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The temperature and injection dependence of the charge-carrier lifetime in dislocationSiee
is analyzed, making it possible to characterize the recombination activity of various types
of microdefects. The parameters of the primary recombination centersAwithnd B-type
microdefects have been found. €998 American Institute of Physics.
[S1063-782628)00102-1

The main structural growth defects in dislocation-freequent cooling at a rate of 0.2—0.3 K/as a result of which a
silicon single crystals are microdefects whose type is deterthin thermal oxide layer was created on the surface, having
mined by the conditions of growth, primarily the growth rate built-in positive chargé,which eliminated surface recombi-

V and the cooling regiméaxial temperature gradier3).!  nation of charge carriers.

Depending on the rati¥/G, microdefects ofA, B, C, orD Curvesl—4in Fig. 1 plot the dependence of the lifetime
type can arise in the bulk of the crysfalhe use of selective 7 of the minority charge carriers on the inverse temperature
etching, x-ray topography, and also electron-microscopy ha&) and their injection leve(b) in the investigated materials
made it possible to obtain information about the macroscopi€the numbers of the curves and the groups of crystals coin-
distribution of such defects in crystal boules, as well as theicide). Also shown(curveb) is the temperature dependence of
size, structure, and natufe! However, results of studies of 7 of the majority charge carrier&lectron$, which in the

the electrical properties of microdefects have been few antbw-temperature region T(,<250 K) has essentially the

to a significant degree contradictat§,while in fact practi- same character for all four groups of crystals. The observed
cally nothing is known about the recombination activity of increase of the lifetime- of the majority charge carriers as
the various types of microdefects. To fill this latter gap is thethe temperature is lowered is evidence of the presence in all
aim of the present work. the investigated materials of sticking centers for holes of

Dislocation-free single crystals oftype silicon with re-  identical nature.
sistivity p=20—100€)-cm were investigated, where these We note some peculiarities of the temperature and injec-
crystals were obtained by crucible-less zone melting irtion curves of the lifetimer of the minority charge carriers.
vacuum or in an argon atmosphere with variable growth ratéirst, for the crystals of the first and second groups the
V from 1 to 6 mm/min and containing by virtue of this mi- curves of the increasing dependence of the charge-carrier
crodefects of typed\, B, or D. The presence of microde- lifetime 7 on temperature, have characteristic segments of
fects and their type were monitored with the help of metal-activational variation. Second, in these same materials a
lographic methods. Three groups of samples were preparestronger injection dependence ofs observedin compari-
from parts of a boule grown in vacuum at different rates. Theson with samples from the third and fourth groug&inally,
first group consisted of crystals containing primarily typpe- in the crystals of the third and fourth groupwaries mono-
microdefectgslow rate of growth, the second—type& and  tonically with temperature while in the investigated interval
B, and the third—typeD. The fourth group consisted of of injection levels the charge-carrier lifetime remains practi-
silicon crystals grown in an argon atmosphere, in which seeally constant.
lective etching did not reveal any known microdefects  These dependences of the charge-carrier lifetimen
(“defect-free” samples Using the stationary photoconduc- the temperature and injection level were analyzed within the
tivity method, the photomagnetoelectric effect, and modulaframework of the Hall-Shockley—Read mo@élFor crys-
tion of the conductivity at a point contact, we measured thdals containing microdefects @& or A andB type, it gives
temperature Tm=80-400 K) and injection the following results. The variation of the lifetimeof the
[An/ng=(1x10 %) —(1x10°)] dependence of the lifetime minority charge carriers with temperature fB5<200 K is
(7) of the nonequilibrium majority and minority charge car- due to the temperature dependence of the capture cross sec-
riers (CC). Before making the measurements, the samplesion o, of the holes, which has the formr,~expe,/KT,
were subjected to special processihgating to around 1000 wheree,=0.065 eV anc,=0.045 eV for the first and sec-

K in an oxidizing medium for roughly 10 min with subse- ond groups, respectively. Further increase ¢T,,> 250 K)
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FIG. 1. Temperaturéa) and injection(b) dependences of the lifetime of the minori{tiy~4) and majority(5) charge carriers in crystals of the fifd, second
(2), third (3), and fourth(4) group.

