' [87 yo(yi—y)™

= 574 172 314, 2 2 .
th3/4pc 3 Y1 (71_47’2)3/4
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Trapping of hot electrons at repulsive centers under transverse runaway conditions
Z. S. Kachlishvili, Kh. Z. Kachlishvili, and F. G. Chumburidze

Thilisi State University, 380028 Thilisi, Georgia
(Submitted October 10, 1995; accepted for publication April 18, 1996
Fiz. Tekh. Poluprovodr1, 268—270(February 199y

The trapping of hot electrons at repulsive centers under transverse runaway conditions is
calculated. The dependence of the trapping probability on the Sommerfeld factor and the
exponential dependence of the trapping probability on the energy of the tunneled electron

are taken into account. It is shown that the latter dependence plays an important role near the
threshold of transverse runaway of hot electrons, while far from the threshold the
Bonch—Bruevich trapping probability is a good approximation. 1897 American Institute of
Physics[S1063-782@07)01302-1

The trapping of hot electrons at negatively charged ceneombination of dissipation mechanisms a threshold exists
ters has been studied extensivégee, for example, Refs. only with respect to the applied electric field and for the
1-5. It is well known that in this case the probability of other it exists with respect to the applied electric and mag-
passage through the Coulomb barrier plays the main role atetic fields. This effect was called transverse running aivay.
low temperatures. Since the most important distances ifccording to Refs. 8 and 9, transverse running away occurs
these processes are much larger than the size of a trap, thader the following conditions:
trapping probability is proportional to the Sommerfeld factor
and the corresponding trapping cross section is given by the
standard Bonch—Bruevich expression. t>0, 3t+s=2.

However, it was shown in Ref. 6 that, besides its depen- .
dence on the Sommerfeld factor, the probabiRyfor an Heret ands are exponents in the energy dependence of the

electron to be trapped at a negatively charged center Shoumomentum and energy mean-free paths:

t>0, t+s=2,

depend exponentially on the energy of the tunneled electron: | =] x(1*V72, TzTox(“SVZ,
P 27 1 wherex=WI/kyT. The values ot ands for the known dis-
R Hm V) @ sipation mechanisms are given, for example, in Ref. 10. In

. o . the case of strong heating, when
whereW is the kinetic energy which an electron must lose on

being trapped, and is the tunneling time. The trapping ax 921+ x> 1, 2
coefficient in thg elgctron—temperature approximation wWase gistribution functions under transverse runaway condi-
also calculateq in this Wor_k. It was shown that when the;ons have the form

above-noted circumstance is taken into account, the standard

concept of electron temperature is replaced by an effective  fo1(X)=A; exp(— 7x'/at), 3
electron temperature which contains the parameters of the

center and isIO of the order of the reciprocgl of the phonon fod)=Az exi =x/(1+a)]. @
energy. In the case where the electron temperature is mudfere a=(E/Eg)?, n=(H/Hg)?, A; andA, are normaliza-
lower than this energy, the result obtained by Abakumdation factors, Eo=v3koT/e(lolg)*2 and Ho

et al® is identical to the Bonch—Bruevich restiltn Ref. 7,  =(2mck,T)¥el,. All other notations is standard.

the trapping coefficient was calculated, taking into account It should be noted that of the known energy and momen-
what we have said above, for a needle-shaped, hot-electraom dissipation mechanisms, the following scattering mecha-
distribution. According to the results of these calculations,nisms satisfy the conditiot>0 andt+s=2 (see Ref. 10

the effective Bonch—Bruevich cross section is a good ap- t=3,s=-1,i.e., for the momentum—scattering by im-
proximation for a highly charged trapping center, while in purity ions and for the energy—scattering by the deforma-
the opposite case the exponential factbr must be taken tion potential of the acoustic phonof3A scattering at both
into account. high and low temperatures;

In the present paper the trapping coefficient is calculated t=1,s=1, i.e., for the momentum—scattering by dipole
under the conditions of transverse runaw@iR) of hot elec- centers, by the piezoelectric potential of the acoustic
trons. As shown in Refs. 8 and 9, in the Hall regime in strongphonons(PA scatteringin the high-temperature approxima-
electric and magnetic fields and for some combinations ofion, polarization scattering by optical phonof®0 scatter-
momentum and energy dissipation mechanisms, as the aveang); for the energy—PA scattering in the high-temperature
age energy increases, the collision frequency of the hot ele@r low-temperature approximations or deformation scattering
trons approaches zero and, because of a sharp increase in theoptical phonons.
internal field, the current-voltage characteristic changes The following dissipation mechanisms satisfy the condi-
abruptly, the change being of a threshold nature. For ondon t>0, 3t+s=2:
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t=1, s=-1, i.e., for the momentum—scattering by di- o A4vmm
pole centers, PA scattering in the high-temperature approxi©n1= T(3/2t)
mation or PO scattering; for the energy—DA scattering in

t(2t= 3)/2t(k T)vo~ 1/2( Y

(4vy+5)/6
270)

both the high- and low-temperature approximations. cwlet) 2 23 _al? G "

Using Egs.(1) and(3), we can write the trapping coef- 0 2% ex 2] Yo (11
ficient fort>0 andt+s=2, in the form

> amt (-2 Far from threshold, when the inequalities

\ o
Cn (3/2t) (kOT) ( 7;) I‘tfl(5/2t)t(tfl)/t ( 77)1/t
Yo< = —| <1, (12
x"oW (ko TX)exp( — nxt/at— YoX) ° r=t(3/2t) ay
Xf 2 ax, 5)
exp(y/x™%) = 2t4 1|21 42

wherey=2mz€/efivg, zis the charge of the repulsive cen-  &x<| (5) 7, (129

ter in units of the electron charge,is the permittivity of the

material,v, is the velocity,vg is a parameter of order ¥ is  ho|d. the solution of Eq.(8) can be represented as

a slowly varying function of the energy, and¥ are taken y —(4/27)2(2+1) and the trapping coefficient has the
from the Bonch—Bruevich expression for the effective crossggorm

sectior), yo=27koT/%, andI'(x) is the gamma function.
The integral in Eq(5) can be calculated by the saddle-point (4vot—1=3) 2 2t
method, taking into account that>1 under the conditions ¢ [, TARLD) y @+

of interest to us. Dropping the 1 in the denominator in Equ—— W (Ko T Xg0) €XP >

(5), we obtain forC, n2

-3 2t-1)
—32 D\ D
Cn=4mt (kOT)Vol/z(a_t> y +(2, (2t+1) ¥ ( )E' 13
T'(3/2t) n LCAR 2 2t
Xy expl 1(Xoy) ] X200 (KoTXo0), 6 Here
Mo
(2vg+2-1)
where 0 4 27m 1/2( y)th
Cro=tramn | or01] |5 ; (14)
- Xt /2ty \2t+1 2
@1(X)=yx~ 2= yox— ot (7)
_ _ _ 5 2t+3 5 t+3
andxg; is the solution of the equation a=ay 1+ atl™| —— TS (14a
y12=x32 yo+ 7 x‘l). (8)  We note that the inequaliti€d2) and (1239 can always be
@ made compatible by varying the field and taking into account
Expressing the internal electric field in terms of the appliedthe large  value of the numerical coefficient
field E,, we obtaif} [(2t+1)/2]2F Y (y12)%.
5 If yo=0, the expressiofl3) is identical to the expres-
o ( P2t +3)/2t])t N ] ) sion obtained in Ref. 5 using the effective Bonch—Bruevich
X L (t+3)/2t] |’ cross section.

In the caset>0 and 3+s=2, using the saddle-point

— 2
wherea, = (E,/Eg)“. Near the transverse runaway threShOIdmethod, we obtain for the trapping coefficient

/r

the condition(2) also holds well and the solution of E(B)

t+3
2t

2t+3

E,<El >

1+a (4vp+s)/3
1+(1+a) yo) W (koTxo3)

—=(1+a)" ¥
n3

has the formxg;= (v/2v,)%°. For the trapping coefficient we Y\ 2T 1+ yo(1+a)] 28
have xXexp —3 E T . (15
C / 3/2t
n_ (a 7]) Here
3
\/(t—l) (nla) (y12y0) 1B+ —y om) 112 (20p+1)/3
4 0 m vo-12 ¥
Crs=8| 3] (keT)" ™5 : (153
Y 2t/3 7
>< —_ —_— J—
o2 a0 v e
o _ L=L1+2. 76( ) Hl—Z.?ﬁ(—) al (16)
wherea is given by expressiof9) and Ho Ho
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Characteristic features of electron photoemission from the metal in SiC-based
Schottky diodes

L. A. Kosyachenko, V. M. Sklyarchuk, and E. F. Sklyarchuk

Chernovtsy State University, 274012 Chernovtsy, Ukraine
(Submitted October 24, 1995; accepted for publication April 18, 1996
Fiz. Tekh. Poluprovodr3l, 271-276(February 199y

The photosensitivity of an Al-SiC Schottky diode in the range of photon energies less than the
band gap of the semiconductor and the height of the potential barrier at the contact with

the metal has been investigated. The observed characteristic features of the photon energy and
applied voltage dependences of the photocurrent are interpreted in a model that takes

into account the photoexcitation of electrons in the metal and their subsequent above-barrier
passage and tunneling into the semiconductors.1997 American Institute of Physics.
[S1063-78267)01402-9

1. INTRODUCTION Analysis of the electrical properties of the diodes shows
that the influence of the intermediate lay@retween the
metal and the semiconducjois negligible? With suffi-
%iently high forward biases the current-voltage characteristic
: . Yis determined by above-barrier transmission of electrons
photons whose enerdy is greater than the band gé in from the conduction band of the semiconductor into the

tr;]e sem|cor_1ductor. _tH‘;We‘;f]“ n iorgasthtq?[m Junlct|on, " ‘metal[for high currents the dependence of the curienn
charge carriers excited Iin the metal by pnotons aiso particly, . voltageU deviates from the law~expeUKT) because
pate in the formation of the photocurrent in the Schottky

. o of the voltage drop across the serial resistance of the ctystal
d.|(_)d_e. _Photoemlssmn from the met."" extend; the photoserl‘t—or low U, when the thermionic current is weak, the forward
sitivity into the long-wavelength region, and its spectral de- urrent is determined by tunneling of electrons from the con-

Eendenc? tlﬁ oftent lljsed to fm(;j t?e he'gg(tt?f tﬂetr}oﬁem'aguction band of the semiconductor into the metal through the
arner at the metal-semiconductor con what 1ok parrier? Tunneling also determines the reverse current

lows, the properties of Al-SiC diodes that reveal a numbeEhrough the diode, even at the lowest voltadés Fur-

of characteristic features of t_he electron photoe_zmis_sion fror[Phemore, for strong reverse biases an additional increase of
thg metal by <E,) are d_escnbed and a theoretical Interlore'the current as a result of carrier multiplication in the barrier
tation of these features is presented. region of the structure is observed,; this is indicated by pho-
toelectric measurementsee below Naturally, the reverse
currents, just as the forward currents with Ity are lower
when SiC with lower values dfi;— N, is used.
Single-crystalline wafers afi-type SiC—&1, doped with The heightp, of the potential barrier of the experimental
nitrogen up to uncompensated donor densitydiodes, which was found from capacitive measurements, in-
Ng—N,=10"—10" cm3, were used to prepare the photo- creases from 1.75 to 1.85 eV as a result of a displacement of
diode structures. After mechanical grinding and polishingthe Fermi level into the volume of the semiconductor as the
the wafers were chemically etched in molten KOH:KNor doping level of the SiC wafer increases. We note that an
30 min at 850—900 °C. Next, the wafers were washed irappreciably greater barrier height, as compared with the re-
deionized water using ultrasound. Aluminum, which was de-sults of Ref. 2where¢,=1.3 eV), is achieved as a result of
posited in vacuunt10 ® Torr) at a substrate temperature of the described technology for obtaining rectifying contacts,
the order of 450 °C, was employed as the metal for preparingspecially, etching of SiC wafers in molten KOH:KN@nd
the Schottky barrier. Electron-beam evaporation from avacuum annealing of the Al-SiC structures.
water-cooled copper crucible was used to deposit a 10 to 15- The uniform prebreakdown luminescence, which is ob-
um-thick Al layer. An important stage in obtaining these served over the entire area of the Al contact, and the high
samples was vacuum annealing of the Al-SiC structures at egctification coefficien{10*~ 1 at 2 e\) attest to the high
temperature of the order of 900 °C for 10-20 s. An ohmicquality of the diode structures.
contact to the substrate was produced by vacuum sputtering
of Al followed by brazing it to the substrate with short pulses
from a solid-state laser\(=1.06 pwm). With sufficiently
strong reverse biases, white-blue luminescence is observed The excitation of a photocurre}, in the experimental
over the entire area of the rectifying Al-SiC contact. Diodesstructures with a nontransparent Al layer is possible under
for which brighter spots(microplasmags were observed illumination only from the substrate side. For a substrate
against the background of uniform luminescence were nothickness of the order of 40@m, photons with energhv
used for these investigations. greater than the band gap in the semicondu€tes 3 eV do

The photosensitivity of a Schottky diode is determined
mainly by electron—hole pair production in the space-charg
region as well as in the adjoining semiconductor layer b

2. SAMPLES

3. PHOTOELECTRIC MEASUREMENTS
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FIG. 1. Curves of the photocurrent of the
Al-SiC diode (Ng—N,=5X10" cm3) in
the regionhv<E, at room temperature: a
— versus photon energiiv with reverse
biasU,V:1—0.45,2—1.453—2; b —
versus the reverse voltaglewith photon en-
ergyhv, eV:1—15,2—1.8,3 — 2.2,

4 —2.8.

1;/2’ arb. units
N
I,, arb. units

not reach the barrier region, so that the diodes are photosen- Curves ofl , versus the reverse voltage are shown in
sitive only in the spectral regiomvy<Eg, which corresponds  Fig. 1b for different values of the energy of the exciting
to electron photoemission from the metal. According tophotons. A section of relatively slow change of the current,
Fowler’s theory applied to a metal—semiconductor conthct, which is replaced by a section with a sharp increase in cur-
in the regiongy+Au<hv<Ey (Au is the distance of the rent above some value &f, is present on all curves for low
Fermi energy from the bottom of the conduction band in thevalues ofU. The latter feature is due to the impact ionization

volume of the semiconductopr of the atoms of the crystal lattice by charge carriers acceler-
ated by a strong electric field in the space-charge re(es,
lo~[hv—(¢po+ Aw)]?, (1) for example, Ref. 2 The associated photocurrent multipli-

cation will not be studied below. The curveég(U) with
which makes it possible to identify immediately the mecha-U=4-5 V presented in Fig. 1b reflect the behavior of the
nism of the observed photocurrent and to fipgl by con-  current due to the electron photoemission from the metal into
structing the curve of\/ﬁ versushv. The results of such a the barrier region of the semiconductdgin all cases
construction for one diode are illustrated in Fig. 1a. As onehy<E,). According to the diode theory of charge transport
can see, the curves measured for different reverse biases can-the barrier region, the current does not dependUorand
tain rectilinear sections, whetg changes by approximately jt should increase as/g,—eU only for the diffusion
an order of magnitude. Fdrv>2.5 eV the observed devia- mechanisnf. As one can see from Fig. 1b, the behavior of
tion from straight lines is explained by the decrease in thehe photocurrent for low biases is more complicated: The
optical transmission of the substrate, through which the receurrent increases with the voltage more rapid than
tifying Al-SiC contact is illuminated. Indeed, our measure-| ,~ Jeo—eU, and the growth rate depends on the energy of
ments show that the transmission of Al-doped SiB-sBarts  the exciting photons. For example, fan=1.5 eV, asU
to decrease ahv=2.5 eV as the absorption edge is ap-increases from 0 to 5 V, the current increases approximately
proached and drops to zero fow>E;=2.96 eV. A more by an order of magnitude, whilgo,—eU increases by only
important feature of the results shown in Fig. 1a is that they factor of 1.9.
spectral variation of the photocurrent depends on the voltage  Another feature of photoemission in the diode studied by
applied to the diode. Extrapolation of the linear curvd$  us concerns the temperature dependences of the photocur-
versus hv to the photon energy axis gives a value of rent. In contradistinction to Fowler's theory, which assumes
@0+ Au close to the barrier height obtained from capacitivethat photoemission is insensitive to a change in temperature,
measurements, but only if the dependemgghv) is mea-  the measured currents grow appreciably with increasing tem-
sured with the minimum values &f. As U is increased, the perature. The temperature dependence intensifids ade-
photoelectric measurements give increasingly underestireases, especially in the regibn<¢,. Under otherwise
mated values of the barrier height. Another feature which wehe same conditions, the dependencel pbn T increases
discovered is that the photodiode is photosensitive in theuith decreasing voltage at which the spectrum is measured.
region ofhy appreciably belowpy+ A, down to 1.4-1.5
eV. This region does not fit into the Fowler theory, in accor-4- INTERPRETATION OF THE RESULTS
dance with whichl, decreases rapidly~exphw/kT)) for A distinguishing feature of our experimental diodes is
hv<gp+Au. the high doping level of SiC, as a result of which the barrier
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region at the contact with the metal is narrow and the inten- 5
sity of the electric field there is high. Fady4—N,=10'® 70
cm 3 £=10.2, ¢,=1.8 eV, and a reverse biag b V the
width of the barrier region isd=[2eey(@o—eU)/
e?(Ng—N,)1¥2 = 5x 10" ¢ cm, and the intensity of the field

in the semiconductor near the interface B
=2(po—eU)/ed=1C° V/cm. In discussing charge transport
under such conditions, we take into account the action of two
factors — lowering of the barrier height by the mirror image
force (Schottky effect and tunneling processes.

We start the quantitative description of the effect of
these factors with the expression for the decrease of the bar-
rier by the mirror image forceA ¢ =e(eFl4eso)Y2 Substi-
tuting for F the expression for the maximum intensity of the
electric field in the barrier, we obtain iy /

A¢=Blpo—eV), @ Y
where  B=e*(Ny—N,) Y4 71%(2ee0)¥*  Substituting

Ng—N,=10'® cm™2 gives 8=0.1 (eV)®“ This means that . . .