is associated mainly with variation of the degree of filling of holes, i.e., they correspond to acceptor energy levels in the
the levels of the recombination centers. As calculations havewer half of the band gap.
shown, in crystals withA-type microdefects recombination Microdefects ofA-type, as is well knows;* are disloca-
of charge carriers goes through the level with energy positiotion loops of interstitial type, the presence on which of dan-
AE,;=0.41 eV, while in crystals with microdefects of types gling bonds and the capture to them of charge carriers define
A andB two energy levels in the temperature dependence ofhe recombination activity of microdefects @éf-type. Ac-
T—AE,;;=0.41 eV andAE,,=0.30 eV—are distinctly ob- cording to our estimates, which allow for the degree of filling
served. Therefore we may assume that the first of these isf the dangling bonds-0.01 characteristic of dislocation$,
associated with microdefects of type and the second, with the concentration of the charge-carrier capture centers asso-
microdefects of typd3. ciated with typeA microdefects does not exceed
Taking into account the position of the Fermi level 101°—10' cm 3. Thus, the values of the defect concentra-
(E.—0.37 eV andE.—0.25 eV} at the temperatures corre- tions have hardly any effect on the degree of compensation
sponding to the transitions from the temperature depenef the material, but have a marked effect on recombination
dences of o, to the activation-like dependence of  processes.
(10*/T,,=3.1 and 16/T,=4.4), we may assume that in the Associated with microdefects @& type are clusters of
investigated crystals the energy levels of the primary recominterstitial atoms or microparticles of a new phase composed
bination centers are located in the lower half of the band gamf atoms of residual impurities® The presence of such de-
i.e.,AE;,;=E,+0.41 eV andAE,,=E,+0.30 eV. Fromthe fects in the bulk of the crystal leads to the appearance of
injection dependences of the lifetime of the minority  deformation stress fields, under the action of which an atmo-
charge carriers measured B, =300 K, we determined the sphere of impurities or complexes consisting of primary re-
ratios of the hole and electron capture cross sections. It turmsombination centers in the material is formed near the mi-
out that oy/0,=4.5 for the samples of group 1, while crodefects.
op/0,=4.0 for those of group 2. The ratio of the capture  As for the third and fourth groups of crystals, they are
cross sections of the minority charge carriesg % o,), and  characterized by monotonic variation efwith temperature
also the nature of the temperature dependence of the hobnd their very weak injection dependence cannot be de-
capture cross sectionsrf~expe,/kT) allows one to con- scribed within the framework of Hall-Shockley—Read re-
clude that in crystals containing microdefects of tyldeor ~ combination statistics® Therefore we can assume that the
types A and B, nonequilibrium charge carriers recombine lifetime of the charge carriers in these crystals is limited by
through centers negatively charged relative to the capturetheir diffusion to the walls with a high local recombination
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ratel! In crystals of the third group, microdefects Bftype inclusions of interstitial type not revealed by selective etch-
can enter in the role of such sinks, while in crystals of theing.
fourth group(“defect-free” silicon) shallow inclusions not
revealed by selective etching may enter in this r81E The 1V, V. Voronkov, J. Cryst. Growt!s9, 625 (1982,
presence of potential barriers surrounding the charge-carriefk. v. Ravi, Imperfections and Impurities in Semiconducting Silicon
sinks, whose heights decrease with increase of the temperaWiley, New York, 198). _ ,
ture, is the cause of the monotonic temperature dependencé'. A- Sitnikova, L. M. Sorokin, I. E. Talanin, K. L. Malyshev, .EG.
f 7 as a result of variation of the diffusion coefficient of the Shakhet, and E S. Farkevich, Fiz. Tverd. Tel@8, 1829 (1989 [Sov.
orr : : Phys. Solid State@8, 1015(1986].
charge carriers to growth defects with temperature. For‘H. Foll and B. O. Kolbesen, Appl. Phy8, 319 (1975.
T,=300 K the potentia| barriers disappear ands practi_ 5V. G. Mokerov, S. M. Nikiforova-Denisova, E. N. Ovcharenko, V. P.

cally independent of the charge-carrier injection level, as is Panasyuk, V. 1. Smimov, Yu. A. Timoshenko, and I. P. Chernov, Mikro-
y P 9 | elektronikal5, 36 (1986.

observed in experiment. ) . .GA. F. Muratov, Nuclear-Physics Methods of Control of Semiconductor
Thus, the above experimental results and their analysis Materials and Metalgin Russian (Tashkent, 1984 p. 115.

allow us to come to the f0||owing conclusions about the ’N. V. Rumak,The System SilicetSilicon Dioxide in MOS Structurgsn

recombination activity of the various types of microdefects BEUSNSI?-?a(II'\A:!’II’sll;,S 133%7 367(1952

in dislocation-freen-silicon. We have found that in samples 9W. Shockley and W. Read, Phys. R&7, 835 (1952.

with microdefects of type# andB, charge-carrier recombi- °H. F. Matare,Defect Electronics in Semiconductafg/iley, New York,

nation takes place on centers introducing acceptor energl¥é971>- il and A Solid State Commei. 100

levelsE, +0.41 eV ancE, +0.30 eV in the lower half of the R Dhariwal and D. R. Mehrotra, Solid State Comméd, 1007

band gap of silicon, with asymmetry of their capture crossi2c. junichi, inDefects and Properties of Semiconductors: Def. Eng. Symp.

sectionso,/0,=4.5 ando,/0,=4.0, respectively. In the ,Qual. SemicondTokyo, 1987, p. 143. N

crystals of the third and fourth groups the charge carriers '12'7 'i‘z)”;z‘llgg']) P. F. Lugakov, and V. V. Shusha, Phys. Status Solidi A

recombine primarily on centers in an impurity or impurity- ' ’

defect atmosphere near microdefectsDoftype or shallow  Translated by Paul F. Schippnick
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An investigation of the influence of germanium doping 1 at. %) on the formation efficiency

of the main secondary radiation defects in silicon under low-temperalus( K)

electron irradiation has been carried out. The significant decrease of the formation efficiency of
A andV, centers in SiGe) is explained by assuming that the germanium atoms are

indirect recombination centers of primary radiation deféetandl) in S{Ge). © 1998

American Institute of Physic§S1063-7828)00202-9

The high probability of interaction of germanium atoms diation and after annealing of the @eenters are signifi-

with vacancies Y) in silicon, and also additional internal cantly less than in Si is worthy of note. This circumstance
elastic stresses arising due to the difference in the covalemhakes it possible, as in Ref. 3, to assume that the Ge atoms
radii of the Si and Ge atoms lower the formation efficiencyunder our experimental conditions are centers of indirect re-
of the main secondary radiation defe¢RD) in crystals ir-  combination of primary radiation defects.

radiated at room temperatuf€’ It is of great interest to in- Based on this assumption, the processes of formation of
vestigate the defect formation in samples dfc&) irradiated  secondary radiation defects can be described with the help of
at temperature§ <200 K, where the nascent 8ecenters  a system of quasimechanical equations.

are thermally stable and their influence on the formation of  The main processes under conditions of low-temperature

secondary radiation defects should be substantial. electron €7) irradiation of S{Ge) are

In this paper we report the results of an experimental
study of the radiation defect formation in(Sie) single crys- {a} e —1.V,V,, {b} GetV—Gev,
tals irradiated at temperatur@s<90 K. We used Czochral- {c} GeV+1—Ge, {d V+V—V,,

ski grown samples ofi-type silicon, undoped and Ge-doped
with concentrations % 10'®-2x10°° cm™2 and resistivity {e} Voti=V, {fy V+O-A,
p~25Q-cm. The oxygen concentration in the samples var- {9} A+1-=0, {h} Vo+1-=V,l,

fed in the limits (7-8)10" cm >, the oxygen concentra where {a} describes processes of formation of primafy

tion did not exceed (1-2J10' cm™3. Irradiation was car- . - _ ) .
ried out on a linear accelerator by 3.5-MeV electrons with avz’ and interstitial atoms; {b}—{h} describe the formation