. . FIG. 2. Computed curves of the above-barrier photoemission current taking
asU increases from 0 to 5 V, the barrier decreaS?S apProXizccount of the mirror image force with exciting photon enerdies eV:
mately by 0.13 eV. FON4—N,=10" and 18" cm 3 the 1 _152_183— 2.2,4— 2.8. Room temperature.
barrier A¢ correspondingly increases or decreases approxi-
mately by a factor of 1.8. Such changes in the barrier height
are comparable to a shift i@y, which follows from Fig. 1a.  contribution in  calculating 1,. In this case

In studying electron photoemission from a metal into theln{1+exd (hv—E)/kT]}=(hv—E)/KT and, ignoring the par-
semiconductor, it is convenient to measure the electron enicipation of electrons with energy above the Fermi energy,
ergy from the Fermi level in the metal. In this referencethe upper limit of integration can be set equalhp. As a
system, the probability of finding in the metal an electronresult,

with energy components,, E,, E, is

3
w
r

Ipg,arb. units
S
~_y
i

3,
A
T

hy
— 223
f(Ey.Ey.Ep) ={exf (Ex+E,+E,)/KT]+1} L. (3) lpo=(lom/27*A >LO+AM_M(hV— E)dE
For an electron to pass through a barrier oriented inythe (1A B hy— (ont Au— A o) ]2
plane, thex component of the energy is important, and the (lom/4m a5y —(eot Au—Ae)] (6)

y andz _components can be arbitrary. After integrgting theIn other words, we obtain Fowler's formufa), which con-
expression(3) over E, andE, from 0 to o, we obtain the = ing 5 weak dependence Igf on U (in terms ofA ). The
following (_expressmn for the_ number of electrons with energdy asuits of an exact calculation using E&) with the same
E=E, which are approaching the barrfer: values of the photon energy as in Fig. 1b are presented in
n(E)=(mkT27%4%)In[1+exp —E/KT)]. (4 Fig. 2. One can see from Fig. 2 that the present model results
) o in behavior which resembles the experimental dependences,
Integratingn(E) overE from ¢o+Au—Ag@tox,itiseasy pyt only with respect to the general features. For
to obtain the standard formula for the density of the reversg, - ¢o+Au—Ag the computed photocurrent is virtually
thermionic emission current through the Schottky dide  j,qenendent ob), while the measured photocurrent increases
this case Ifl+exp(—E/kT)]=exp(-E/kT)}. To calculate the 1y 5 factor of 1.5-2 adJ increases from 0 to 5 V. Con-
above-barrier photoemission current, it is necessary to tak\‘?ersely forhv< go+ A u— A ¢ the computed dependence of
into a_ccount in Eq(4) the fact tha.t an electron with energy o on U becomes stronger and for fixed the computed
E, which passes through the barrier, has endgyhr UpON ¢ ;rrent decreases much more rapidly than the experimentally
absorbing a photon. Furthermore, it is necessary to introducg,easured current dsv decreasegby six orders of magni-
coefficients which take into account the reflection of light at; e instead of three d& decreases from 2.8 to 1.5 pWVe
the interface, the absorption depth of the photons in the ote that the only adjustable parameter in calculatipgis
metal, and other factors. However, the effects cons@ere%e quantitys, which can differ from the static permittivity
here correspond to a narrow spectral interval, so that it cags the semiconductor. However, its effective value, which is
be assumed that these coefficients are virtually independeg{apiested in the Schottky effect, can be only smaller than
of hv. Therefore, we can write the folIonmg expression for yhe static permittivity: Taking this fact into account would
the above-barrier photoemission current: give an even larger discrepancy between the computational
o and experimental results.
Io=1lo f n(E—hv)dE, 5 We now give a quantitative description of electron pho-
toemission from the metal with participation of tunneling.
wherel is a constant. Fohv exceeding the barrier height For an electron with energi,, which moves along the
by severakT, the integration regioft<h» makes the main direction, the tunneling transmission coefficient is

potAu—Ae
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from the metal with subbarrier electron transmission into the semiconductor
(hv,=1.5 eV) and with the participation of tunnelind1¢,=2.2 eV). Bot-
tom: Computed distribution of electrons emitted from the metal into the

semiconductor. The electrons absorbed photons with erfergycurves3,
1 4) andhv, (curvesl, 2) with reverse voltag®,V: 2,3—1,1,4— 3. The

IP0+ Ipard. units
3

703 — position of the Fermi level in the metal correspondsEte O; for above-
barrier photoemissio® (E, U)=1. Room temperature.
10’ 1 L i
0 4 2 6 semiconductor but from the Fermi level in the mdia$ in
u,v Egs. (3)—(6)], we obtain an expression f@(E, U) by re-

placing in Eq.(9) Eq by E—Au—eU. Integrating the prod-
FIG. 3. Computed curves of the sum of the_ aboye-barrier and tunneling,ct n(E)D(E,U), we obtain for large reverse biases
photocurrent_s p0+lp[. tak_lng account of the mirror image force under the (|(p0—eU|>cp0) an analytic expression for the currbnt
same conditions as in Fig. 1. A T .
which is similar to the Fowler—Nordheim formufeExpres-
sion (9) for D(Egy, U) and the corresponding expression for
%o D(E,U) are good in that they are applicable not only for
D(Ey, U)ZGXF{ —ZM/ﬁJ' Ve(x)—Egdx|, (7) large voltages but also for the actual voltages, which in this
X case are low voltages.
where x; and x, are the turning points, ang(x) is the To calculate the photoemission currelny; associated
variation of the potential in the barrier; the remaining nota-with tunneling, it is necessary, just as in calculating the
tion is standard. If the energy is measured, jusp@s), from  above-barrier photoemission currely,, to replace in the
the bottom of the conduction band in the volume of the semiexpression for the number of electrons approaching the bar-

conductor anc is measured from the interfaéaye have rier E by E—hv and to introduce the coefficiemg:
X)=(@o—Ap—eU)(1—x/d)>. 8 eo+Au—Ae
#(X)=(@o~Ap—eU)( ) ® | tzloj ’ n(E—hv)D(E,U)dE. (10)
In this casex;=0 and x, is determined by the equality Emin

¢(x) —Eo=0. After integration, it followd from Eq.(7) that  The lower limit of integrationE,,, must be such that it

D(Eq,U)=ex —( om d/%) ([ po—Ap—eU)(¢g yvould.ejncompass the entire tunneling region. In practice, it
is sufficient to seE;, at a value equal to several tenths of an
—A@—E) Y2+ Eq IN{\VEo/[(¢o— A electron-volt lower than either the upper limit of integration

if hv>epp+Au—A or slightly lower than hv if
—eU) 2+ (go-Ap—eU-EgMhL, (9, 2o fY TR i

whered;=[2e¢,/€?(Ng—N,)]*2 If the energyE is mea- According to the model employed by us, the electron
sured not from the bottom of the conduction band of thephotoemission current from the metal is a sum of the above-
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barrier current o, and the tunneling currerit,. The results 5. CONCLUSIONS

of a computer calculation according to E@S) and (10) of ) ) )
the photosensitivity spectra in the Fowler coordinates are  Study of the photoelectric properties of Al-SiC Schottky
presented in Fig. 3 for different voltages, together withdiodes reveals characteristic features of electron photoemis-

curves of the photocurrent versus the voltage for differenfion from the metalin the regionhv<E,) that do not fit
exciting photon energie®f course, the curves do not take INto the standard idealized model. Allowance for the lower-
into account the effect of absorption of light in the substrateNd Of the barrier by the mirror image force gives depen-
and avalanche processe€omparing the results obtained by dences of the phgtocurrgnt on the photon energy and voltage
us with those presented in Fig. 1 shows that the propose‘&ﬁ‘at are quantitatively different fro'm.the expenmentally .ob-
model satisfactorily describes the experimental data. served dependences and makes it impossible to explain the
The processes occuring in the diodes invesetigated af@otosensitivity of a diode for photon energies below the
explained and the energy distribution of the electrons emitte§@rrier height. The quantitative and qualitative agreement be-
from the metal into the semiconductor is illustrated with thetWeen theory and experiment can be achieved by using a
aid of Fig. 4; the latter distribution is described by the func-combined photoemission mechanism, which includes, in ad-
tion n(E—hw) for above-barrier photoemission and by the dition to the above-barrier photoemission, photoabsorption

function n(E—h»)D(E, U) for tunneling photoemission. ©Of photons by electrons in the metal and subsequent tunnel-
We see from the figure that for 2.2-eV photons, i.e., foring of the electrons into the conduction band of the semicon-

hv>@o—Ag+Au, only a small part of the photoexcited ductor. _ _
electrons penetrates into the semiconductor above the barrier We wish to thank V. V. Guts for assistance in the prepa-
and most electrons tunnel through the barrier; in addition, agtion of this paper.
the voltage increases, the fraction of tunneling electrons in-
creases appreciably. If the photon energy is 1.5 eV, i.e.,
hv<go—Ae+Apu, virtually all electrons excited by the , _ o -
light enter the semiconductor by tunneling through the bar- [S SzePhysics of Semiconductor Dev%wney, N. Y., 1981, 2nd edition
. . h A . . [Russian translation, Mir, Moscow, 19B4
rer. AS the voltage increases, the tgnnellng region shifts Nz A kosyachenko, N. M. Pan'kiv, A. V. Pivorar, and V. M. Sklyarchuk,
the direction of lower electron energies, and the electron flux Ukr. Fiz. zh. 27, 101(1982.
from the metal increases sharply. Therefore, it follows iR- H. Fowler, Phys. Re\88, 45(193). ,
clearly from Fig. 4 that tunneling can explain the observed G. E. Pikus,Theory of Semiconductor Devicga Russiar, Nauka, Mos-
’ T . cow, 1965.

features of electron photoemission from the metal in the ex-5r_j. Archer and T. O. Yep, J. Appl. Physt, 303(1970.
perimental diodes. To achieve quantitative agreement beé&l. S. Kabanova, L. A. Kosyachenko, and V. P. Mikhrfiz. Tekh. Polu-
tween the computational and experimental results, it is nec- Provodn.21, 2087(1987 [Sov. Phys. Semicon@1, 1265(1987].

- . - ’R. H. Fowler and L. Nordheim, Proc. Roy. Soc.1A9, 173(1928.
essary to take into account the lowering of the barrier by the
mirror image forces. Translated by M. E. Alferieff
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Breakdown electroluminescence spectra of silicon carbide p—n junctions
M. V. Belous, A. M. Genkin, V. K. Genkina, and O. A. Guseva

Kiev Polytechnical Institute, Ukrainian National Academy of Sciences, 252056 Kiev, Ukraine
(Submitted October 17, 1995; accepted for publication April 23, 1996
Fiz. Tekh. Poluprovodr1, 277—280(February 199¥

The breakdown electroluminescence spectrp-af junctions with uniform and microplasma
breakdown, which were prepared on Si@C-&ystals, have been investigated. A distinct periodic
structure of an oscillatory nature with oscillation periods of 0.1-0.5 eV was observed in the
room-temperature emission spectra of individual microplasmas. The amplitude of the bands
increases with the period, and at maximum period it exceeds the amplitude of the background
radiation. A similar structure was also observed in the spectra of individual microplasmas on
SiC—H. It is assumed that the structure is due to the action of a strong electric field in the
region of radiation formation. ©1997 American Institute of Physids$$1063-782@07)01502-7

The breakdown electroluminescence of silicon carbideAccordingly, we covered the entire crystal, except the mea-
p—n junctions has been under investigation for many yearsuring section, with light-absorbing paint.
because of its possible applications in the production of A high-power BMR-3 monochromator was used to
highly stable wideband emitters. Attempts have been madeecord the spectra of weak radiation fluxeggth integrated
to explain the spectral features of the radiatiohput there  power 10 °—10° W) from the experimental samples. The
is sitill no general agreement about the mechanism of théletector consisted of a specially selectedJFE photomul-
breakdown radiation. Among other reasons, this is appartiplier, employed in the single-electron mode. To ensure
ently due to the lack of reliably established parameters of thenaximum sensitivity with adequate spectral resolution, the
band structure for the most common polytypes of siliconsample being measured was placed directly in the plane of
carbide (SiC—, 15R). At the same time, in view of its the input slit of the monochromator. The statistical error in
simpler crystal structure, the band structure parameters of thgignal detection within the working photon energy range
less common cubic modification SiC&have been deter- (1.8—4.0 eV did not exceed 1% at the ends of the spectrum
mined much more reliably, and this has already made it posand 0.5% at the center of the spectrum; the confidence prob-
sible to interpret one of the breakdown electroluminescencability was equal to 0.99. The instability of the sensitivity of
bands! It is of special interest in this connection to investi- the photodetecting channel did not exceed 1% per hour. The
gate SiC—& in order to determine the breakdown electrolu- signal strength was measured with a step of 0.02 eV.
minescence mechanisms in silicon carbide. The typical emission spectra pf-n junctions with uni-

In the present paper we present the results of an experform luminescence, which differed in the magnitude of the
mental study of the breakdown electroluminescence spectigorking voltage of the sample, and in the excitation level
of uniform and microplasma breakdown in SiGs-®ased and which were measured at room temperature, are presented
structures and of the new phenomena, which have also bedh Fig. 1. As one can see from the figure, the spectrum of
observed in SiC—8, and which were discovered in the pro-
cess.

We investigateg—n junctions prepared by alloying Si- B
lumin in theB face of SIC—& crystals grown by the method 2
of thermal decomposition of methyltrichlorosilane and doped 1
with nitrogen during the growth process. Then junctions
possessed an area of the order of 1@n?. Samples with
breakdown voltages of 6—30 V were chosen.

Microplasma breakdown was observed in mgstin
junctions, but in a several samples, as the current increased,
the entire area of thp—n junctions was filled with lumines-
cence, which, when observed under microscope with a mag-
nification of about 100, looked to be completely uniform.
Some samples emitted uniformly with no microplasmas.

Investigation of the emission from samples with micro- ]
plasma breakdown revealed that, in addition to the properties 18 22 26 J0 JI4 J& 42
described in the literature, the spectra are also characterized hv, 8V
by other features. To study these features, it was necessary to
separate the radiation from small sections ofitha junction "' ﬁnIﬁ)rfrskﬁj?]‘q"l’r’:ei'fgfc";“rggﬁfp‘ig;f(;pe;t_r?l‘g S;:f’i‘ é‘;“jtg’is
(with dimensions of less than 5@m), which contained a (16_1). powering regime1—30 mA, 30 V; 2—100 mA, 9.6 V;3—100
single microplasma or a region of uniform luminescencema, 8,3 V;4—15 mA, 8.25 V;5—60 mA, 10 V.

Ny, , arb. unuts
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samples exhibiting uniform breakdown electroluminescence
contains a band with a maximum near 3.1 eV against the
background of the wideband radiation.

The wideband background is very weakly expressed in
the spectra of the low-voltage—n junctions with a break-
down voltage of less than 10 V. This contrasts wjthn
junctions whose breakdown voltage exceeds 20 V, for which
the wideband background makes the main contribution to the
radiation. The fraction of the wideband background also in-
creases as the excitation level increases. It was established
that the dependence of the form of the spectrum on the ex-
citation level is much stronger in samples with low-voltage
breakdown.

The standard interpretation of the 3.1-eV band as radia-
tion associated with direct transitions of hot electrons in the
conduction band Xs.— X;.) (Ref. 1) is consistent with the
latest data on the energy band structure of SiC43De-
tailed analysis of the form of the spectrum, taking into ac-
count the different types of electronic transitiqpgrformed,
for example, for S{Ref. ), is impossible at present, because
the quantitative parameters of the band structure of StC—-3
have not been reliably determined. However, there is virtu-
ally no doubt that the radiation in the 3.1-eV band is related
to electronic transitions. In this connection, an important dif-
ference in the behavior of the 3.1-eV band and the wideband

Ny, arb. unlts

background accompanying a change in the excitation condi- £
tions of the breakdown electroluminescence suggests that S 2
hole transitions participate in the formation of the wideband s
radiation. A good correlation is observed between the frac- ¥
tion of the wideband radiation and the probable changes in 2
the number of free holes in the region of then junction. §
Similar behavior has been described in Refs. 2 and 3. 22
A distinct structure, of an oscillatory nature, with the Q7

oscillations superimposed on the standard spectrum, has
been observed in the room-temperature spectra of gme

junctions with microplasma breakdown. These junctions are 6
characterized by comparatively low working voltagés 7

most cases less than 1§.\he amplitude and energy posi- X \

tion of the ospillgtions differs supstantially fr.om sample to ”1_, zfz 25 3“0 3¢ 348 4.‘3
sample. The indicated structure is virtually independent of hv,eV

the temperature of the sample in the range 77—-400 K. The

ratio of the bands changes in a complicated manner as thec. 2. Emission spectra of individual microplasmas in SiC+8-n junc-

excitation level changes. An attempt to determine the emistions (a) and differentiated spectri). S«’:Imlflesl—(135—1),I :—\2125—128,

sion regions of thep—n junction which are responsible for g'_“l_l%éﬁgig;’élé_llag7&;3%3’:@3?}3 ona Z?r:zaﬁqplé,&:—o:

structure manifestation led to the need to separate small seg- g

tions of the junction on which, according to a visual assess-

ment, radiation of one luminescing “dot” was presdmte

call such an object an individual microplasm@he spectra structure is substantially differert®.1-0.5 eV in different

of such sections have a very simple shape. microplasmas. The amplitude of the oscillations with respect
A series of typical room-temperature spectra of indi-to the background radiation is approximately the same in all

vidual microplasmas is shown in Fig. 2a. Differentiation of sections of the spectrum. A correlation is observed between

the spectra with a step of 0.02 eV was performed for addithe period and the average amplitude of the bands. This cor-

tional analysis of the oscillatory structure. The relative mag-+elation increases markedly as the amplitude of the bands

nitude of the change in the spectral density of the radiatiorincreases. The radiation spectra with a large period of oscil-

was determined for each photon energy. The correspondingtions always have the 3.1-eV band as the dominant contri-

curves are presented in Fig. 2b. bution against the background of the weak wideband radia-
As one can see from the figures, the bands of the osciltion.

latory structure cover virtually the entire spectral range, they  No definite correlation between the period of the struc-

have an almost uniform energy spacing, and the period of theure and the working voltage of the-n junction was found.
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For example, the spectra of microplasmas present on one

p—n junction with the powering regime are presented in Fig. i
2 (curvesl and?2). However, it was noted that structure with
the maximum period and amplitude is most likely to be
present in the case of samples obtained on crystals with a :
higher doping level and, correspondingly, lower breakdown : 1
voltage. For such samples, a stronger electric field can be
expected in the microplasmas. 7

As the excitation level of th@—n junction changes, de-
spite the substantial change in the general character of the
spectrum, virtually no energy shift of the bands of the oscil- 2
latory structure is observe@Fig. 2, curves3 and4). b

The bands of the oscillatory structure are subject to sub-
stantial, very rapid degradatiofsubstantial degradation is
observed over the operating time, measured in hodrse
degradation is maximum for microplasmas with high-
intensity bands with a long period. The background radiation

L\/\/\/\/\/\/Z\/\
ture but more slowly. The voltage on tlpe-n junction de- | 1 | | )

goes out together with the bands with the oscillatory struc-
creases at constant current synchronously with the decrease 18 22 26 30 34 38 4.2
in the quantum radiation yield. The degradation rate de- hv,e¥
creases substantially, as a rule, when the samples are pow-
; ; ; ; IG. 3. Emission spectra of individual microplasmas in Si@-6-n junc-
.ered m. a regime in V\./hICh the VOItage rather than.the Currejngons (a) and differentiated specti@®). Samples1—(209), 2—(107). Volt-
is stabilized. The typ|_cal character o_f the change in the €MiS5ge on a sample, Vi—14.3, 2—8.8.
sion spectrum of a microplasma during operation is shown in

Fig. 2 (curves5 and6). More complicated cases of the varia-

tion of the spectrum structure during the operation @&  structures. According to a number of qualitative features —
jUnCtion, which are characteristic for minOplasmaS with aweak temperature dependence1 energy periodicity, and cor-
longer period of the structure, are also encountered. In thes@lation between period and amplitude — these oscillations
cases a change in the energy position and a redistribution @fre most like the oscillations observed in near-edge absorp-
the relative intensity of the bands are observed. Virtually ngjon spectra of Cd$Ref. § and GaAqRefs. 9 and 1Din the
degradation occurs when the samples are in storage. presence of a uniform electric field. The possibility of inter-
It should be noted that we observed a periodic structur@reting them as a manifestation of the Wannier—Stark levels
of the breakdown electroluminescence spectra only in thgvas discussed. The question of the nature of these oscilla-
radiation of some low-voltage microplasmas. Many attemptsions apparently remained open, while later theoretical and
to observe this structure in the radiation fn junctions  experimental investigations of the manifestation of
with uniform luminescence, including with current density Wannier—Stark levels were concerned mainly with artificial
exceeding 19 A/cm? when the sample is powered in the periodic structure¢for example, Refs. 11 and 12
pulsed regime, as well as in the radiation of microplasmas While there is a qualitative similarity, the oscillations
with breakdown voltages exceeding 20 V were not successwhich we observed also exhibit fundamental quantitative dif-
ful. ferences — order-of-magnitude longer periods, larger ampli-
The observation of such a periodic structure in the spectude, and, most importantly, they cover a very wide spectral
tra of p—n junctions prepared using other SiC polytypes isrange.
noteworthy. We observed such a structure in the emission Nonetheless, it is helpful to estimate the magnitude of
spectra of individual microplasmas in alloypen junctions  the electric field that would correspond in the Wannier—Stark
based on SiCH48. The samples were produced from model to the observed oscillations. The electric field inten-
SiC—eH wafers, grown by Lely’s method, and doped with sity E=Ahwv/a, whereAhv is the period of the oscillations,
nitrogen during growth to uncompensated donor densityand a are the lattice constants, should reach values of
above 18° cm™3. The p—n junctions were produced on the (2—10)x10° V/icm in SiC—3 and (3-7)%x10° V/icm in
faces perpendicular to the crystallograph@ axis. The SiC—6H. Taking into account the data f@y,,, in SiIC—6H,*3
breakdown voltage of the samples did not exceed 10 V andie see that such fields are realistic. It is also possible to
apparently corresponded to the region of tunnelingexplain in this case the rapid degradation of the junction in

A, , arb. units

4/th ///“, arb. units
T
5

breakdowr. microplasmas with the longest oscillation periods and hence
Room-temperature spectra, of two microplasmas, differwith the maximum fields.
ing in the structural period, in SiC+b p—n junctions are However, such a model must be based on the assumption

shown in Fig. 3. As one can see from the figure, the basithat all radiation is formed in a region of an almost uniform

features of the structure in SiCH@and SiC—& are similar.  field, which seems unlikely. From our point of view, the
We know of no examples of oscillations, similar to thoseassumption that a strong electric field in the region of radia-

which we observed, in the emission spectra of semiconductdfon formation influences the structure of the states cannot be
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rejected in and of itself, especially since in SiC the fields in 3L. A. Kosyachenko, A. V. Pivovar, and V. M. Sklyarchuk, Zh. Prik.
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well known (Franz—Keldysh effect, Wannier—Stark leyels  °J. Bude, N. Sanco, and A. Yoshii, Phys. Rev4§ 5848(1992.
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The dominant mechanisms of charge-carrier scattering in lead telluride
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The present status of the dominant mechanisms of charge-carrier scattering in lead telluride is
analyzed critically. It is shown that the role of the Coulomb potential of the vacancies

and the role of the deformation potential of acoustic phonons in carrier scattering in PbTe has
been strongly overestimated in most existing studies. Futhermore, the role of optical

phonons at high temperatures has been unjustifiably reduced to a polar component only. It is
shown that, in addition to this mechanism, the deformation potential due to optical

phonons, whose greatest contribution is at high carrier densities, also plays an important role in
carrier scattering processes at temperatures in the range of room temperatur@97©

American Institute of Physic§S1063-7827)01602-5

The dominant mechanisms for scattering of free chargespecifically, the question of the deformation potential of op-
carriers in lead telluride have been discussed and analyzdital phonons, must also be reinterpreted.
for a long time(see Refs. 17 It has been established that On this basis, an attempt was made to reanalyze the
carrier scattering by characteristic point defects and by therdominant mechanisms of charge-carrier scattering in PbTe
mal phonons are such mechanisms. Their relative role iproceeding from the present level of knowledge. The analy-
scattering processes reduces to the following. sis made below is based on Kane's band model

At low temperatures, pf the order of the I|qU|d—_heI|um e(1+eleg) = kf/th+ﬁ2k|2/2m| 1)
temperatures, charge carriers are scattered predominantly by 9
charged vacancies. At high carrier densities, of the order ofnd the well-known experimental dependences of the Hall
10'° cm™2 and higher, the scattering by the short-range po-mobility of charge carriers on their density. The analysis is
tential of the vacancies predominates; at low densities, of thenade at room temperature and liquid-helium temperatures, at
order of 5 10 cm™2 and lower, scattering by the Coulomb which all scattering mechanisms which are important in
potential of the vacancies predominates. In our analysis thBbTe can be described in the relaxation-time approximation.
charge of the vacancies was assumed to be equal éoor  In this approximation, the Hall mobilitys; of the charge
+2e, wheree is the electron charge. carriers, with arbitrary degeneracy of the charge carriers, can

As the temperature increases, the role of the vacanche calculated &s
mechanisms of charge-carrier scattering decreases and the _ 2
role of scattering by thermal phonons increases. The latter pn= ([ (2)/Mo(2) J9/(7(2)/mo(e)), @
processes dominate at temperatures of the order of rootfihere the brackets indicate averaging
temperature, and scattering by the deformation potential of o
acoustic phonons and polarization scattering by optical (A(s)>=f (—dfglae)k3(e)A(e)de/
phonons make the main contribution. The constant of the 0
acoustic deformation potential is estimated to be 24 eV for o
electrons and 27 eV for holés’ f (—afgloe)k3(e)de,

However, the present concept, formulated at the begin- 0
ning of the 1970s, concerning the dominant charge-scatterinty(¢) is the Fermi—Dirac distribution function, and
mechanisms in PbTe requires a substantial correction. It doaggy=3m;m,/(2m,+m,). The dependences of the relaxation
not answer the question of why the electron mobility in PbTetime 7 on the reduced energy=e/koT for the scattering
is more than two times higher than the hole mobility. Ac- mechanisms which are assumed to be dominant mechanisms
cording to present theory, the valence béandand and the in PbTe, have the following formfs®
conduction bandc band in PbTe are mirror images of one a) Coulomb potential of the vacancies:
another, and the electron and hole effective masses are nearly 2 172 32 21312
identical at the band extrem@aee, for example, Ref.)5If To(X)= sg(Zmn) (ko T)™*0x+ BX°) ,
under such conditions the scattering of charge carriers by the m(Z€)*N,[In(1+ €)= &/(1+€)1(1+2px)
Coulomb potential of the vacancies dominates at low charge- &)
carrier densities, then the electron and hole mobilities shouldvhereé= (2kr,)?, k is the carrier wave vector, ang is the
also be equal, because the electron and hole masses a®eening radius of the vacancy potential;
equal. This implies that the role of the Coulomb potential of  b) polarization scattering by optical phonoriEs¢ 6):
the vacancies in charge-carrier scattering processes in PbTe 2 N 12— 1

. ho(X+ Bx) Y F

must be reexamined. Furthermore, apparently, the approach Tpo(X)= = T ’
to estimating the role of optical phonons in these processes, e (2mpkoT) " (&, —&o ) (1+2BX)

4
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where TABLE 1. Basic parameters of PbTe which were employed for calculating
the electron Hall mobility.

_1, 2BxX(1+BX)
F=1-6In(1+6 )~ 557
(1+2Bx) Parameter 42K 300 K References
X[1—25+252 |n(1+5—1)]' £y, eV 0.19 0.315
m,Img 0.026 0.0453 > Refs. 1012
85=(2kry) 2, andry is the screening length of the optical m;/m, 0.24 0.24 )
phonons; &g 1470 400 Refs. 2, and 13
. . €u 38.5 326 Ref. 14
.C) short—rqnge potential of' the vacanf:les and the defor- C.. dynesiom’ 8.1x10"! 7 1% 10t Refs. 2, 5, and 15
mation potential of the acoustic phonons: hwg, eV 0.0136 Ref. 2
2\—1/2 a, A 6.461 Ref. 5
r(X)= —2 m(T) O+ BX7) p.g/em? 8.24 Ref. 5
m (1+2B8x)[(1—A)>—B]’ z 0.14 Ref. 9
A=Bx(1—K)/(1+28x) R ° e
=Bx(1-K, +28X), E,.,eV 26
, U,.. ergsiem® 3x10™3 3%x1073 Our data
B=8Bx(1+ Bx)Kn/3(1+28x)°, G/ 15 15
where for the short-range potential of the vacanciesv
and
70,0=mhMy(2M ke T YUSN, , K, =U,, /U, mum experimental values of the electron mobility with the

(6)  values computed from Eqs2), (5), and (7) for different
for the deformation potential of the acoustic phonomsa  Values ofE,. (see Fig. 3 We see thaE,. in PbTe cannot
and exceed 19 eV, since otherwise the electron mobility at 4.2 K
A ) 2o could not reach the experimentally observed value of the
70,a= 2 Ci1E5(2MKoT)™,  Ka=Eqa,/Eac. (7)) order of 5.6<10° cn?/(V -s).
In Egs.(3)—(7) m, is the effective density-of-states mass in The results of the latest theoretical investigations of the
one ellipsoid at the band edge; ande.. are the static and character of the localization of electric charge on vacancies
high-frequency permittivities, respectivelge is the va- Were taken into account in the analysis of the possible con-
cancy charget, . ,, andE,. ,, are, respectively, the short- tribution of the Coulomb potential of the vacancies to the
range potential of the vacancies and the deformation potertnarge-carrier scattering processes in P?)'Peacordmg. to
tial for the ¢ andv bands;N, is the vacancy density; and this work, a charge of 0.Bis localized on a vacancy giving
C, is a combination of elastic constants. In the case of mixed"0 free carriers, as happens in Pofehe remaining ex-

scattering the total relaxation time was calculated in theb®SS charge is spread over the crystal. Therefore, the quantity
usual mannér Z in the expressiorn{3) for the relaxation time must be set

equal to 0.14 and not 1 or 2, as previously assumed. As a

T§l= E L (8)
|
. 9
The main PbTe crystal parameters employed for calcu- 10
lating u are presented in Table I.
The parameterg,. and U, are adjustable parameters 10°

and their values were determined so as to obtain the best >
agreement between the computed and experimental depen- S
dences of the electron mobility on the electron density. If the -:
¢ andv bands of PbTe are mirror images of one another, S
then the ratio of the values of these parameters for the indi- x
cated bands should give, in the simplest variant, a difference

in the electron and hole mobilities in the investigated mate- 10%}
rial. As the zeroth-order approximation, it was assumed that
this quantity is the same and equals 1.5 for both the short-

L] £ s "
range potential of the vacancies and the acoustic deformation 0.0% 107 107 , 107 10¥
potential; this agrees with the published daaad gives the r, cm-
required value of the ratio of the electron and hole mobilities y )
in PbTe. FIG. 1. Electron Hall mobilityu, versus electron density (T=4.2 K)

. according to the data from Ref.(3) and Ref. 6(b). Lines—Calculation for
The experimental results opy(n) at 4.2 and 300 K,  the scattering mechanisnts; 2—Scattering by the Coulomb potential of the
which are to be analyzed and are generalized according tecancies3, 4—scattering by the short-range potential of the vacancies,
existing published data, are shown in Figs. 1 and 2. It wag§—scattering by the deformation potential of the acoustic phoradptal
first necessarv to estimate the possible role of the lon scattering according to Ed8) for the dependence®,4,5 Values of the
y o € p i gparameters used in the calculatiod;3—N,=n/2, 2,4—N,=2x10%
wavelength acoustic phonons in the formation of the electroRy,-3 for n<4x10® cm™3 and N,=n/2 for n=4x10* cm 3, 5—

mobility at 4.2 K. We have accordingly compared the maxi-E,.=15 eV.
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typical hole density in crystals grown from méft®=18 |t
should be noted that the quantify,.=15 eV, which we
proposed on the basis of an analysis of the low-temperature
electron mobility, is much smaller than the standard value
E.c=24 eV, which was found by analyzing the high-
temperature mobility=® This means that the role of the
acoustic deformation potential in charge-scattering processes
in PbTe has been systematically overestimated.
) ) . At 300 K the simplest approach is to estimate the con-
107 10m 107 10% tribution of polar optical phonons to the scattering processes,
n, em-3 since the mobility which they produce can be calculated
without any adjustable parameters. As one can see from Fig.
FIG. 2. Electron Hall mobility..,, versus electron density (T=300 K) 5 (cyrve 1), this contribution is rather large at low carrier
accord!ng to the daﬁa in Ref. (@) i_and_our data(b)._ Llnes—CaI_culanon for densities, which agrees with the known res(Refs. 135,
scattering mechanismsl—Polarization scattering by optical phonons )
(PO); 2—scattering by the deformation potential of the acoustic phonons  Under the combined action of polar optical phonons and
(DA);3—PO+DA; 4—scattering by the deformation potential of optical the acoustic deformation potential, the computed values of
phonons DO) according to Eqs(5) and(9); 5—DO according to Eq(10);  the mobility for E,.=15 eV are much higher than the ex-
gBPOJrDAJTDO' DO—according to Eq.(10; 7—PO+DA+DO,  yorimental valuegFig. 2, curve3). They can be formally
—according to Eqs(5) and (9). .
matched by settingE,. equal to 24 eV, as done
previously'~" However, it is difficult to explain satisfactorily
result of the smallness of the charge localized on the vacarsuch a large increase in the constant of the deformation po-
cies and the high permittivity of PbTe, the Coulomb poten-tential with increasingr, since it is usually assumed to be
tial of the vacancies plays a secondary role in the chargetemperature-independeJmF? More likely, the estimates pre-
carrier scattering in the entire range of vacancy densitiesented indicate that these two scattering mechanisms are in-
(Fig. 1, curvel), if one adheres closely to the idea that onesufficient to explain correctly the formation of charge-carrier
vacancy gives two free carriet$ti.e., N,=n/2. Our cal- mobility in PbTe at high temperatures. It would be more
culations show that the role of the Coulomb potential of thelogical to conclude that under these conditions scattering by
vacancies in charge-carrier scattering in PbTe can beconibe optical deformation potential is also important.
appreciable only in strongly compensated crystals, when the To take account of the possible role of this scattering,
total vacancy density is much higher than the densities oflifferent expressions were used for the relaxation time: the
free charge carrieréFig. 1, curve2). In this connection, to  Standard expressidb), in which according to Ref. &etting
give a satisfactory quantitative explanation of the experimenm= 0), we have
tal results at low electron densitiénainly, the pronounced TOO=2ﬁ2a2p(ﬁwo)zlw(ZmnkoT)3’2E§C,
tendency foruwy to decrease somewhat mglecreases below '
the level 187 cm™3), it is necessary to assume that the one- K, =E,, /Eqc, 9
to-one relation between the carrier and vacancy densities is . . .
strongly violated. The best agreement between the computg-nd the expression obtained in Ref. 19
tional and experimental results was obtained under the con- 77 *=(2m,))¥20kTe3A 1+ e/e4)*?
dition that forn<4x 10'® cm™2 the densityN, stabilizes at
the level 2<10'® cm™3, and for the values of the parameters X C?l M h*wheg(1+ 26/ eg), (10

— —34 _ .
Uyc=3%10" ergs/cr and Ee= 15 eV(Fig. 1, curveb).  \yherea is the lattice constan is the density of the crystal,
It is interesting to note that the minimum defect density ofwo is the frequency of the optical phonoM, is the reduced

8 a3 i ’
the order of X 101 cm-* in PbTe crystals, which follows 555 of the ionsE, . andE,, are the constants in the optical
from the analysis made above, correlates very well with th&yetormation potential for the andv bands,C is a matrix
element with respect to the wave functions of thendv
bands, and} is the unit-cell volume.
10’\ The use of expression®) and (10) for the relaxation
"4

time considered here, in combination with the polar optical
phonons and acoustic deformation potential, yields satisfac-
tory agreement between theory and experiméfyg. 2,
curves6 and7). Accordingly, when expression(§) and (9)
are used forry(x), the quantitye, . should be set equal to 26
L ; ) eV (Fig. 2, curve?), and when expressiai0) is issued, the
15 20 25 30 quantity C should be set equal to>410® eV/cm (Fig. 2,
be 5 ¥ curve 6). In either case, in the temperature range investi-
] y gated, the contribution of the optical deformation potential to
FIG. 3. Calculation of the electron Hall mobilty at 4.2 K and ‘w0t maiion of charge-carrier mobility, when the charge-
n=1.5x 10" cm™2 for electron scattering by the deformation potential of . L . . .
acoustic phonons as a function Bf,.. The cross indicates the maximum Carrier density is high, turned out to be the dominant contri-
experimental value of the electron mobility in PbTe at 4.2 K. bution (see Fig. 2, curveg, 2 4 and5).

5105+

Jns cmP/(V-5)
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Formation of order in a system of localized charges in disordered layers of solid
solutions of cadmium telluride and cadmium sulfide

A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin

St. Petersburg Technological Institute, 198013 St. Petersburg, Russia
(Submitted February 19, 1996; accepted for publication April 24, 1996
Fiz. Tekh. Poluprovodr3l, 286—290(February 199y

Relaxation processes stimulated in layers of the solid solutions SgTe(x<0.2) by a change

in an external electric field, temperature, and illumination have been studied. Polarization

effects and maxima of the inversion current of photostimulated and thermally stimulated
polarization were found. It is shown that all characteristic features of the relaxation

processes can be explained in a quasidipole model, and the inversion maxima of the current can
be interpreted as being due to a photostimulated and thermally stimulated order—disorder
transition. © 1997 American Institute of Physid$S$1063-7827)01702-X]

The observation of inversion maxima of the thermally 2. EXPERIMENTAL RESULTS

stimulated current and polarization in disordered layers of

solid solutions(SSs of cadmium selenide and telluride was The electric, photoelectric, photoluminescence, and re-

reported in Ref. 1. These effects were not explained properlyaxation properties were investigated. The electric and pho-

Later we observed similar phenomena in layers of solid sotoluminescence measurements revealed the following char-

lutions of cadmium telluride and cadmium sulfide. In theacteristics: high conduction activation ener@greater than

present paper we attempt to describe in detail and explaif.7 €V) and high resistivity(10°— 10 Q- cm at room tem-

these phenomena. perature, a complicated temperature dependence of the con-
ductivity, presence of relaxations, and a large half-width of
the photoluminescence ban@3-0.5 eV, i.e., a combina-

1. EXPERIMENTAL SAMPLES AND EXPERIMENTAL tion of properties which are characteristic of disordered

PROCEDURE semiconductors.

We investigated CdT&,; _, (x<0.2) layers, synthesized The amplitude of the fluctuations of the potential of the
on a mica substrate by the method of vacuum thermal Vapo,random field, estimated according to the photoluminescence
ization and condensation of a mechanical mixture from dneasurements, was equal to 0.3—-0.5 eV. It increased with
reactor with a “thermal screen.” According to x-ray phase increasing cadmium telluride content in the solid solution.
and electron-diffraction analysis the layers possess a poly- The basic results of the investigations of the relaxation
crystalline structure with average crystallite size of £0 Properties are presented in Figs. 1-3. The curve of the relax-
wm. The layers were approximatelyudm thick. To stabilize ation of the current in the external circuit of the sample with
the electrical properties, before the measurements the layetde external emf source switched (at timet=0) and off
were annealed in a I8 Pa vacuum for 2 h. After annealing, (t=15s) is represented qualitatively in Fig(durvel). Itis
0.5-cm-wide silver contacts, separated by a distance of 0.@vident from the figure that when the external field is
cm, were deposited on the samples. The resistivity of théwitched on, decreasing current relaxations occurred. After
contacts was checked on the initial sections of the currentequilibrium was established, the samples became polarized.
voltage characteristic. X-Ray analysis was used to determin&he surface charge dens'@g accumulated during polariza-
the composition of the solid solutions. tion was equal to 10°—10 > C/cn?. The value of the sur-

The electrical characteristics of the samples were medface polarization depended on the illumination of the sample
sured in a current regime using a V7-30 electrometer. T@nd the magnitude of the external field. It increased together
take into account the parasitic capacitances, prior to the meavith these actions, but sublinearly.
surements, the experimental stand was checked using stan- The characteristic time for establishing a stationary
dards consisting of active resistances, whose values wemalue of the polarization depended on the temperature and
close to that of the experimental samples. A gquantitative esamplitude of the fluctuations of the random potential in the
timate of the magnitude of the relaxing charges was made bgample(Fig. 2). An increase in the amplitude of the nonuni-

integrating the corresponding currents in time. formity of the potential caused, the characteristic time to
All measurements of the electric and photoelectric charincrease.
acteristics of the samples were made in a vacuum of 10 The sample was polarized only at relatively low tem-

Pa. A special constant-temperature chamber was used peratures. As the temperature increa@ightly above room
maintain the temperature of the samples within 0.1 K. Theemperaturg the polarization vanished. The vanishing of po-
photoelectric parameters of the layers were investigated urdarization changed the shape of the current relaxation curve.
der illumination with a 90-W incandescent lamp. After an external electric field was switched on, the current
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FIG. 3. Relaxation curves of the thermally stimulated polarization current in
a layer of the solid solution Cd]8,; _, with heating(1) and cooling(2) of
the sample.

is cooled is also shown in the figufeurve 2). The current
jin depends on the heating rate. The inversion maximum
vanishes completely with slow heating.

o _ _ The relaxation curves described above are complex
FIG. 1. Curves of current relaxation in a layer of the solid solution . .
CdTeS,_, (x=0.1) with the amplitude of the fluctuations of the potential curves.. They CO‘_"d be represented by a simple exponential
energy of the electrong=0.3 eV; T=300 K; with the external field ON the initial sections only in some cases. We took advantage

switched on(1) and with illumination switched of2) at timet=0 and with  Of this circumstance to determine the characteristic polariza-
both switched off at=15 s. tion time.