dose of 5< 107 1.2x 1018 cm 2 at T<90 K. of secondary radiation defects. .
. L : Taking the above processes into account, we can write
Figure 1 shows comparative infrared absorption spectrzﬁle system of quasichemical equations in the form
of Si and S{Ge) in the region of theV, and A-center bands

immediately after irradiation. As can be seen, doping of sili- N,

con by germanium leads to a significant lowering of the for- 57 = 1282~ xgiNgNi = xaINaN,
mation efficiency of theA centers and a moderate lowering

of the formation efficiency of the divacancies; i.e., most of N,

the irradiation-generated divacancies are captured to the Ge = X, Ny, NI = ?I

centers.

Isochronous annealing of the investigated samphiéth dNy 2
durationAt=15 min) shows that raising the temperature to at - M XeeNedNy = xvoNoNv—2xvwNy
T=~200-280 K, at which dissociation of the Gecenters .
takes place, leads to a significant increase in the intensity of +szlele '
the absorption band of th& centers in SiGe crystals. In
this case some increase in the intensity of the absorption %_ N OV NLN
band of the divacancies is also obser¢Edy. 1). Thus, the ar  XeNodNy=xgiNgN:;
main part of the formation of th& centers in SiGe) occurs
not immediately after irradiation, but after annealing of the dﬂ_ N-No— v NN
GeV centers, when the liberated vacancies interact with the ~— dt A0 0"V~ XAITAT
atoms of interstitial oxygen. In this case, apparently, some of
the vacancies interact with each other, forming secondary dNV2 5
divacancies, which leads to an increase in the intensity of the (¢ = Aot XwwNY= X I Ny, N - @)
absorption band of the divacancies.

The circumstance that the concentrations of sheen-  HereN;, Ny, Ny, andN, are the concentrations of the
ters and divacancies in &e) (both immediately after irra- defectsl, V, V,, andA; Ny is the concentration of the Ge
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FIG. 1. Infrared absorption spectra in the region of ¥hecenter andA nium concentration, it is necessary to compare the corre-

center for Si(@ and S{Ge) (b,0) (Nge=2x10%° cm™), irradiated by elec-  sponding  quantites in Si  and (&e. Let

trons atT<90 K. a,b—after irradiation; c—after annealingt 300 K. ,= NVZ(NGQ/NVZ(O) be the relative formation efficiency
of the divacancies in 86e (the ratio of divacancy concen-
trations in S{Ge) and Si at temperatureb<90 K). Using

centers;y;; is the probability for the interaction of tieand ~ EQ. (5) and assuming that the reaction probabilitigs be-
j-type centersy, is the mean lifetime of the interstitial atoms tween thei andj centers, and also the rates of primary ra-
relative to the remaining sinks, which are ignored in systenfliation defect generation; and\,, are identical in Si and
(1); N, is the rate of formation of Frenkel’ pairs; ang is SiGe), we can write the relative efficiency of divacancy for-

the rate of formation of primary divacancies. mation in S{Ge) in the form
Note that under low-temperature irradiation of Si and A2\ 1
Sj(Ge) both rgoriented‘(z) and_unreoriented\(zl) divacan- m,~| 1+ );l’ 5 T\I2>
cies (whose infrared absorption bands coingidae effi- 2 XvolNo
ciently formed. The equation for thé, centers describes the Xov )\i
variation of their total concentratiofthe probability)((‘,2I + 1+)\— Nt N 2). (6)
2 (XeevNget xvoNo)

corresponds to procegs}, and the probabilityXVZ, corre-
sponds to the sum of procesdes and{h}). To write the analogous expression for theenters, we must

atoms as centers of indirect recombination of primary radiacenters forT<90 K is insignificant and that the process of
tion defects allows us to make the following additional as-their formation is completed &t=280 K. The concentration