Without the action of an external electric field no polar-

: . . ization of the samples was observed.
increased monotonically up to a stationary value. The spe-

cific value of the temperature at which the polarizing of the
sample ceased depended on the magnitude of the exterralPISCUSSION
field. As the magnitude of the external field ianeased, the The random potentia| in disordered Systems based on
limit shifted into a higher-temperature region. l1-VI solid solutions is mainly formed by composition fluc-
Curve 2 in Fig. 1 represents qualitatively the current tyations over the volum&Charged impurities together with
relaxation under strong illuminationt0) and with dark  the majority carriers — electrons in the layers investigated
screening (= 15 s) of the layers in an electric field. As one — perform the function of screening. As follows from the
can see from the figure, after the sample is screened, thew conductivity of the samples, at the experimental tem-
relaxation is characterized by the formation of an inversiorperatures most electrons are localized either in the tail of the
maximumj;, , which precedes a stationary value of the di-density of states of the conduction band or in donor levels.
rect current. Such maxima could be observed with rapidrhey can move only by thermal activation on delocalized
heating of the polarized sampl€ig. 3, curvel). For com-  states or by thermally activated hops along localized states.
parison, the behavior of the current when the heated samplgy distinguish electron motion along the conduction band
and along donor levels, we call a free donor a hole and,
correspondingly, we call electron motion along the impurity
7.K band hole motion. As they move, electrons and holes are
"?0 2,‘90 o distributed according to states in such a way as to minimize
the potential energy. The electron and hole densities can be

2 ! assumed, to a first approximation, to be identical and the
nE layer of the solid solution can be represented as a volume
with a nonuniform electron-hole quasiplasma in a random

field formed by the composition fluctuations of the solid so-

:. lution. In addition, the possible configuration states of the

charges in the quasiplasma are limited by the particular ar-
ok rangement of the impurities in the volume.
An external voltage applied to a nonuniform system is
/ distributed nonuniformly. According to ShklovsKimost of
the voltage is applied across the regions where the potential
1 energy is close to the mobility edge. In C4d¥e_, layers,
iz g-" » J& these are regions depleted of free carriers and enriched with
0/T,K localized carriers. Such regions are separated from one an-
FIG. 2. Temperature deenden ¢ the characteristic polarization fim other by distances which are much greater than the average
Iaye-rs .of ?hepsoﬁdursiluﬁgﬁs gd;éij Witﬁ (t:h:gr(:ﬁSIiltz(Ij%p:f?hZafI:?ctu;—ecgpatlal size of the nonu_mformltles' Correspondingly, the
tions of the potential energy of the electropseV: 1 — 0.42 x=0.15), ~ voltage drop across them is much larger than the average. As
2—0.1 (x=0.1). a result, a high electric field capable of redistributing carriers
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in localized states is produced in these regions even witlime 7 (Fig. 2) is due to the potential barrier which carriers
weak external biases. As a result, the dynamic equilibriummust overcome in order to form oriented quasidipoles. This
between individual components of the quasiplasma is defollows from almost all existing quasidipole models of relax-
stroyed. Experimental observation of this phenomenon in ation oscillators, since their polarization time is determined
film of 11-VI solid solutions was reported in Ref. 5. A non- by the expressioqn
uniform quasiplasma in an external field must arrive in a new
equilibrium state, which must necessarily be nonuniform. 1 w
It can be assumed that this state contains regions of spa- 7~ 2, ®XPiT: @)
tially separated, localized charges of opposite sigh — quasi-
dipoles. A necessary condition for the formation of quasidi-where v is the frequency factor of the system, awdis the
poles is that the thermal energy must be comparable to thgeight of the potential barrier, which a quasidipole must
change in the energy caused by the external electric field ogvercome in order to become oriented. The valueg/afal-
atypicaf regions(system must be driven out of equilibridm  culated on the basis of Fig. 2 to within hundredths of an eV
The fact that polarization effects in films of the solid solu- agree with the estimates of the amplitugleof the nonuni-
tions CdTgS,_, appear only at low temperatures and thatformity potential of the corresponding Cd&_, samples
the limiting temperature increases together with the externgrom photoluminescence measurements. This agreement can
field are evidence in support of the proposed model. be interpreted as additional evidence for the formation of
To make a systematic calculation of the conditions oforiented quasidipoles in the random field of the experimental
formation of quasidipoles, it is necessary to solve simultasamples.
neously the continuity and Poisson equations with boundary We shall present some quantitative assessments of the
conditions that do not admit solutions in terms of elementarynodel. First, let us determine whether or not the minimum
functions® However, calculations performed for simpler ini- field at which polarization was observed is indeed capable of
tial conditions (neglecting the conduction current and the driving the system of localized and free carriers out of equi-
nonuniformity of the samp)erevealed a distinguishing fea- librium. We observed polarization effect at room tempera-
ture, due to quasidipoles, of the temperature dependence tfre in an electric field of not less th&t=100 V/cm. Since
the thermally stimulated polarization current. According tothe random field in the experimental solid solutions is due
Refs. 7 and 8, current inversion should occur in an externamainly to composition fluctuations of the solid solution and
circuit of the sample heated by the voltage; we observedccording to Ref. 10 the composition of a phase of the solid
such a current inversion in the CdB_, layers. solution depends on the size of the region where this phase is
In our view, the inversion maximum of the current in the formed, it can be assumed that the external voltage falls
external circuit containing a CdT®,_, sample is due to the mainly on the interphase regiofdifferent regions will pos-
relaxation of charge which accumulates on the electrodes argkss a different composition and therefore a different band
becomes excess charge by virtue of the temperature disoap and according to ShklovsKi mainly atypical regions.
entation of the quasidipoles. An order—disorder transition ocSince there are no other alternatives, let us assume that one
curs in the CdTgS, _, layers under the influence of the tem- of the hundreds of interphase regions is atypical. Then, for
perature. an average size of the regions in the Cd3e, layers equal
Another argument in support of the quasidipole model ofto 10" 2 um, we obtain the energy change produced by a
polarization is the inversion maximum of the current whichfield of the order of 100 V/cm to be 18 eV, which is
arises as a result of intense screening of the lagléig 1, comparable to the thermal energy and hence sufficient to
curve 2). It necessarily follows from the proposed model. destroy the dynamic equilibrium in the system of localized
Once light gives rise to polarization, switching off the light and free charges. Second, let us see how realistic the volume
should result in the appearance of excess charge on the eletensity of polarizing charges required by the model is.
trodes. This charge is induced by virtue of the low conduc- It is well known that
tivity of the sample and relaxes mainly through the external

circuit. p=—div-P, 2
The increase in polarizability of the sample under the
action of the light is due to the increase in the charge of the Q,=P,, 3

guasidipoles, and the rapidity of the charge recombination
after screening is due to the character of the potential barriewherep is the charge densityg andP,, are, respectively, the
The potential barrier in the CdJ®,_, layers is formed polarization vector in the sample and its normal projection,
mainly as a result of fluctuations of the composition of theand Q,, is the surface charge density. Then, interpreting
solid solution; in this case the potential wells for the holesdiv P as the increment t®,, as a result of the displacement
and electrons of the main bands coincide spatially. of carriers from one electrode to another and using the ex-
Qualitative agreement between the experiment and thperimental datzalQp:lO”—lO*5 Clcn?, we obtain the
quasidipole model can be also seen in the field relaxations atharge density = 10— 10'%m™3. This value with impurity
the current(Fig. 1, curvel). The decreasing current relax- density 10— 10 cm™2 (Ref. 3 is completely realistic.
ations are explained by the increase in the opposing field in  In conclusion, we note that the appearance of polariza-
the process of orientation of the quasidipoles; the exponertion in layers has also been observed by other authors. Spe-
tial temperature dependence of the characteristic polarizatiocifically, polarization of doped layers of 11-VI compounds
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was reported in Ref. 10. The data reported by the authors agotential energy of the electrons in the random field of the

completely explained on the basis of the model proposedisordered system.

above. This work was performed with the support of the Rus-
sian Fund for Fundamental Reseaf@rant 96-02-19138
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Two-electron tin centers with negative correlation energy in lead chalcogenides.
Determination of the Hubbard energy

V. F. Masterov, F. S. Nasredinov, S. A. Nemov, and P. P. Seregin

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted March 5, 1996; accepted for publication April 24, 1996
Fiz. Tekh. Poluprovodr3l, 291-295(February 199y

It is shown using Mesbauer spectroscopy on the isotdp&n that an isovalent tin impurity in

the solid solutions PhS ,Se, is a two-electron donor with negative correlation energy.

The energy levels associated with the tin impurity are found in the lower half of the band gap

for z<0.7 and are found among the allowed states of the valence banrd-fa7. We

have demonstrated electron transfer between neutral and ionized tin centers. The activation energy
E, of this process decreases monotonically as increased, which reflects the fact that the

tin energy levels move toward the top of the valence band, and>d.7 the activation energy is
E,=U/2, whereU is the Hubbard energy. €997 American Institute of Physics.
[S1063-78287)01802-4

1. INTRODUCTION 2. EXPERIMENTAL RESULTS AND DISCUSSION

Lead and tin chalcogenides form solid substitution solu-  Figure 1 shows Mssbauer spectra 6*_93” at 80 K for
tions (Pb,_,Sn.S, Ph_,SnSe, Ph_,SnTe) and, according the §ol|d solutions Plhx,ySr;(AYS with different ratios of
to Mossbauer spectroscopic data for the tin isothden, in  the tin and acceptor concentratidNg, andN, . For compo-
is an electrically active impurity of donor type in PbS and Sitions with acceptor contentQy <2x the spectra consist of
PbSe'? However, efforts to explain the temperature depen-? superposTon of th lines whose ISomeric shifts corre-
dence of the electrical conductivity, thermal voltage, andSPond to Sh" and SA™. The fraction of SA™ centers,
Hall coefficient of the solutions Rb, ,SnA,S and
Pb - ,SnA,Se (A=Na, TI) the framework of a single-

Idevellmo?jel_ wsref r;ott_succ?ssf.m(\jccordlngt_tc_)t the lp'Ct;J:e (hereNgz+ and Ngs+ are the concentrations of the Bn
eveloped In Ret. s, n exhibits donor activity only at Iow ,q g4+ centers is directly proportional to the acceptor

temperaturege.g., for PbSe al <200 K), whereas when concentration, and the proportionality coefficient is equal to

the temperature is increased, tin begins to play the role of ap (see Fig. 2 Thus, tin in PbS is a two-electron donor: the

acceptor. Obviously, this picture can be realized if at |OWSnz+ and SA™ ions correspond to neutrdSnl°) and doubly
+ ini +Y ti ;
temperatures neutrébr? ") and ionized Srf") tin centers in 10 ([SnJ**) tin centers. The electrical neutrality equa-

the PbS(PbSe lattices are found at different sites: e.g., thetion has the form
Srf* ion can strongly deform its immediate environment
with the formation of associates with vacancies or ionized N, =N,—p, 1)
acceptors. When the temperature is raised, the stability of

the deformed local environment of the“Snions is lowered  and the hole concentratigncan be ignored since at 80 K,
and the tendency for the formation of Bnions grows. At  Ng>p for all of the investigated samples. Since all of the
some critical temperature(according to Ref. 3, at samples with compositionQy<2x are hole-type and the
T>200 K for PbS¢ the nonequivalence of the sites of the hole concentration depends on the temperature
Sr* and SH* centers disappears and this promotes the lofp=6x10*3 cm 2 at 80 K andp=10* cm 2 at 300 K),
calization of electrons at the $h centers, changing them the Fermi levelEg associated with the partially ionized tin
into SIt* centers. A substantial shortcoming of the picturedonor-level is situated in the lower half of the band gap.
developed in Ref. 3 is the absence of any proof of the existSuch a picture of the behavior of tin is found to be in agree-
ence of such associates, not only in théssloauer spectf,  ment with the temperature data on the electrical conductivity,
but also in the optical absorption spectra of the solid soluthermal voltage, and Hall coefficient for the solid solutions
tions Ph_,_,SnA,S and Ph_,_,SnA,Se®’ Pby_x_ySnA,S (Ref. 9.

This paper presents a model that allows one to describe Theoretical analysis of the behavior of impurity atoms
an isovalent(isoelectronig¢ tin impurity in the lead chalco- capable of giving up(accepting two electrons (*two-
genides PbS and PbSe and the solid solutions based on thesiectron centers)’ was carried out for the first time by
PbS _,Se as a two-electron donor with negative correlation Hubbard'® Two bands of localized states, which are sepa-
energy. It is shown that an analysis of the $dbauer spec- rated by the intratomic energghe Hubbard energy or cor-
troscopic data within the framework of such a model allowsrelation energy'?, are formed in the band gap of a semicon-

P= Nsrﬂ+/(Nsr?++ NSn4+),

one to experimentally determine the Hubbard energy. ductor in this casg
Synthesis of samples and the technique used for measur-
ing the Mssbauer spectra 6t°n are described in Ref. 8. U=E,—E,, 2
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FIG. 1. Midsshauer spectra in''%Sn of the solid solutions £, & & E,
Phy 9o xShh.0/AyS at 80 K fory=0 (a), 0.005 (b), 0.01 (c), 0.015 (d), Energy
0.02 (e). The positions of the spectral lines of the spectra for th&"Sn
+ +
StP", and SA" centers are shown. FIG. 3. Density of states for Rb,_,SnAS in the casé&)>0. No=0 (a),

0.5Ng, (b), Ng, (c), 1.5Ng, (d), and Ng, (¢). The hatched and unhatched

) L . regions of theE; band correspond, respectively, to the neutial., S*)
whereE; andE, are the first and second ionization energi€sand the singly ionizedi.e., S5*) tin centers(denoted a$Sr° and[Srl*,

of the center. respectively. The hatched and unhatched regions of Eyeband corre-

The distribution of the density of states as a function ofspond, respectively, to the singly ionized and doubly ionided, srt) tin
degree of compensation for the solid solution centers(denoted agSn|?*). The expected forms of the Mebauer spectra

. . . are shown on the right; the line positions corresponding to the ions are
Pb_x_,SnAS is given in Refs. 3 and 4 fo>0 and  gown abovel—Srt+. 2—Sri*. and3—Sr+.

U <0 (we have used the results of Ref. 11 hefhese fig-
ures show the expected shapes of thestbmuer spectra of
*1%Sn. Comparison of the experiment&ig. 1) and theoreti-  (0<y<2x) the Mossbauer spectra 6t%n at 80 K consist
cal (Figs. 3 and #Mossbauer spectra unmistakably indicatesgys 5 superposition of $i and SA* lines (Fig. 5); however,
thatU<0 for two-electron tin centers in PbS. . the fraction of SA* centers is proportional thl, — p (Fig.
_ The situation is not rad|callly altered for the solid solu- o) This is explained by the fact that in PbSe the Fermi level
tions Ph_,_,SnASe: for partially compensated samples 55sociated with the partially ionized tin donor-level is lo-
cated below the top of the valence bafadl samples with
0<y<2x were hole-type and degenerate with
p~10' cm 2 at 80 K and 295 K and in the electrical
neutrality equation it is necessary to allow for the hole con-
centration, which is comparable to the tin concentration.
Thus, in PbSe the parametdr< 0 and the tin centers are
two-electron centers. However, the tin energy levels are
found among the allowed states of the valence band. Note
that this conclusion is in agreement with the temperature data
on the electrical conductivity, thermal voltage, and Hall co-
efficient for the solid solutions Rb,_,SnA,Se° Figure 6
shows the distribution of the density of states for partially
compensated Rb,_,SnA,Se.
Figure 7 plotsP as a function ok for the solid solutions
Pb,_,ySnAS, ,Se which contain identical concentra-

g ) L i L tions of tin and the acceptor impuritx€y). It can be seen
0 05 10 15 20 that forz<0.7 we haveNg+=Ngyg+, Whereas for the com-
W,-p) /K, positions with z>0.7 we haveNgz+>Ngyg+. Since all

samples were hole-type, we may conclude that for the solid
FIG. 2. Dependence Offthehfractli?: OfISrf” CemerSS atA808 Klon tge solutions withz>0.7 we must allow for the hole concentra-
acceptor concentration for the solid solutions 3 Stboi,S (1) an tion in the electrical neutrality equation since the Fermi level
Pbyo.g9-xSh.0iAySe(2). In the determination from the Msbauer spectra of . . . L . .
the SR+ and SA* center concentrations the ratio of the sabauer coeffi- ~associated with the partially ionized tin level lies below the

cients for these centers was assumed to be equal t¢10.93 top of the valence band.
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FIG. 4. Density of states for Rb,_,SnAS in the casé) <0. No=0 (a),

0.5Ng, (b), Ng, (), 1.5Ng, (d), and Ng, (e). The hatched regions of the

E, band correspond to the neutréle., SE™) tin centers(denoted as

[Sn%, and the unhatched regions of tBg band correspond to the doubly
ionized (i.e., S#™) tin centers(denoted a$Snj>™). The expected forms of
the Mdssbauer spectra iH°Sn are shown on the right; the line positions

corresponding to the ions are shown abote:Srf", 2—Sr**, and 3—

Srtt.

It is significant that in the Ph, ,SnA,S and

Pb,_, ySnA,Se samples which contain only one tin state

[Sr?t for y=0 and SA™ for y>2x (see Fig. 1] the width of : . ; _ _
the Massbauer spectra is close to the instrumental widtrsolid solution or the temperature. Different kinds of associ-
[0.77(2) mm/3$ and does not depend on either the Comloo_ates of SA" centers with lattice defects and ionized accep-

Rel. count rate

=7

)
0 1 2
v

A
J 4
,mm/s

FIG. 5. Mcssbauer spectra in''%n for

Phy.06SMb.0N&.01Tl0.01S (A,D and PR geSry oNag 01Tl 0:Se (€,0) at 80 K
(a,0 and 295 K(b,d.
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the solid solutions

N(E)

3 7 7 Eo Ez
Energy

FIG. 6. Density of states for the case,Ph ,SnA ,Se U<0) when
x=y. The explanation is given in the caption of Fig. 4.

sition of the solid solution or the measurement temperature
(80—295 K. The closeness of the width of the experimental
lines in the spectra of the solid solutions to the instrumental
width rules out the possibility of resolving the spectra into
guadrupole doublets. In other words, usingddbauer spec-
troscopy, special efforts to search for differences in the sym-
metry of the local environment of the Shand SA* centers
lead to the conclusion that the local environments of the
Srt™ and SAT centers are identicdthe tin ions are located

at the centers of regular octahedra of chalcogenide atoms
and that they do not depend on either the composition of the

tors are found only for incompletely homogenized materials,

0.100
0.080 F
. 0060+ b
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a
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FIG. 7. Dependence of the fractidd of Srf™ centers(a) and activation
energy of the electron transfer between tin cenkgy$b) on z for the solid

solutions PR geSMy 0N@p 01T 10,0151 - 2S€ -
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is accompanied by an abrupt growth of the raiof the area

$ under the Sfi" and SA* spectra([R=1.252) at 80 K and
R=3.61(5) at 295 K, which is linked with a growth of the
depth of the tin energy levels in the valence band. Analysis
shows that this should lead to an overestimateg ptsee, for
example, Ref. 13, where the temperature interval ofEpe
measurements was extended up to 373 K. As a result, an
exaggerated value &, was obtained

S
o

+*
T

[D@0K)-D(295 %)) /D (60 K)
1) o S
~ (~

D
T

a,g Two mechanisms of electron transfer between th& Sn
Si; and SA™ centers are possible: electron tunneling transport
0..5% directly between the tin ions and electron transport via the
§ states of the valence band. The frequency of electron transfer
02‘?’ in the first model should depend on the concentration of the
’ e tin impurity atoms, rather than on the temperature. Since the
L L o 8— rate of convergence of the Shand SA* lines in the Mss-
0 02 04 06 08 10 = bauer spectra of Rb, _,SnA,Se was found to be indepen-
z dent of the tin concentration (0.61x<<0.05) and since the

_ _ _ rate of convergence depends on the temperature, we can dis-
FIG. 8. Thez dependence of the relative change in the distance between the . .
Sre* and SA™ lines (a) and the widths of these lingb) when the tempera- regard the _dll’eCt_ transfer betwe_en the tin ce.ntefs.
ture is raised from 80 to 295 K for the solid soluons A consideration of the density of states in Figs. 6 and 4
Phy.06SMb.0MN0.01Tl0.01S1 - .56 . HereD(80 K) andD(295 K) are the dis- shows that forz<<0.7, when the tin donor states lie in the

tances(in mm/s between the S and SAT lines at 80 and 295 K, re- band gap, the energy of the electron transfer process is
spectively;G(80 K) andG(295 K) are the widthgin mm/9 of the SRF*

spectrum at 80 and 295 K, respectively. E,=(F—E,)+U/2 3

and the decrease B, with growth of z in this range indi-
ates a closing up of the gap between the Fermi level and the

. . 0
but in this case they make up less than 10% of the tot op of the valence band. Far>0.7, when the tin donor

concentratiort” states lie in the valence band, the activation energy is
However, for solid solutions that contain 8nin addi- ! 9y
tion to Sif* centers, the widths and the isomeric shifts of the  E,=U/2 (4)

Sr|2_+ and Stt" spectral lines depend on the _temperature a%\;d, consequently, we were able to experimentally determine
which _the spectra are measured. W_e e>_<am|r_1ed S.UCh rendiSe intratomic energy for the tin centers in Rb$Se
for solid solutions PbS ,Se, containing identical tin and
: (z>0.7) to be equal to 0.058(5) eV.
acceptor concentrations(Phy geSMy 0AN&g 011100151 - 2 5€
0<z<1). For all of the samples, raising the temperature
from 80 to 295 K was accompanied by a convergence of thg' CONCLUSIONS
St and SA™ lines (Fig. 5), and, as can be seen from Fig. Using Massbauer spectroscopy we have demonstrated
8, this convergence increases with increasingVe see that that an isovalent tin impurity in the solid solutions
the widths of the Sh™ and SA™ lines increase at the same PbS _,Se forms two-electron donor centers with negative
time (Fig. 8). correlation energy, where the energy levels associated with
Such temperature dependences of the line widths anthe tin impurity are situated in the lower half of the band gap
isomeric line shifts are characteristic of the case of electroifior z<0.7 and are set against the background of the allowed
transfer between two charge states of thesbtauer atom states of the valence band far-0.7. We have shown that
when the lifetime of each of the states is comparable to théhe activation energye, of electron transfer between the
lifetime of the Massbauer levelfor 11%Sn this time is on the neutral and ionized tin centers decreases monotonically with
order of 20 ns We measured the frequency of electrongrowth of z, which reflects the movement of the tin energy
transfer between the $h and SA™ states in the solid solu- levels toward the top of the valence band, and Zor0.7
tions PR geSMy 0N 01T10.01S1 - .56 in the temperature inter- E,=U/2 (U is the Hubbard energy
val 80—295 K. The activation energy of the procesg, is
lotted as a function af in Fig. 7. It can be seen that as the .
gelenium contert increasesl?fl0 at first decreases monotoni- the Russian Fund for Fundamental Resed&fant No. 96-
cally, reaching a limiting value of 0.029 eV at0.7, and 02-169574
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Effect of thermal annealing on the luminescence properties of ZnCdSe/ZnSe quantum-
well structures

E. M. Dianov, P. A. Trubenko, E. E. Filimonov, and E. A. Shcherbakov

Fiber-Optics Scientific Center, Institute of General Physics, Russian Academy of Sciences,
117942 Moscow, Russia

(Submitted April 8, 1996; accepted for publication April 24, 1996

Fiz. Tekh. Poluprovodr31, 296—298(February 199¥

The thermal stability and luminescence properties of ZnCdSe/ZnSe quantum-well structures
grown by molecular-beam epitaxy are investigated. A comparative analysis is made of the
photoluminescence spectra of the structures before and after annealing. In the sample

spectra after annealingt 500 °Q a decrease in the intensity of the exciton luminescence line by
more than two orders of magnitude, accompanied by an increase in the intensity of the deep
levels, is observed. As a result of annealing at a lower tempereboait 400 °Q, a narrowing of

the exciton luminescence, accompanied by a shift of the maximum toward longer
wavelengths, was detected. ®97 American Institute of Physids$$1063-78207)01902-9

1. INTRODUCTION effusion cells for each element: Zn, Cd, Se. Growth took
fplace on GaAg100 substrates with a 3° de-orientation in

A large number of papers, dealing with the study o S : .
II-V materials, in particular, ZnSe and ZnCdSe, which aref[he (011 direction. Details of the growth process are given

promising for creating blue-green semiconductor injectionm Ref. 6. The surface morphology of the structure during the

lasers, have recently been publisiédn important consid- growth process was monitored by fast-electron reflection dif-

eration here is the thermal stability of such laser structuresf.ractlon with an accelerating voltage of 10 kV. The effect of

From this point of view, a study of thermal stability and annealing was investigated on a,2Cd,Se/ZnSe quantum-

. e : . well structure consisting of a buffer layer of Zn8E56 nm)
interdiffusion processes in 4n,Cd,Se/ZnSe compounds is and a O0period quantum-well structurd5.2 nm

of great interest. It should be noted that such structures ar.
usually grown on GaAs substrates which have the samgno-%Cdo-l“S’ 5.2 nm ZnSpand a cover layer of ZnSe'8

. X . nm) (Fig. 1).
structure and a similar lattice constant—the mismatch be- . . . L .
With the aim of investigating the thermal stability and

tween GaAs and ZnSe is 0.27%. In a structure consisting of

a set of Zp_,Cd,Se/ZnSe quantum wells the internal strainsmljz;dt'ljmi';;" psrtciﬁifusreess c\’/\rl]i tr:h(:trlgir:érzjeslgeg::se ?r:gpsz:\trlsslecg
are associated with differences in the lattice constants. It ca\%v re subiected to “impact” heating to ten{ er,atures of 4{300
be assumed that annealing such structures should relax theSe CJ, _mp =ating pere

. . : : . and 500 °C. The time of heating to the prescribed tempera-
strains, in the process altering the effective width of the

superlattice band gap and decreasing the width of thture was 50 s, and the samples were subjected to an addi-

exciton luminescence line. Luminescence spectra o ional annea_l at 400 °C for _5 min. The structures before and
Zng {Cd,y ,Se/ZnSe superlattices were obtained in Refs. 3 an?fter gnneallng were examined by the Iow-t.em.perature pho-
4 at 1.4 K before and after annealing in a steady flow o oluminescence method at 11 K. A; the excitation source we
selenium vapor at 400 and 600 °C for 4.5 h, where the strucL-jsecj a mercury lamp, from the rad|aF|0n s_pectrum Of. which
ture remained stable to the annealing process. On the othr S¢ parated out the 3.396-eV ultravplet B85 nn W'.th.
hand, high-resolution transilIuminati0n—eIectron-microscope'rr"’ld""lnce 50 mWich The photoluminescence radiation
data on the results of Cd diffusion during thermal annealin yvas passed through an MDR-6 monochromator and recorded

of CdSe/znSe quantum-well structures were reported in Re Y a Spectroscopy Instruments linear diode array. The video

5 The samol I S|sgnal S0 obtained was processed on an O-SMA ST-100 con-
. ples were annealed for one hour at temperatur(taroller
in the range 340-400 °C. It was found that the cadmium '
diffusion coefficientD(T) in ZnSe in this temperature range
is equal to 1.&X 104 [cmzls]exp(—l.&e\/]/kT). These re- 3 DISCUSSION OF RESULTS
sults contradict the data of Refs. 3 and 4.
In the present paper we report the resu'ts of an experi_ The results Of our Study Of the Iuminescence properties
mental study of the effect of thermal annealing on the lumi-of Zn;—xCd.Se/ZnSe quantum-well structures before and af-

structures. unannealed samples we observed an intense blue line which

corresponds to recombination of heavy holes and electrons in
the Zn _,Cd,Se/ZnSe quantum wells. In the red region a
self-activated luminescence band with a maximum at 1.95
The quantum-well structures were grown by molecular-eV, which corresponds to deep layers in the ZnSe buffer
beam epitaxy. To grow these structures we used separal@yer, is observed. This band is caused by the presence of

2. EXPERIMENT
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. FIG. 3. Photoluminescence spectra at 11 K before anneélingnd after
FIG. 1. Photoluminescence spectra at 11 K before anneélingnd after annealing2) at 400 °C, 5 min. Inset: photoluminescence in the region of the

annealing(2) at 500 °C, 50 s. Inset: on the left, diagram of the arrangement,, o |uminescence.

of layers of the quantum-well structure, on the right, photoluminescence in
the region of the exciton luminescence.

vacanciesV, and/or (/;,—Gg,)~ complexes in the ZnSe

zinc Vacancieg\/gn and/or Comp|exes of vacancies of zinc buffer Iayer. The shift of the luminescence maximum of the
and gallium atoms\(;,—Ga,,,) ~ in the zinc sublatticé.Dur- ~ deep layers is apparently a manifestation of the fact that
ing thermal annealing characteristic behavior of the intensitgVzn—Ga&n)~ complexes also arise in the ZnCD,Se lay-
of the exciton luminescence line is observed. The degree ters as a result of gallium diffusion from the substrate. This
which the intensity decreases depends on the time and tf@nclusion is supported by the magnitude of the shift, which
annealing temperature. When the samples are annealed &gsentially coincides with the energy difference in the ZnSe
500 °C for 50 gFig. 1), the intensity of the exciton lumines- and Zn_,Cd,Se band gaps. In addition, a new wide lumi-
cence falls by more than two orders of magnitude. In addinescence band is observed in the photoluminescence spectra
tion, an increase in the intensity of the luminescence band o¥f the annealed samples in the energy region 2.1-2.4 eV,
the deep levels is observed in the spectra of the annealédhose nature is still not clear. The half-width of the exciton
samples, together with the appearance of a new maximum itiminescence line was observed to decrease by 1 and 4.7
the lower energy regioiil.89 eVj. Here it is necessary to MeV, respectively, when the sample was annealed at 400 °C
give our attention to the dynamics of the displacement of thdor 50 s and 5 min(Figs. 2 and B The decrease in the
maximum(1.89 eV} into the lower energy region as a func- half-width is connected with a partial relaxation of the inter-
tion of temperature and anneal time. The increase in the inpal strains between the ZnSe and, ZgCd,Se layers, which
tensity of the luminescence band of the deep le(285 e\ amount toe=0.1 at a cadmium concentration of 14% as a
is caused by an increase in the concentration of the zingesult of cadmium diffusion and the formation of mismatch
dislocations. In the case where the sample was annealed for
50 s at 500 °C the half-width of the exciton luminescence

- line increases by 6.5 eWFig. 1) due to processes of crystal
8 structure degradation. A low-energy shift of the maximum of
8 x7 the exciton luminescence line is observed in the spectra of all
i o p i the annealed samples in comparison with its position in the
E 4 spectra of the same samples before annealing. The largest
~

shift is observed for the sample annealed at 500 °C for 50
s—10 meV(Fig. 1). The shift of the maximum of the exciton
luminescence line is explained by cadmium diffusion, which
leads to an increase in the well width and therefore to a shift
of the energy levels in the well. It should be added that due
to the diffusion of cadmium, its concentration in the well
decreases and a concentration profile appears across the
thickness of the well, which leads to additional broadening
of the line. Knowing the diffusion coefficient for cadmium in
1.8 2.0 2.2 2.4 2.6 2.8 ZnSe, it is possible to estimate the amount of spreading of
Ay, eV the well. The diffusion coefficient at 500 °O,c(500 °O), is

. _16 . .
FIG. 2. Photoluminescence spectra at 11 K before anneélingnd after apprOX|mater equal to 3510 cn/s. The_diffusion

annealing(2) at 400 °C, 50 s. Inset: photoluminescence in the region of thel€Ngth can be estimated from the formd"ﬁ: v2-D(T)*t.
exciton luminescence. It follows thatl=1.17 nm after 20 gallowing for the fact

I, ard. units
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that considerable diffusion takes place at temperatureAnnealing was found to result in a narrowing of the exciton
greater than 350 °C Thus, the width of the quantum well luminescence lingat 400 °Q and a displacement of the
after annealing should be on the order of 7.5 nm, in fairlymaximum toward longer wavelengths, which is explained by
good agreement with the value of 10 meV for the shift of thecadmium diffusion into the ZnSe barrier layers.
exciton luminescence peak, which corresponds to an increase
of the well width by this amount.

IM. A. Haase, J. Qiu, J. M. De Puydt, and H. Cheng, Appl. Phys. Bét.
4, CONCLUSIONS 1272(1992.

. 2G. Landwehr and D. Hommel, Phys. Status Solidi®7, 269 (1995.
We have presented the results of an experimental study, Yokogawa, P. D. Floyd, J. L. Merz, H. Luo, and J. K. Furdyna, J. Cryst.

of the luminescence properties of ZRCd,Se quantum-well Growth 138 564 (1994.
structures. Zp_,Cd,Se/ZnSe quantum-well structures were ‘T \éc_)kzgawaj J. Lj MAeer ll;l-h L;z, ii gé(Fllgrggna, S. Lau, M. Kuttler, and

: : - : . Bimberg, Jpn. J. Appl. Phy&4, .
SUbJECted to t_hermal annealmg and a comparative anaIySIS Qﬂi Rosenauer, T. Reisinger, E. Steinkirchner, J. Zweck, and W. Gebhardt,
the photoluminescence spectra of the annealed and unany, crystl. Growth152 42 (1995.
nealed samples was carried out. The characteristic decrease. M. Dianov, A. M. Prokhorov, P. A. Trubenko, and E. A. Shcherbakov,
in the intensity of the exciton luminescence line was ob- ,Fiz. Tekh. Poluprovodr2sg, 1278 (1994 [Semicond28, 725(1994].

. . 7J. Gutowski, N. P , G. Kudlek, Phys. Status Solid28, 11 (1990.

served in the spectra of the annealed samples, and an in>: SU0WsKi: N. Presser, G. Kudiek, Phys. Status Solid2§ 11 (1990

crease in the intensity of the luminescence of the deep levelSranslated by Paul F. Schippnick

188 Semiconductors 31 (2), February 1997 Dianov et al. 188



Formation of radiation defects in high-resistivity silicon as a result of cyclic irradiation
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Transformation of radiation-induced defectspini—n—n" structures fabricated from high-

resistivity n-type silicon subjected to cyclic irradiation and annealing is investigated. The kinetic
behavior of the increase in the concentration of the@ defects is analyzed as a function

of the detector fabrication process. During the second irradiation cycle a transformation of the
defects, which were formed as a result of annealing of the original radiation defects, is

observed. The appearance of “hidden” sources of deep center formation is revealed. It is
established that the presence of a higher oxygen concentration, which arises in the samples as a
result of the extended silicon oxidation process, results in a more active complex-formation

of carbon-containing defects in comparison with samples with reduced oxygen conteti®97
American Institute of Physic§S1063-7827)02002-4

1. INTRODUCTION ing of the deep centers of interstitial carb@@) formed in

substitution reactions with the primary radiation defect—
The change in the properties of semiconductor deviceterstitial silicon. In the present paper we analyze the behav-

exposed to radiation is without any doubt a serious problenior of the defects arising as a result of annealing of interstitial

from the point of view of practical applications. It is well carbon at temperatures close to room temperature, and also

known that compensation of impurities and defects in theafter thermal annealing in the temperature range 250-

interior of a semiconductor by radiation defects leads to am00 °C.

abrupt growth of its resistivity and to changes in the effective

charge concentration in the space charge region. In nuclear TEST SAMPLES AND EXPERIMENTAL TECHNIQUE

radiation detectors based on high-resistivity silicon proposed

for use in powerful radiation fields, the effect of “reverse” . . .

annealing arise5The concept of reverse annealing includesmade from silicon by zone melting=Z-Si), of n-type con-
ductivity, with resistivity p=1-5 K)-cm. The silicon

changes in the effective charge concentration in the space- . .
g g P ources were Wacker Chemitronicp=5 k()-cm) and

charge region during storage of a diode previously expose§reiloerg Elektronikwerkstoffe GmbHp&1—2 ke-cm)
to strong radiation. This effect has been studied in detall in]_ P : e
he area of the@ " —n junction was 25 mrhand the thick-

experiments on the action of penetrating radiati@ng., ness of the samples was 3Q0m. The detectors were fabri-

1-MeV fast neutrons®® Reverse annealing stems from the P
. e o 2 . cated by methods of planar technology. The specifications of
instability of the radiation defects that arise immediately af- L . . X

the fabrication regimes are listed in Table I.

ter irradiation; however, at present an unambiguous explana- The samples were irradiated byparticles from the ra-

tlonlltsi;a\?vlglr:gltnown that the most active impurities partici- dioactive sourcé”Pu(5.5 MeV) on thep™-contact side. To
ating in the formation of radiation defects F;re ox pen alndstabilize the defects, the samples were irradiated in vacuum
pating Y9 at reduced temperature-(180 K). Between measurements

carbon. The latter enters into the composition of deep radiat'he samples were stored in a cooled state. The irradiation
tion centers which do not have a high stability and which 2

h tastable natut&.All these factors all o d0sewas 10.cm *

ave a metastable naufre. ese factors allow us 1o To observe the changes in the radiation defects, we used
assume that the radiation-generated, carbon-containing CeD-pLTS setup with a working frequency of 100 kHz and a
ters are responsible for the changes in the characteristics Pzgte window of (41.7 ms)*
silicon devices immediately after exposure to radiation. ' '

In earlier studie%’ we investigated the effect of the raw
. o . 3. EXPERIMENTAL RESULTS AND DISCUSSION

material and fabrication technology of the silicon detectors
on the restructuring of the radiation defects associated with The DLTS spectrum measured in the minority-carrier-

carbon. We focused our main attention on the rate of annealnjection regime, characteristic of detectors made from high-

We examined detectors based pfi—-n—n" structures
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TABLE |. The effect of exposing a sample to high temperature during TABLE Il. Parameters of the deep levels.
oxidation.