of the A centers at temperaturds=280 K is equal to the
sum of the concentration of thA& centers formed afl
XeerNedNy=2 Xy NG, N3 X3 Ny, N, - (2) <90 K and the concentration of tiecenters formed during
annealing of the Gé centers T=250 K). Since the main
Invoking the quasistationary assumptiodN;/dt=dNy/  sink for vacancies during annealing of the \Geenters is
dt=dNy/dt=dNa/dt=0) and assumptiont?), we obtain  oxygen, we can represent the concentration ofAhgenters
the following expressions for the equilibrium concentrationsformed during annealing of the ®ecenters in the form
of the secondary radiation defects under conditions of low-
temperature T<90 K) irradiation: Na=p-Ng, )
whereg is a proportionality factor 8<1) which allows for
~ , capture of vacancies by other sinks besides oxygen atoms
? 2Na7ixg XeeNeet XvoNo during annealing of Gé centers, and\, is given by expres-
sion (3). Thus, the quantityya=Nx(Ngo/N4a(0), therela-

sumptions:

Ay XcevNge 3

N N
Na= 55 ! ,\)I(VO+ ° o (4)  tive formation efficiency of theA centers in SGe) at T
2TIXAlI XGevNGe™ XvolNo =280 K, can be represented by the expression
1 Xvv ¥ X X XvoN
~ — i (5) ~plAl _pgiAl vo'To
v 271Xv,) N2 (XeevNoet xvoNo)” K 'BXg,+ 1 ’BXg, XcevNget xvoNo ®
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Analysis of expressioné) and (8) shows that the rela- direct recombination of primary radiation defects.
tive formation efficiency of theA andV, centers in SiGe)
decreases with growth of the germanium concentration:

2
A% ]'I/NGe and anocllNGe for XGWNG?XVONO' ) 1A, A. Bugd, V. M. Maksimenko, B. M. Turovskij L. I. Khirunenko, V. I.
Figure 2 compares the experimental and theoretical de- Shakhovtsov, and N. I. Gorbacheva, Fiz. Tekh. Poluprovddn.2020
pendences of the relative formation efficiency of the main (1984 [Sov. Phys. Semicond8, 1260(1984).

. . . I. G. Atabaev, M. S. Saidov, L. I. Khirunenko, V. I. Shakhovtsov, V. K.
seco'ndary radiation ,defeCtS In<GE>' As can be seen from Shinkarenko, L. I. Shpinar, and A. Yusupov, Fiz. Tekh. Poluprova@dn.
the figure, the experimental dependences of the relative for-579 (1987 [Sov. Phys. Semicon@1, 350(1987)].

mation efficiencies of thé centers and divacancies on the °L. 1. Khirunenko, V. I. Shakhovtsov, V. K. Shinkarenko, L. I. Shpinar, and
germanium concentration demonstrate satisfactory agree-- |- Yakovlets, Fiz. Tekh. Poluprovod@1, 562 (1987 [Sov. Phys. Semi-

[ i i d.21, 345(1987)].
ment with the corresponding theoretical dependences under™" (1987]

the assumption that the germanium atoms are centers of irfranslated by Paul F. Schippnick
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Diffusion doping of undoped hydrogenated amorphous silicon with tin
G. S. Kulikov and K. Kh. Khodzhaev
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(Submitted June 14, 1997; accepted for publication July 15,1997
Fiz. Tekh. Poluprovodr82, 135—-136(February 1998

The solubility of tin in undoped, hydrogenated, amorphous silicon is determined by diffusion-
doping films of this material with the radioactive isotop€"Sn. The temperature

dependence of the tin solubility is described by the relation

Secm 3]=4x 10?2 exp(—0.46kT[eV]). © 1998 American Institute of Physics.
[S1063-7828800302-0

Kodzhaevet al! used the method of diffusion doping to 10% e o LT
determine the tin solubility in films of amorphous hydrated 8r
silicon (a-Si:H) doped with phosphorus during growth. In ot
the present work we use this same method to determine the at

tin solubility in undoped films of-Si:H.
The technology of film preparation and the diffusion