Type of level Level energy Capture cross sectign oy, , cm 2

Oxidation Thickness of  Anneal —

Sample temperature, °C  Atmosphere oxide, A @te El E.-0.18eV 210
E2 E.—0.21eV 5< 10 %6
BNL 213 1100 Q+TCA 4500 fast E3 E.—0.40eV 2x 10716
BNL 268-A8 975 Q 2500 intermediate HO E,+0.27 eV <10
FZR 2-1 1000 ©+3% HCI 1000 slow H1 E,+0.33eV g9x 10"
H2 E,+0.40 eV 3x10
Note TCE stands for trichlorethane. H3 E,+0.22 eV 710"

Note The values ofr, are given folE,, E,, andE; and the values o, are

o . : . . iven for the oth tities.
resistivity silicon which have been irradiated byparticles, given for the ofher quantities

is shown in Fig. 1a, and the parameters of the deep centers

that are formed are listed in Table Il. HeEel is a center

formed from two radiation defects, namely, @ center VV~; H1l is a G center;H2 is a G-O center(interstitial
(oxygen-vacancy and GC, center (interstitial carbon— carbon—interstitial oxygenAs was mentioned in Ref. 7, de-
carbon at a lattice sije E3 is a single-charge divacancy tectors made fronfrZ-Si can be subdivided according to the

1 T l T l T ] v
1st irradiation | @

‘A
i e \ 4 1
H1 q‘1
-1 ) I . ! ) 1 )
1 i) l ¥ T L l L
2 s 1E2 i b
'c / annealing
p | i .
300°C+4
O 1 .J L c OOOC FIG. 1. DLTS spectra in the minority-carrier-injection
'a regime, a fast sample immediately after initial irradia-
- 0 (1] 2 tion (dose 18 cm™2) (1) and after annealing at room
‘© temperature for 15 h (3; b) fast samplel) and in-
g, \ J H3 termediate(2) sample after annealing at 300 °C for
B J ] 30 min and 400 °C for 45 min;)cfast sample after
I \J annealing (see h and repeated irradiationdose
'_U_’ HO 10 cm ).
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rate of annealing of interstitial carbon into the categories T T T
“fast,” “intermediate,” and “slow,” reflecting the fabrica-

tion regimes of the devices. In particular, the fast samples are,

formed during prolonged oxidation at elevated temperatures § :if(;f_i'St order reaction e
o . . ) N )=n, o 1-0xp(-t/1)]
(=1100 °C), which produces a higher oxygen content in the ng = 299910"cm?
crystals® The G—O, complex(the H2 defecj forms at the T 20 t= zsieh —a— H2 center

on,

--------- first order reaction

same time a€; is annealed. For the fast sample this process 2 i
————— second order reaction

takes place at room temperature and continues even aftefg
complete disappearance of .CThis indicates that the inter-
stitial carbon is present in a state such that it is not observed Dl
N . ) ng= 3.188-10" cm

by DLTS; however, it is capable of taking part in the forma- : K = 180810 ek
tion of the G—O, defect. For a better understanding of the O ————""% E— “1‘60 . 10'00
nature of the appearance of-@, deep centers, we have Time, h
analyzed the nature of the reaction that produces it.

During the annealing of interstitial carbon the following FIG. 2. Growth of G-O defect concentration in the fast sample at room
reactions take place: temperature.

Ci+Oi=Ci—Oi,

N

ce
T

fit: second order reaction -
N(t=n J1-1/(1+kn )]

Con

For the fast sample the experimental dependences corre-
spond better to a bimolecular reacti@ffig. 2). Such behav-

In Ref. 4 we showed that the temporal variation of the con4or corresponds to the case in which the variation of the
centrationn,(t) of the G defects is described by the mono- C;—O complex concentration is controlled by both reactants,

Ci+Cs:Ci_CS'

molecular reaction despite the fact that the interstitial oxygen content in silicon
substantially exceeds the interstitial carbon content which

dnd(® _ () N (t) =Ny exp—t/7) (1)  arises only as a result of irradiation of the diode. This alows
dt T X0 ’ us to assume that the formation of this complex is augmented

where 7 is the time constant of annealing of interstitial car- PY & Process involving the participation of interstitial carbon
bon andn,q is the initial G concentration. Formation of the &toms not recorded in the DLTS measurements. The signifi-
C,—O complex takes place with the participation of two at- Cant Setup time for saturation of the-&@ concentration apd

oms, whose concentrations are representea gy-n, and 'S Very large yalue for the fast sample are apparently linked
n,,. This process can be treated as a pseudo-monomolecul‘é(l‘th the dominant influence of these atoms. At the same

reaction, time, for the slow sample an increase in the concentration of
C,—0O essentially ceases after thedefects have completely
Ny(t) =nyo[1—exp(—t/7)], (2)  disappeared, which does not allow us to uniquely identify the

if the concentration of the nascent compleRggt) is deter- ~ formation of this complex as a bimolecular reactigig. 3).
mined by the concentration of only one of the reactants, i.e.] NiS indicates the bounded nature of an additiofire-

Ny <N. If the concentrations of the reactants are Compa_(:orded source of interstitial carbon at temperatures close to

rable room temperature in diodes of the given type in comparison
with the fast samples.

Ny1=Nyo =Ny, 3 In order to investigate the reproducibility of the observed
then they decrease simultaneously according to the pimceffects, a few samples previously investigated in Ref. 7 were
lecular reaction subjected, after storage at room temperature for two years, to

annealing to eliminate radiation defects. The annealing was

M — an(t) (4)

dt e
wherek is the reaction rate constant. For the initial condi- fit. first order reaction

1.2 | NO=n1-exp(-t/0)}

tions n,(0)=n,q the concentration increase of the-© ng = 121810Vem™

”
complexes will then be g T o=7180h T
=Non— © o8} —o— H2 center
N(D =0 =N(t). (5) - | = first order reaction
It is described by the relation 2 —~—~ second order reaction .
§ 04 | fit: second order reaction |
N(t) =no 1— 1 . ©) .§ g N()=n g[1-1/(1+kngt)]
x0 1+kn,ot o g « 1.53310"em™S

K« 929210cmh!
L 1

Figures 2 and 3 plot the growth of the concentration of 0.0 . ' v
5 10 15 20 25 30
the G—O, defects for the fast samples at room temperature Time. h
and the slow samples at 50 °C, and their approximation by )

formulas (2) and (6), which c_orrespond _reSpeCtively to @ FIG. 3. Growth of G-O defect concentration in the slow sample at room
pseudo-monomolecular reaction and a bimolecular reactionemperature.
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FIG. 5. Isochronous annealing of the fast sample after formatid2oand

FIG. 4. Variation of the defect concentration at room temperature in the faspo defects.
sample after annealing and repeated irradiation.

only concentration of note that takes place in them occurs in
the presentce of the restructuring radiation defects, in par-
performed in two steps: at 300°C for 30 min and atticular, of those associated with oxygen, which is observed
400 °C for 45 min, after which the samples were again irra-even at room temperature. The maximum growth of their
diated with« particles with a dose of f0cm™2. The fast, concentrations coincides with annealing of thec€nters.
intermediate, and slow samples responded differently to this  Figure 6 presents results of annealing of a slow sample
anneal. Thus, in the fast sample upon complete annealing affter repeated irradiation. At 70 °C no growth in the-Q
the radiation defects, two new defect&2-andHO (Fig. 1b,  concentration is observed after annealing of thed€fects.
curve )—were formed, and in the intermediate sample in-However, raising the temperature to 250 °C causes an abrupt
stead of the defedtiO the defecH3 (curve 3 was formed. growth of the concentration of tHd2 centers. This suggests
In both the intermediate and slow samples the déi&ctvas  that a “hidden” carbon source, which cannot be detected by
formed at an insignificant concentration level, which did notthe DLTS method, is present in the slow samples. In this
vary during subsequent heat processing. case, however, a significantly larger energy is required to
Let us examine the fast sample in greater detail since thfree it so that it can participate in the formation of com-
initial material for it was silicon from Wacker Chemitronics, plexes.
which is the most frequent source for fabrication of detec-
tors. The DLTS spectrum in the minority-carrier-injection , ~oncLUSIONS
regime for the fast sample exposed to repeated irradiation is
shown in Fig. 1c. Note that the concentration of &2 and Our results confirm the idea that the restructuring of ra-
HO centers which arose during annealing as a result of dec;ﬂjation defects depends on the source material and the fabri-
of the radiation defects increases as a result of the repeaté@tion technology of silicon diodes. The presence of a higher
irradiation.
The variation in the concentration of the deep centers
during the course of isothermal annealing at room tempera- 7 T T T T T T
ture after repeated irradiation of the fast sample is shown in
Fig. 4. In addition to the above-mentioned growth of the
concentration of the GO, defects and thé&1l defects in-
cluding the G-C; complex (the latter together with thé
center forms the DLTS peakthere is also a nonmonotonic
variation of the concentration of tHe2 andHO centers dur-
ing the annealing of Cand after its completion: their con-
centration at first grows and then falls. Noting that restruc-

—a—H1
—x—H2
—a—E1

"Cﬂl -3

Concentration, 10
~N
T

turing of the carbon centers proceeds at room temperature, x /

we may assume that carbon enters into the composition of ~ [ s a a ]
theE2 andHQ centers. Addltloqally, since the given cgnters 0 f \ . ) L
are more actively manifested in the fast samples, i.e., the 1 2 3 4 5 ¢ 7
samples having significantly higher oxygen content, oxygen Annealing steps

probably also participates in their formation. Note that the

E2 andHO centers are very stable. Figure 5 plots data orf!G. 6. Annealing of carbon-containing defects in the slow sample after
: : eated irradiation. Labeling of the abscissa corresponds to the sample
isochronous annealing of a fast _sample after the appearan#?mediately after irradiationil) and the stages that follow the anneali2y:

of these centers. The concentration of BE#2andHO centers  7g°c, 1 h,3) 70°C, 3 h,4) 70°C, 3 h,5) 70°C, 2 h, 6) 250 °C,

remains virtually the same up to 300 °C. At the same the h, 7)300°C, 1 h.
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Measurements have been made of the photosensitivitp bfp ~)-InPh*-CdS structures

formed by the growth of indium phosphide and cadmium sulfide filmg 6AnP substrates with
(100 crystallographic orientation. These structures exhibit a photosensi8yvity.13A/W

in the spectral range from 1.3 to 2.4 eVTat300 K. Polarizational photosensitivity was observed
for oblique incidence of linearly polarized light on the CdS surface of these structures. The
induced photopleochroism of these structures is governed by the angle of incidefide
photopleochroism increases proportionallyffoand its maximum value is found to be

~50% at #=75—-80°. The maximum azimuthal photosensitivity was found to be
~0.13A/W-deg. Structures consisting of CdS deposited on InP can be used as polarimetric
photodetectors. €1997 American Institute of PhysidsS1063-782807)02102-9

Gallium-phosphide and cadmium-sulfide based heterosion into the forming layers from the indium-phosphide sub-
structures heretofore have been studied only for the purpossrate. No effect of the doping level of the indium-phosphide
of creating high-efficiency solar cells. Complex physical andsubstrate on the electron concentration intiieCdS layers
technological studies of the system InP/CdS have made ivas detected.
possible to create structures with high radiation hardness and After formation of the n*-CdS layers, the g*—

a coefficient of useful action as high as 18%.In the p~)-InPh*-CdS structures were fitted with chemical con-
present paper we report the initial results of an experimentaicts. A layer of Ag+ 5% Zn, roughly 0.1 mm in thickness,
study of the photoelectric properties of InNP/CdS structures invas deposited on the free surface of fheInP substrate by
linearly polarized light, which have allowed us to draw con-thermal sputtering, and a contact grid with composition.
clusions regarding their potential for application in polariza-In +5% Te was deposited through a mask on the free surface
tion photonics. of the n*-CdS layer. After deposition of the contacts, the

1. (p*=p7)-InP*-CdS heterostructures were obtained structure was subjected to heat processing-a60 °C for
as follows. In the first step, epitaxial layers pf-InP in a  5—10 min. The so-obtained structures were mounted on a
chloride system In-PGIH, were grown on zinc-doped standard crystal-holder.
indium-phosphide waferwith p* hole concentration equal The spectral dependence of the photoelectric properties
to (3—4)x10"® cm 2 at T=300 K, thickness~0.4 mm  of the structures was measured with the help of an SPM-2
with orientation (1000 and misorientation~4—5° in the =~ monochromator with a quartz prism. Light having the neces-
(110 direction]. The epitaxial layer was doped with zinc sary orientation of the electric vect&r was separated from
during the growth process up @~ hole concentrations of natural light by means of polarization filters with 100%
10%—10 cm 2 with Hall mobility pp=90-120 polarization in the investigated spectral range. To vary the
cn?/(V-s). This working regime allowed us to obtain elec- angle of incidenced of the linearly polarized light, we
trically homogeneous layers with thicknesses in the rang&ounted the structures on a Fedorov table. The spectral reso-
2—4 um. In the second step, we deposited layers of Cddution of the setup was no worse than 1 meV, and the angle
onto the surface of the epitaxial layer pf -InP in a hydro-  of incidence was controlled with an accuracy-o1°.
gen flow-through system without any additional processing 2. As measurements of the stationary current—voltage
of the epitaxial layer. The temperature in the region of thecharacteristics show, a distinct rectificatiifig. 1, inset is
CdS sourceT was usually about 840 °C, and the tempera-observed in the obtained heterostructures. The direct
ture in the deposition zor€, was roughly 706-750 °C. As ~ current—voltage characteristic in the voltage range
the measurements show, the free electron concentration =>0.7 V obeys the relation
then™-CdS layers deposited on tipg -InP surface depends U-U,
strongly onT,. The electron concentration in the"-CdS = R
layers obtained at T,=700-730°C was equal to
n=(3—5)x 10" cm 2 at T=300 K. The indicated level of where the cutoff voltage i&),~=0.7—0.8 V, and the resis-
doping of the CdS layers can be explained by indium diffu-tance isR~10—20() at T=300 K. The saturation current
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-02 FIG. 2. Short-circuited photocurrent f&|| Pl (plane of incidence(1) and
E L PI (2) and induced photopleochroism, plotted versus the angle of inci-
dence of the illuminating light on the surface of th@*p~)-InP/
n*-CdS structure al =300 °K. Sample 18-2. Wavelengtjym: a—0.92,
b—0.50.

.
Lp

hw,ev 3. In the case where the heterostructures were illumi-
nated by linearly polarized light normal to the CdS surface,

FIG. 1. S+pectral depéndence of the quantum efficiency of photoconversiofhe short-circuit photocurrent turned out to be independent of
of the (p"—p~)-InPh™-CdS heterostructure at room temperature. Sample : ; P i ;
18-3. The arrows indicate the width of the InP and CdS band gaps. Inse}::he orientation of the p0|arlzatlon plane of the incident |Ight.

steady-state current—voltage characteristic. This allows us to conclude that photoactive absorption in the
region of the interband optical transitions in InP and CdS is
isotropic. For indium phosphide, which has a cubic sphaler-
for reverse biases upt2 V in all the structures stands ite lattice, this is an obvious result, whereas for the aniso-
at 10 ‘A, and a sudden breakdown is observed at voltagesropic semiconductor CdS, this result may be caused by ei-
>3 V. A typical spectral dependence of the relative quantunther the polycrystalline structure of the layer or by the
efficiency, calculated as the ratio of the short-circuit photo-coincidence of the surface normal to the CdS symmetry axis,
current to the number of incident photons, is shown in Fig. li.e., the [0001] direction. For deviations of the incidence
for the heterostructures in natur@npolarized light. It can  angle from zera(#+#0°) the polarization indicatrices of the
be seen that a high photosensitivity)(is realized over a short-circuit photocurrenti] for all the heterostructures re-
wide spectral range between the widths of the band gaps ofealed a periodic dependence on the azimuthal angbe-
the investigated materials. The long-wavelength edge of thewveen the electric field vector of the wakzeand the plane of
photosensitivity spectrum corresponds to interband photoadncidence (IP). These dependences obey the relation
tive absorption in InP. It is described by an exponential and ,=iPcose+isirfe, whereiP andi® are, respectively, the
is characterized by a slof@=80—100 eV !, which is typi-  photocurrent foiE || IP andE L IP. The form of the polariza-
cal of direct interband transitions. The short-wavelengthtion indicatrices was identical over the entire range of pho-
limit of the photosensitivity is caused by the appearance ofosensitivities of the structures, and the ratf4i® grew
interband absorption in the wideband layer when the photomonotonically withé at fixed photon energy.
generation region is localized at its surface at distances from Figures 2a and 2b show typicel(#) andi®(6) curves
the active region of the heterostructure which exceed théor the heterostructures at two different wavelengths from the
diffusion drift length of the photoelectrons in the"-CdS  fundamental absorption region of InP and CdS. These curves
layer. It should be stressed that the photoelectric parameteveere identical in nature for all the heterostructures and one
of the (p"—p~)-InP*-CdS heterostructures proved to be shared peculiarity is that immediately as the angle of inci-
reproducible when the fabrication process parameters wemence departs fromi=0° both photocurrents® andi® begin
held constant. The maximum current photosensiti@tyof  to fall. Consequently, in these structures we were not able to
these structures reaches a value of approximately 0.13A/W afbserve an increase if. We observed growth df® previ-
T=300 K. It was possible to attain such a high photosensiously in the case of structures in which the receiver surface
tivity as a result of epitaxial growth of the™-InP layer. In ~ was of high optical quality; thus, in agreement with the
the absence of this layer, also when usmtnP wafers with  Fresnel relations the photocurrent | IP reached its maxi-
(111) orientation, the current photosensitiviy falls by at  mum in the vicinity of the pseudo-Brewster an§lds the
least an order of magnitude. optical quality of the receiver surface deteriorated, growth of
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to those obtained when illuminating the structures with un-
polarized light, and varying the polarization of the incident
light from E||IP to E_L IP is accompanied by a downward
shift of the photocurrent. This shift increases as the angle of
incidence is increased; the relatiofi>i® is preserved over
the entire photosensitivity range of the structures.

The coefficient of induced photopleochroism in the
maximum photosensitivity region of the heterostructures re-

n ] . . . S .
1.15 25 mains nearly constar{Fig. 4) relative to the light intensity,

hw,ev and its magnitude can be easily controlled by choosing the

appropriate angle of incidence. The falloff of the photopleo-

FIG. 3. Spectral dependence of the relative quantum efficiency of thechroism in the short-wavelength spectral region agrees with
(p"—p7)-INPh*-CdS heterostructure in linearly polarized light®300  the onset of interband absorption in the wideband layer. The

K. Sample 18-3p=75°; 1) E| PI, 2) E_LPI. The arrows indicate the width

of the InP and CdS band gaps. maximum azimuthal photosensitivity of InP/CdS hetero-

structures, which is realized in the vicinity gi=45° (Ref.

7), reaches the valug@"=0.13A/W- deg atT =300 K, which
iP in such structures with increase @tlisappeared® There-  is at the record level of this parameter for semiconductor
fore, the features revealed in tH §) curves for the hetero- polarimetric structure$.The wideband nature of the quan-
structures can be immediately linked with the poor opticaltum efficiency of photoconversiofFig. 1) and of the pho-
quality of the light-reflecting surfaces of the structures. It cantopleochroism(Fig. 4) suggest that InP/CdS heterostructures
be assumed that further technological efforts might afford artleveloped for solar cells can also be used as wide-range
improvement in the quality of the layers, after which the (1.3—2.4 eV), high-sensitivity photo-analyzers of linear po-
experimental values ofiP(#) would correspond to the larized radiation. It should also be mentioned that an im-
Fresnel relations. In this regard, measurement of the polaprovement in the optical quality of the exterior surface of the
ization indicatrices of the photocurrent of such heterostrucCdS layers would make it possible to increase the quantum
tures could be used as express nondestructive diagnostics efficiency of photoconversion near the pseudo-Brewster
the optical quality of the layers. angle and, consequently, raise the level of azimuthal photo-

It also follows from Figs. 2a and 2b that the photopleo-sensitivity attained by us by approximately 30%.
chroism associated with oblique incidence of linearly polar-
ized light! P,=(iP—i%)/(iP+i%), is found to be in agree-
ment over the entire photosensitivity range with a theoretical
analysis of the phenomerfband obeys the law;~ 62. It is 1?6@28?%73 L. Shay, K. J. Bachman, and E. Buchler, Appl. Phys. Lett.
3b) that photopleochrolsm arises oy GKO" and grows -5 1ioi8ava and 3 Saa, Sold_Siie Elctniss 197

V. M. Botnariuk, L. V. Gorchak, G. N. Grigorieva, M. B. Kagan, T. A.
smoothly as the angle of incidence is increased, reaching itSkozyreva, T. L. Lybaskaya, E. V. Russu, and A. V. Simoshkevich, Solar
maximum valueP{"=50% near#=80°. The experimental énggif(mar\]t&%O,sz(l?% V. Rud’ D. M. Melebacy. A. Berve
curves ofP;(8), according to the theoretpal anaIyS|_s in Ref. v, M. Serginov, én;'s. ‘%Iévo‘\j" an.“J. Appl. Phge, 515 (1993
8, yield the valuen=2.5 for the refractive index, which cor- sy, v znilyaev, N. Nazarov, V. Yu. Rud’, Yu. V. Rud’, and L. M.
responds to the known value for CdSherefore, there are  Fedorov, Fiz. Tekh. Poluprovod&7, 1610(1993 [Semiconductor®7,
grounds to assume that the main contributiorPtocomes ~ 890(1993]. ' ,
from processes connected with the passage of linearly polar-:%ng?fg‘es"th t;ga:;uig%léd' and Yu. V. Rud'Book of Abstracts of
ized light through the CdS surface. "Yu. V. Rud', lvz. Vuz. Fizika29, No. 8, 68(1986.

4. Typical spectral curves of the relative quantum effi- 8G. A. Medvedkin and Yu. V. Rud’, Phys. Solid State6, 333 (1981).
ciency of the photopleochroism for oblique incidence of lin- °Physical-Chemical Properties of Semiconductor Materfas Russiad,
early polarized light onto the doped surface of one of the Nauka. Moscow, 1978.
heterostructures are shown in Fig. 3. These curves are similaranslated by Paul F. Schippnick
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Photoelectric properties of porous and single-crystal silicon heterocontacts
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The polarization photosensitivity of a heterocontact of porous and single-crystal silicon is
experimentally investigated. A maximum in the photosensitivity is observedlamA/W at
energies in the range 1.2-2.3 eV, when linearly polarized light is obliquely incident on

the surface of the porous-silicon layer. The photopleochroism of these heterostructures depends
on the angle of incidencé, varies roughly as- 62, and reaches the maximum value of

~32% at§=80°. Oscillations due to interference of natural and linearly polarized light in the
porous-silicon layers are observed in the photocurrent and the photopleochroism of these
structures. Heterostructures consisting of a layer of porous silicon on a silicon single crystal can
find application as photoconverters of natural and linearly polarized light19@7

American Institute of Physic§S1063-7827)02202-3

Lowering the dimensionality in semiconductors is an ef-The photosensitivity is usually greater when these hetero-
fective means by which to control their fundamentalstructures are illuminated from the porous-silicon side and
parameters? In recent years, there has been growing interreaches a value in the ran§e=0.5—-1.0 mA/W (the current
est in visible radiation from porous silicdn® In the present  sensitivity or S,=20—50 V/W (the voltage sensitivityat
paper we report the results of an experimental study of th& =300 K.
polarizational aspects of the photosensitivity of the hetero- A typical spectral dependence of the relative quantum
contact between a silicon single crystal and the porousefficiency of photoconversion for the obtained heterostruc-
silicon layer formed on it during anodic etching. tures, defined as the ratio of the short-circuit photocurrent to

1. Atypical stationary current—voltage characteristic of athe number of incident photons, is shown in Fig. 1. When
heterostructure consisting of a porous-silicon layer formeduch structures are illuminated in the direction of the normal
on a(100-cut p-Si (KDB-2) wafer is shown in Fig. 1. To to the surface from the side of the porous-silicon layer, the
obtain such heterostructures, we used the well-knownvindow effect, typical for such heterostructures, is observed.
method of subjecting-Si wafers to anodic etching? The  Here the long-wavelength photosensitivity limit obeys an ex-
thickness of the porous-silicon layers was controlled by theyonential law(Fig. 1, curve?) and is localized in the region
etching time and the magnitude of the anode current andf photon energies corresponding to edge absorption in a
varied from a few micrometers to tens of micrometers. Thesilicon single crystal. If the heterostructures are illuminated
transparency direction in such structures corresponds tRom the silicon-crystal side for substrate thicknesses of 0.4
negative polarity of the external bias on the porous-siliconmm and photon energies greater than 1.15 eV, the photore-
layer. At large forward biases)>U) the current depends  sponse falls nearly to zero, due to localization of the photo-
linearly on the voltage and obeys the relation excitation region at a distance exceeding the diffusion drift

l=(U— length of the photoelectrons. If the structures are illuminated

=(U—-UyI/R, . . . -

by unpolarized light from the side of the porous-silicon layer
whereR is the residual resistance. For heterostructures wittiFig. 1), then a wideband effect takes place, and for layer
thickness of the porous-silicon layer in the rangel® um,  thicknessesl in the neighborhood of 1@&m the photosensi-
R usually equals 210 M(), and the cutoff voltage in this tivity begins to fall abruptly in the region of photon energies
caseU.=1.5—-1.6 V atT=300 K. In the case of reverse bias Aw=2 eV. The latter apparently is due to increased absorp-
up to 25 V the current saturates at the level 46 8 Aat  tion in the porous-silicon layers as a result of switching on
T=300 K. A sudden breakdown takes place when the rethe interband transitions. In the energy range between the
verse bias reaches 3@5 V. As the thickness of the porous- widths of the band gaps of crystalline and porous silicon, a
silicon layers is decreased, the residual resistance is reduceskries of nearly equidistant peaks shows up in the photosen-

2. lllumination of a heterostructure gives rise to the pho-sitivity spectra of all the obtained structures with porous-
tovoltaic effect, which is due to a separation of light- silicon layers with specular face planes. In the given example
generating charge carriers in the electric field localized at théFig. 1) for illumination by unpolarized light the number of
boundary of the porous and crystalline silicon layers. Irre-peaks reaches 20. The distance between the peak®0s
spective of where the light proldeiameter 1 mmis placed meV on average. This allows us to estimate the thickness of
on the surface of the heterostructure, the porous-silicon layghe nascent layers from the known value of the refractive
is always negatively charged relative to theSi substrate. index for porous silicolf:we obtaind=4—5 um. This esti-
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FIG. 1. Spectral dependence of the quantum efficiency of the photo- 3
response of a heterostructure based on porous silicon and crystalline silicon. A NI BT N 1/
Sample 20 A, d=5 um, T=300 K, unpolarized radiation, angle of inci- g 0
denced=0°, spectral resolution no worse than 1 meV, illumination from 8,deg

the porous-silicon side. Inset: steady-state current—voltage characteristic.
FIG. 2.iP (1), i® (2) and the induced photopleochroigi®) plotted versus
the angle of incidence of the linearly polarized light incident on the porous-

mate of the layer thickness from the spectral distribution oficon surface. Sample 20 A,=300 K.
the photosensitivity of the heterostructures is found to be in

good agreement with the results of direct microscopic mea-
surements. In general, the very fact that structure has beeabtained foriP(#) andi®(6) are nonmonotonic and have at

detected in the photosensitivity spectra of the heterostrudeast three peculiarities in the form of their peaks and bends
tures, where this structure is the result of interference of th¢Fig. 2, curvesl and2). Such curves were typical of hetero-
incident radiation in the wideband material, allows us to con-structures with a specular receiver surface. In the investi-
clude that the homogeneity of the obtained porous-silicorgated range of angleg the polarization dependence of the
layers is high enough. photocurrent when varying the azimuthal anglebetween
It should be noted that already in heterostructures withE and the plane of incidence is periodic, with the maximum
porous-silicon layer thicknesses~1 um the short- photocurrent corresponding | IP and the minimum, to
wavelength falloff in the spectral curves gf{#w) is essen- E|IP. The induced photopleochroism  coefficient
tially absent up to 3 eV. P;=(iP—i%/(iP+i%) was calculated on the basis of polar-
3. When the heterostructures were illuminated with lin-ization measurements of the photocurrentfatconst and
early polarized light normal to the porous-silicon surface, thei w = const.
guantum efficiency over the entire photosensitivity range A typical angular dependence of induced photopleochro-
turned out to be independent of the orientation of the electrigsm for the examined heterostructures is shown in Fig. 2
vector of the light waveE relative to the principal crystallo- (curve3). Its main distinguishing feature is that with growth
graphic axes of the silicon substrate, i.e., photoactive absormf the angle of incidence, the induced photopleochroizm
tion in both components of the heterostructure is isotropicgrows according to a nearly quadratic law, which agrees with
Consequently, natural photopleochroism in such heterostru¢he analysis presented in Ref. 8. However, in contrast to what
tures is absentRy=0)% As the angle of incidenc® be-  one might expect from Ref. 8, at certain values of the angle
comes nonzero, the short-circuit photocurrent for the case iof incidence the experimental curves( ) undergo oscilla-
which E lies in the plane of incidenc@P), i?, over the entire tions. Such a feature has not been previously obsefseel
photosensitivity range begins to predominate over the photdRefs. 7—9 and may be connected with interference of lin-
current for the case in which is perpendicular to the plane early polarized light in the wideband layer. As can be seen
of incidence,i®, and, correspondingly, fdE L IP. As can be from Fig. 2, the induced photopleochroisméat 70° reaches
seen from Fig. 2, the dependenceibfandi® on the inci- a value of 26-25% for different heterostructures, which
dence angle for the heterostructures turns out to be differeritased on the theoretical analysis in Ref. 8 yields the value
than expected from the Fresnel relations. Indeed, the curves=1.7 for the refractive index for layers formed by anodic
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FIG. 3. Spectral dependence of the photocurréhendi® in p-polarization
(%°) (1) and in s-polarization(%°) (2) of a heterocontact of porous and

talline silicon. le 20 AT=300 K, =75°. . : .
crystalline silicon. Sample 20 AL=300 K, 6=75 topleochroism falls according to the la®;~ 6% (Fig. 2,

curve 3).

The results presented here thus show that heterostruc-
etching. This value differs from known valuesmffor crys-  tres based on porous and crystalline silicon can find appli-
talline silicon, which serves to explain the polarizational -ation as wideband photovoltaic converters of natural and
photosensitivity for oblique incidence of linearly polarized |inearly polarized light. The observed interference of light in
light of heterostructures with phenomena at the air-porougnodized layers of silicon indicates that they have a high
silicon surface boundary. level of homogeneity and that polarizational photoelectric

Figure 3 plots typical spectral curves of the photocur-gpectroscopy can be used for express diagnostics of such
rentsiP andi® for the obtained structures. It can be seen thaﬁayers.
over the entire spectral range the photosensitiVityi® and, The authors are grateful to A. A. Lebedev for providing
as in the case of unpolarized radiatigfig. 1, curve2) a  peterostructures and for his interest in this work.
distinct system of equidistant peaks shows up in the photo-
current spectra in the region of maximum photosensitivity
for both polgnzatlons. The number of pegks in the b_et_terlL T. Canham, Appl. Phys. Let§7, 1046(1990.
structures withd=5 um reaches 13-14. It is characteristic 2\ g grandt, H. D. Fuchs, and M. Stutzmann, Solid State Commiin.
that the depth of modulation of the photocurrent is higher for 307 (1992.
iS. It is also important to mention that the energy positions of °Y. Kanemitsu, H. Uto, Y. Masumoto, T. Matsumoto, T. Futagi, and
the maxima of P correspond to minima df andvice versa 4[" é’“m“ra' Phys. Rev. BI§, 2827(1993.

. . . Brus, J. Phys. Chen@8, 3575(1994).

This latter feature has the result that in contrast to thesg v astrova, A. A. Lebedev, A. D. Remenyuk, and Yu. V. Rud’, Jpn.

known properties of induced photopleochroism in structures J. Appl. Phys34, 251(1995.

where interference is not observed and for which the value 063- 'V'\-/ P};O'éesly Ap{)/'- Ph'%/_s._kLetEZ, 3822;';1822-
. . u. V. Rud’, lzv. Vuz. Fizika, No. 8, .
Pi IS lr(;garly constant over the entire photoSeNnsitivity s, “\tegvedkin and Yu. V. Rud’, Phys. Status Solidi6®, 333(1981).
range; " in heterostructures of porous and crystalline silicon 95 . konnikov, D. Melebaev, Y. Yu. Rud’, Yu. V. Rud’, A. Berkeliev,
P; begins to vary strongly as a function of the photon energy M. Serginov, and S. Tilevov, Jpn. J. Appl. Ph@2, 515(1993.
(Fig. 4). It follows from Fig. 4 that as the angle of incidence v, Yu. Rud’, Candidacy DissertatiofA. F. loffe Physicotechnical Insti-
; o ) tute, Russian Acad f Sci , St. Petersburg,)19947.
0 is decreased, oscillations in the spectral dependence of !t Russian Academy of Sciences, St. Petersburg,)19

P, are preserved, but the mean value of the induced phoFranslated by Paul F. Schippnick
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Photoluminescence of anodized layers of CdSiAs
A. A. Lebedev and Yu. V. Rud’

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

V. Yu. Rud’

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted April 22, 1996; accepted for publication April 24, 1996
Fiz. Tekh. Poluprovodr31, 313—314(February 199¥

CdSiAs belongs to the 1I-IV-Y group of chalcopyrite semiconductors with a direct band gap

of 1.51 eV atT=300 K. In this paper we investigate the spectral dependence of the steady-

state photoluminescence of CdSjfanodized layers. These layers were fabricated by
electrochemical anodization of unorientedype CdSiAs wafers in an solution of HF in ethanol.

It is found that a broad photoluminescence band with a maximum at the photon energy

hw=1.82 eV at 300 K arises. This band lies deep in the fundamental absorption region of
CdSiAs crystals. The dependence of the parameters of the photoluminescence spectra of anodized
Si, GaAs, and CdSiAslayers is discussed. @997 American Institute of Physics.
[S1063-782607)02302-9

The direct-band-gap semiconductor CdSiAband gap  sities from 20 to 120 mA/cffor 40—120 min at room tem-
Ey=1.51 eV at 300 K; Refs. 153s the closest ternary ana- perature. As a result, a blackened region copying the shape
log of gallium arsenide and is of interest as a material forof the electrical contact of the wafer with the solvent ap-
polarization optoelectronics, solar cells, and polarized elecpeared on the specularly polished surface ofgkgpe Cd-
tron emitters’ In recent years the possibility has opened upSiAs, wafers. The surface of this region was diffusely scat-
of transforming the electron spectrum of semiconductors as g&red and resembled in its outward appearance the layer of
result of anodic etching.In particular, efficient photolumi-  porous silicon appearing on a silicon surface. After comple-
nescence of porous silicon has been obtained in the visiblgon of this process, the CdSiAssamples were carefully
spectral range. On this level, the behavior of binary and terwashed in deionized water and dried. The newly formed an-
nary analogs of elementary semiconductors resulting fromodic layers preserved their good adhesion togkgpe Cd-
anodic etching is of unquestionable interest. Recently it wasiAs, substrate even after drying.
found that, as in the case of silicon, anodic etching of gal- 2. Steady-state photoluminescence was excited by either
lium arsenide is accompanied by a flareup of strong luminesan argon or helium—cadmium laser and recorded by an
cence of the anodized surface in the visible region of theVI DR-3 monochromator with a 600 lines/mm grating and an
spectrunt) In this paper we present the results of a prelimi-FZU-62 photomultiplier. The photoluminescence was ana-
nary study of the effect of anodic etching on the photolumi-lyzed from the side on which the exciting light fell. All mea-
nescence of CdSiAscrystals. By analogy it could be ex-
pected that ternary semiconductors II-IV-\Ref. 4,
which are electron analogs of elementary semiconductors 972 183  2.04
(Ge, S) and llI-V compounds, should “react” to the elec- I
trochemical processing of their surface similar to siliéon.
Admittedly, the complication of the number and type of
chemical bonds and, as a consequence, complications of the
atomic composition of the semiconductors in the series
IV—IlI-V to lI-IV=V , give rise to a host of peculiarities
which would be difficult to guess in advance and which
could be observed only in experimental studies. Such pecu
larities will be discussed below.

1. Experiments on anodic etching were carried out on
electrically homogeneous wafers pitype CdSiAs with av-
erage dimensions »85X1 mnt and arbitrary crystallo-
graphic orientation. Single crystals pftype CdSiAs were
grown by steady-state directed crystallization from non-
stoichiometric melts. The free hole concentration in spe- 0
cially pure (dopant-fre¢ samples was 06 cm 3, and the : fiew. eV
Hall mobility of the holes was 200 cthV-s) at 300 K. As !

the anodic etchant we used 2HF 3C,HsOH + 0.1HNG; FIG. 1. Spectral dependence of the photoluminescence intenesftgnod-
(by volume. Etching was usually performed at current den-ized layers of CdSiAs(1), GaAs(2), and Si(3) at T=300 K.

units
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&
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TABLE I. corresponding semiconductee Table )l The shift of the
maxima, defined as the differente,,— Eg, for these semi-
conductors lies within the limits 0-30.5 eV, where the
Semiconductor  Eg, eV fioy, 8V &1, meV  fion—Eg, eV value off w,, was found to be sensitive to the conditions of

Properties of anodized layers

si 11 1.72 380 0.6 anodic etching. The magnitude of the short-wavelength shift
GaAs 1.43 2.04 680 0.6 fion—E, is therefore probably only a qualitative character-
CdSiAs 151 1.82 630 0.3 istic of the reconstruction of the near-surface region of the

semiconductor. The photoluminescence bands in the com-
parison analogs appearing in the visible spectral range are
characterized, as follows from Fig. 1 and Table I, by a large
éull width at half-maximum(FWHM) &;,,, which may serve

as an indication of their nonelementary nature.

In conclusion, we note that the fact of the formation of
6ﬁnodized wideband layers on diamond-like semiconductors
an be of interest in the creation of various types of opto-
Fctronic devices based on them.

This work was carried out within the scope of the pro-
gram “Physics of Solid-State Nanostructures.”

surements were performed at room temperature.

Figure 1 shows typical photoluminescence spectra of th
anodized layer on th@-type CdSiAs substrate(curve 1).
For the originalp-type CdSiAs single crystals recombina-
tion radiation has been observed so far only in the spectr
regionfiw<Egy and not one publication on this compound ¢
has so far reported the appearance of photoluminescence%l
energies above 1.5 e\72® For the anodized layers formed
on p-type CdSiAs substrates the photoluminescence, as ca
be seen from the figure, has the form of a wide and sym-
metrical enough band with absolute maximum atl)This result will be considered in detail in a special publication.
hw,=1.82 eV atT=300 K. The spectral shape of the pho-
toluminescence is nearly the same for excitation by argon'V. D. Prochukhan and Yu. V. Rud', Fiz. Tekh. Poluprovod?, 209
and helium—cadmium laser radiation, and varying the pumpzl(19A7?\Agsl,z’e'th3(f' Segg‘;’r‘]‘jfh ;ﬁl\((tg(?]hu &, and M. Serginov, Fiz
intensity showed that the intensity of the short-wavelength teih. poluprovodn 10, 1222 (1976 [Sov. Phys. Semicondi0, 727
radiation is proportional to the intensity of the exciting light. (1976].

Figure 1 also shows the spectral curves of the photolumines§::fcl)lr-]c}/-1 suldé'{l';i(zl-gg%lah- Poluprovodril7, 2208(1983 [Sov. Phys. Semi-
cence of anodized Iayers_ obtained under similar conditions, =" 5" .2 VL v Rud’, Fiz. Tekh. Poluprovod, 1761
on GaAs (curve 2) and Si(curve 3). Common to all the (1993 [Semiconductor®7, 969 (1993].

anodized layers of these analogs is the appearance of widét. T. Canham, Appl. Phys. Let67, 1046(1990.

band photoluminescence in the visible spectral range, With6J- L. Shay and J. H. WernicRernary Chalcopyrite SemiconductdiBer-
the energy position of the maxima of these barids,, gamon Press, Oxford, 19%5

greater in each case than the width of the band gap of theranslated by Paul F. Schippnick
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Photoluminescence of anodized silicon carbide
V. F. Agekyan and Yu. A. Stepanov

St. Petersburg State University, 198904 St. Petersburg, Russia
A. A. Lebedev, A. A. Lebedev, and Yu. V. Rud’

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted May 15, 1996; accepted for publication May 22, 1996
Fiz. Tekh. Poluprovodr31, 315-317(February 199¥

The luminescence of single-crystallinel€siC plates after electrochemical etching has been
investigated. The photoluminescence spectrum was found to change strongly after etching; the
decay times of separate bands were determined. Just as in the case of silicon, the change in
the photoluminescence could be due to the formation of nanostructure4.99® American
Institute of Physicg.S1063-782807)02502-7

The optical properties of an anodized surface of SiC arelectrochemically etched. For anodic etching, we used the
of interest for several reasons. It was found several yeamixture HFHC,H;OH+HNO; in volume ratios 2:3:0.1.
ago' that temperature-stable luminescence consisting of wid&tching was conducted at room temperature for 40—120 min
bands in the visible region of the spectrum appears as a resuiiith current densities 20-120 mA/ém
of electrochemical etching of crystalline silicon. Many au- The photoluminescence of porous SiC was excited with
thors interpreted this luminescence as a spectroscopic mara-pulsed nitrogen laseh¢ = 3.68 eV) with a 2-ns pulses and
festation of silicon nanostructures which form together witha pulse repetition frequency of 100 Hz. The spectra were
the porous silicort=* It has been suggested that the lumines-recorded at 80 and 300 K by two methods — in a strobo-
cence of wide-gap compounds which are formed duringscopic regimdtime-resolved luminescenceith a time con-
etching (silicon dioxide, amorphous silicon, siloxens, ¢tc. stant of about Sus and in a quasicontinuous regime. In the
could contribute to the spectruti.This problem is evidently latter case, a recording method ordinarily employed with
common to an entire series of semiconductors, and enlargingontinuous excitation was used.
the range of objects could help solve it. The radiative prop- In the unetched region of the single-crystalline SiC plate,
erties of an anodized silicon carbide surfatare of interest we observed at 80 K, a luminescence, which was recorded in
in themselves since SiC is employed as an electrolumineghe quasicontinuous regime with a maximum near 2.7 eV,
cent material. and a structure ordinarily attributed to radiative recombina-

Silicon carbide is an indirect wide-gap semiconductortion at deep aluminum acceptor levéldn the stroboscopic
with a gap width exceeding 3 e¥The edge luminescence of regime with a delayr=0, the wider recorded spectrum is
SiC is due to impurity states, specifically, relaxed bound exshifted into the short-wavelength regi¢hig. 1).
citons. In the present we paper report the results of an ex- Porous SiC is distinguished by a diversity of emission
perimental study of the radiation from an anodized SiC surspectra, which is perceived visually by color ranging from
face (which we shall simply call porous silicon carbjde blue to orange but usually nearly white, indicating a wide
under excitation by a short-wavelength laser pulse. To prespectral region of luminescence. The peripheral part of the
pare such a surface, single-crystalline silicon carliBld  etch region(the boundary of the etched and unetched re-
polytype plates, grown by Lely’s methotf, with electron
density (1-3)x10"® cm 2 and (0001 orientation, were

I, arb. units
I, arb. units

1
2.5 Jo
hy, ¥

FIG. 1. Luminescence spectra of unetchdd-SiC recorded in a time-
resolved regime withr=0 (1) and in a quasicontinuous regini®); T=80 FIG. 2. Three types of luminescence spectra of porous silicon caftice
K. sicontinuous recording reginiel =80 K.
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nitude in the initial silicon carbide as compared with porous
SiC.

2. Etching intensifies luminescence in the red region of
the spectrum and increases the short-wavelength shift of the
blue limit of the luminescence.

Finally, our results do not rule out the formation of Si-
and SiC-based nanostructures, which contribute to the red
and blue regions of the luminescence spectrum of porous
silicon carbide during electrochemical etchianodization
of SiC. However, the formation of compoundsxides and
siloxeng, similar to the compounds to which the short-
wavelength radiation of porous Si is attributed, cannot be
m ruled out. We note, however, that in the case of porous sili-

2 30 con carbide, the increase in the intensity of luminescence
hy, &¥ bands characteristic of single-crystalline SiC, just as the
similarity of the properties of these bands in SiC and porous
FIG. 3’_-1Lum0inzesce;°e de“?o?; pﬁéﬁiszigfi?efnﬁﬂhsggffegﬁfors SiC, most likely indicates the formation of nanostructures
gf(ggﬁd 50, ’respect’i\?g)yDashed IFne — luminescence spectrumyobtained rather than any new Chemlc,:al Compqunds. .
from the same point of the sample in the quasicontinuous regime. In contrast to porous Si, the radiation from porous SiC
does not degrade appreciably as a result of intense, continu-
ous laser excitation. The temperature stability of porous sili-

gions luminesces most strongly. As one can see from Fig. 2c0n carbide makes th'§ mgterlal promising from .the stand-
at least three bands with maxima near 2.2. 2.6. and 2.8 e9oint of practical applications of the electroluminescence

can be distinguished. The position of the maxima of thes@ffe%]_ K ; d fthe S
bands correlates well with the position of the known impu-“Ph S W(;r V}/_zs fir orme ?S [t)art 0,, t ed tate pro?rzlaim
rity emission bands of SiC: radiative transition ysics of solid-staté nanostructureés” and was partially

(conduction band— (deep boron acceptor levéd.2 eV));*? supported by the University of Arizon@SA).
donor—acceptor recombination on aluminum impurities —

(nitroger(2.6eV));'® radiative transition({conduction band

— (aluminum acceptor leve2.8eV)).'* The association of |

the intensities of these three bands can differ substantiaIIM'J‘_' E_C\f‘igram’ Qgiz'é;hz_s'é‘:;i;;?ﬁ(ﬁﬁ?ﬁo, M. Ligeon, F. Muller,
even within the etch region of the same sanple note that R. Rotestain, and R. M. MacFarlane, Phys. Rev8314171(1992.
spectrum 1 in Fig. 2 is atypicalAll this indicates that the  *M. Voos, Ph. Uzan, C. Delalande, G. Bastard, and A. Halimaoui, Appl.

technology of electrochemical etching of SiC must be im- Phys. Lett61, 1213(1992. _
4R. P. Vasques, R. W. Fathauer, T. George, A. Ksendzov, and T. L. Lin,

proved. , Appl. Phys. Lett60, 1004 (1992.

As 7 increases, the shape of the luminescence bandwm.s. Brand, H. D. Fuchs, M. Stuzmann, J. Weber, and M. Cardona, Solid
changes substantially and the maximum of the band shiftsGState Commun8l, 307 (1992.
into the Iong-wavelength TG‘QIO‘fFlg 3). This behavior cor- H. D. F.UChS‘ M. Stuzmann, M. S. Brandt, M. Rosenbauer, J. Weber,

. . . L A. Bretischwerdt, P. Deak, and M. Cardona, Phys. Rev4d@® 8172
responds to the previous results obtained from investigations ;gg5
of the decay time constants, of impurity luminescence 7T. Matsumoto, J. Takahashi, T. Tamaki, T. Futagi, and H. Mimura, Appl.
bands in single-crystalline SiG, for luminescence associ- SF’hyS- Lett.64, 225(1994. . .
ated with impurity boron atoms is much greater than‘or A. A. Lebedev, A. A. Lebedev, and Yu. V. Rud’, Pis’'ma Zh. Tekh. Fiz.
lumi iated with imourity aluminum ateré 21, 64 (1995 [Tech. Phys. Lett21, 195(1995].
uminescence a5§00|a ed wi purity alu um a > 9p. Choyke and L. Patrick, Phys. Re\27, 1868(1962.
The spectrum with a temporal delayof about 30us is  1°J. A. Lely, Ber. Deut. Ceram. Ge82, 229 (1995.
closest to the spectrum recorded in the continuous regime.''V. I Pavlichenko, I. V. Ryzhikov, Yu. I. Sulenanov, and Yu. M.

In contrast to the situation with ordinary and porous sili- g?ggi‘g' EZ'ZO'ST(ngg]Te'aLe”'”grad 10, 2801(1968 [Sov. Phys. Solid
con, the_ spectrz_al range of radiation fro_m UnetCh(_ad S”icpmé. E. Violin and G. F. Khbluyanov, Fiz. Tverd. Telaeningrad 8, 3395
carbide is identical to that of porous silicon carbide. It is (1966 [Sov. Phys. Solid Stat8, 2716(1966].
therefore difficult now to draw any convincing conclusions ﬁ\'\,"\/ Iked?\h "U‘hManSL\j/\r;aElL‘( 6}”3 T~ST&1|ndakgi Ft’h)g»l- Rf\%?ﬁ%%%%

: : . .von Much an . zinaer, Solld—state electrod, .
a,bOUt Fhe .fyndamem,al difference of the emlsslon_ meChaE’A. A. Lebedev, N. K. Poletaev, M. G. Rastegaeva, and N. S. Savkina, Fiz.
nisms in silicon carbide before and after anodization. The Tekh. Poluprovodn28, 1769(1994 [Semiconductor®8, 981 (1994].
main differences in the spectra consist of the following.  **M. M. Anikin, N. I. Kuznetsov, A. A. Lebedev, A. M. Strel'chuk, and

1. The spectrum from porous SiC is more temperature- A Ld 33:”214 Fgégel‘;hé Poluprovodr24, 1384(1990 [Sov. Phys. Semi-
stable. As a result of heating from 80 to 300 K, the intensity c0nductors24 869(1990].

of the luminescence decreases by more than an order of matranslated by M. E. Alferieff

I, arb. units
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Photovoltaic effect in a p-type CulnSe ,/green leaf heterojunction
V. Yu. Rud’,* Yu. V. Rud’, and V. Kh. Shpunt

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

(Submitted October 16, 1995; accepted for publication October 19,) 1995
Fiz. Tekh. Poluprovodr81, 193—196(February 199¥

Photosensitivgp-type CulnSe/green leaf heterojunctions are fabricated. The photocurrent
polarization indicatrix, as well as the spectral dependences of the quantum efficiencies for
photoconversion and of the natural photopleochroism of the heterojunctions, are measured.

The polarization dependence of the photosensitivity suggests that the upper valence band in
CulnSe is of typeI';. A window effect is observed in the sensitivity ratio and these
heterojunctions may find applications as photoconverters for the intensity and polarization of
light. © 1997 American Institute of Physid$$1063-78207)00102-9

The ternary compound Culngerystallizes in a chal- p-CulnSe/L contact over the area of the green leaf. As the
copyrite structure and, in terms of its fundamental paramsteady-state current-voltage characteristic shows, in these
eters, currently has the status of an elite material for creatingtructures reproducible rectification is observed with a coef-
highly efficient and cheap thin film devices for the conver-ficient of 2—3 at biases of 2-5 V, which for the range of
sion of solar into electrical enerdy’. It has already been mechanical stresses used to press the contact surfaces had no
used to fabricate heterojunction photoconverters with an efeffect on the electrical parameters of the Culp&ejunc-
ficiency of up to 17%6° Almost all of the techniques pres- tion. The forward direction of these structures corresponds to
ently available to semiconductor materials science have beefnegative polarity for the external bias on the leaf.
used to obtain these structuredhis proceeds in parallel When the CuInSg/L junctions were illuminated, a pho-
with an unceasing search for new heterojunction componentgyoltage developed with a negative charge on the leaf rela-
based on CulnSewhich might reduce the cost of photocon- tive to the CulnSgand the polarity did not vary as the wave-
verters, improve their ecological parameters, and enhanqgngth of the light was changed or the light probe was
their efficiencies. Some of these studies include naturajocussed onto the structure itself. This suggests that only a
material$ and the possibility of getting away from the use of single energy barrier is involved in the separation of the
cadmium, which is employed in Culn8€dS structures and photoinduced carriers resulting from the contact between the
is regarded as an ecologically dangerous element. In thisulnSe and green leaf surfaces. Thus, a green leaf can be
material, where the highest efficiency has been realized, insimilar to the CdS, electrolytes, etc., that are used to create
terdiffusion of Cu into the CdS has been observed and thign energy barrier on Culng&0?
causes a reduction in the photoconversion quantum effi- A typical plot of the relative quantum efficiency of a
ciency in the photoactive absorption region of theCulnSe/L heterojunction illuminated on the green leaf side
CulnSg.? Accordingly, we have undertaken a study of the as a function of photon energy is shown in Fig. 1. This curve
possible use of green leaves as a wide band component faas the shape characteristic of semiconducting heterojunc-
heterojunctions based on CulnSeas we have proposed tions. The long wavelength edge of the photosensitivity for
earlier® The use of green leaves in photoconverters will ob-these heterojunctions is exponential with a slope~of0
viously solve the ecological and economic aspects of thig\V~!. The discontinuity iny at#w=1.02 eV and the spec-
problem. tral position of the long wavelength edge in the photosensi-

The heterojunctions were fabricated using electricallytivity indicate that these features are attributable to photoac-
uniform single crystals op-type CulnSe with a hole con-  tive absorption in the Culn$eln this case the slope of the
centrationp=5x 10'® cm™2 at T=300 K grown by directed long wavelength photosensitivity edge for the heterojunction
crystallization of a near stoichiometric CulnSmelt. In a is consistent with a direct interband transition for CulpSe
number of cases wafers witfl00 and (001) orientations The short wavelength drop in the photosensitivity of the
and average sizes oP85x 1 mnt were used. The surface CulnSe/L heterojunction foiw=1.65 eV, as well as the
of the wafers was subjected to mechanical and, then, chemiise in photosensitivity atiw>1.8 eV, are in qualitative
cal polishing. The ohmic contacts were layers of gold theragreement with the wavelength dependence of the optical
mally sputtered in vacuum, to which current leads were atiransmission for a green ledFig. 1). For this reason, the
tached by soldering with pure indium. LeavesSyfringa L,  short wavelength drop im can be related to the absorption
which we denote by for brevity, were mostly used as green of radiation in a wide band component of the heterojunction
leaves. The heterojunction was created by placindg. ésaf  through which the radiation enters the active region of the
on a CulnSegsurface. A semitransparent layer of metdob, structure. For absorbed photon energies of 1.02—-1.85 eV the
Ni, Au) deposited on the surface of a glass plate was used apiantum efficiency of the heterojunction is essentially con-
an ohmic contact on the leaf. Besides providing an electricastant and this is evidence of rather efficient separation of
contact, this plate provided a uniform mechanicalphotoinduced pairs in these structures. When these hetero-
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FIG. 2. Polarization indicatrix of the short circuit photocurrent gi-ype
CulnSe /L heterojunctionT =300 K; illumination from the green leaf side;
fiw=1.02 eV;o=0° for E||C; crystallographic orientation of the CulnSe
wafers:1—(100), 2—(002).

1.0 20
how,ev that penetrates into the active region of these structures
through the leaf layer.
FIG. 1. Spectral dependences of the relative quantum efficignaf/a p- Figure 3 shows a typical spectral variation in the natural
type CulnSe/L heterojunction(1) and the optical transmissioh* of a e AN il iyl L _
green leaf used to fabricate the heterojuncti@ in unpolarized light. phOtOpleOChrmsm’/{\l (I ! )/(I T )’ for E_i heter(?struc
T=300 K, illumination from the green leaf side. ture based on a wafer gf-type CulnSeg oriented in the

(100 plane. The positive sign and the magnitude of this

coefficient are consistent with those obtained for

n—p-CulnSe homojunctions3 The maximum in the posi-
structures are illuminated from the side of the narrow banqive phot0p|eochroism occurs at the energy of the
component, CulnSethe photoconversion efficiency falls off A-transition, while its low value is caused by the weak te-
significantly and has a narrowly selective variation with atragonal deformation of the crystal lattice of CulnSeere it
maximum near the width of the band gap of CulpSehisis  should be emphasized that a positive sign for the natural
explained by absorption of light in the surface layer of thephotopleochroism does not correspond to that predicted by a
crystal. quasicubic modéf including the stretching of the Culnge

When linearly polarized light acts on heterojunctions crystal lattice along th¢001] direction. The latter may be

formed by contacts between oriented wafers of Cujr8&l  caused by the fact that the influence of other components of
green leaves, the photosensitivity behaves in a way charaghe noncubic potential such as anion displacement plays a
teristic of a uniaxial medium. Thus, when the CulpS&fer  dominant role in this case, so that the selection rules for
is oriented in the100) plane(Fig. 2, curvel), the polariza-  interband transitions are the same as in semiconductors with

tion indicatrix of the phOtOCUrrent varies periOdica”y; i.e., a Cha|c0pyrite lattice that have been Compressed a|0ng the
i=ilcoge+itsire, whereil andi’ are the photocurrents [001] direction

when the electric vectde of the light wave is, respectively,
parallel and perpendicular to the tetragonal aRiof the
crystal, andyp is the azimuthal angle betwe&andC, with
¢=0° whenE||C. It is important to emphasize that the po-
larization ratioil/i*>1, which suggests that the upper va- 20 P
lence band in CulnSehas symmetryl';, so that the direct \
A-transitions with the lowest energies are predominantly re- R S~
solved in theE|C polarization, as in the case of tetragonally * . L \
compressed semiconductdfsEor heterojunctions based on &) \
wafers of CulnSg oriented in the(001) plane, the polariza- - \
tion indicatrices degenerate into a straight liféy. 2, curve
2), which should occur for light propagating along the tetrag- 7] IO I WA I S S S
onal C axis. 10 oo eV 15

The photocurrent polarization indicatrices of the hetero- @€
junction were the same as for single crystal C_umS'dnus, FIG. 3. Spectral variation in the natural photopleochroism of-type
the presence of a “broad band” component in the heterogynsg L heterojunctionT =300 K; illumination from the green leaf side;
junction has no effect on the state of linearly polarized lightwafer oriented in th¢100) plane.

3 4 0.99

98 Semiconductors 31 (2), February 1997 Rud’ et al. 98



These studies, therefore, show that a contact of This work was supported by the INTAS-94-3998
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