Lrd
process was the same as that described in Refs. 1-3. The 'g 2t
films were grown on silicon substrates by decomposition of °
monosilane in a rf glow-discharge plasma. The film thick- b
ness was-0.6 um, and the oxygen content of the films was 107}
13 at. %. A layer of the radioactive isotop&™"Sn sputtered 8
in vacuum on the film surface served as the tin source. The 6t
diffusion doping time was varied from 20 min to 20 h, and
the temperature, from 350 to 500 °C. The tin concentration ‘{,.z 1;,* 1.'6

profiles were determined by layer-by-layer radioactive 103/T1, K7

analysis=3 As in the doped films, they consisted of three *

segmentgFig. 1): skin layer region, a bulk region, and a EIG. 2. Temperature dependence of the tin solubility in undopei:H
transitional region(at the film—substrate boundaryin the ~ films:

skin layer and transitional region the concentration was

found to rise toward the boundary of the film due to the

decreased oxygen content in these reglbirsthe bulk re-  pijity grows as the temperature is raised and its temperature
gion the tin is distributed uniformly. We took the concentra- gependence is given by

tion level in the region of uniform distribution as the solu-

bility. Sem 3]=4x%x10?% exp(— 0.46kT[eV]).

As follows from the results shown in Fig. 2, the tin solu- . .
g Comparison of these results with the data of Ref. 1

shows that phosphorus doping lowers the solubility of tin in
a-Si:H. This effect, in our view, is attributable to the fact that
phosphorus atoms, by attaching themselves to the dangling
bonds in the amorphous network, reduce the number of sites
the tin atoms can occupy. For the same reason, phosphorus
doping also lowers the tin diffusion rate @Si:H films?

Film
Substratum

K. Kh. Khodzhaev, K. P. Abdurakhmanov, Yu. Ya. Amirov, G. S. Ku-
likov, E. I. Terukov, and D. P. Utkin-&lin, Fiz. Tekh. Poluprovodnil,
2219(1985 [Sov. Phys. Semicond.9, 1369(1985].

2K. Kh. Khodzhaev, K. P. Abdurakhmanov, Yu. Ya. Amirov, V. A. Didik,
G. S. Kulikov, E. I. Terukov, and D. P. Utkindin, Fiz. Tekh. Polupro-
vodn. 19, 1182(1985 [Sov. Phys. Semicond.9, 725 (1985].

19 | 1} 3G. S. Kulikov and K. Kh. Khodzhaev, Fiz. Tekh. Poluprovo@s, 961
10 0 0.2 0.4 0.6 (1995 [Semiconductorg9, 498 (1995].
x, Ium 4V. Kh. Kudoyarova, G. S. Kulikov, and K. Kh. Khodzhae®toceedings
of the Fifth International School on Condensed Matter PhysiEssor-
o ] L S dered Systems and New Materlgl¥arna, Bulgaria, September 19-27,

FIG. 1. Typical tin concentration profiles in diffusion-dopaési:H films in 1988 (World Scientific, Singapore, 1988p. 640.

the depthx. 1—near-surface region2—transitional, 3—bulk. Diffusion

temperaturel, °C: |—400,11—500;t,: 1—90, I1—20. Translated by Paul F. Schippnick
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Ultrashallow p*-n junctions in silicon (100): electron-beam diagnostics of the surface
zone

A. N. Andronov and S. V. Robozerov

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
N. T. Bagraev and L. E. Klyachkin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted February 19, 1997; accepted for publication April 22, 1997
Fiz. Tekh. Poluprovodr32, 137—144(February 1998

Ultrashallowp ™ —n junctions formed in silicor(100) under nonequilibrium impurity diffusion
conditions are analyzed by electron-beam diagnostics of the surface zone using a probe

of low- to medium-energy electrons. The energy dependence of the radiation conductivity is
investigated, along with its distribution over the area of plie-n junction. This procedure can be
used to determine the depth distributién the crystal of the probability of separation of
electron-hole pairs by the field of the-n junction; the experimental results show that this
distribution differs according to whether the kick-out mechanism or the dissociative

vacancy mechanism of impurity diffusion is predominant as the basis of formation of the
ultrashallowp™ —n junctions. Also reported here for the first time are the results of investigations
of the distribution of secondary point centers formed near the boundary of the ultrashallow
diffusion profile, which exert a major influence on the transport of nonequilibrium carriers. The
data obtained in the study demonstrate the possibility of improving the efficiency of
photodetectorsq-particle detectors, and solar batteries constructed on the basis of ultrashallow
p—n junctions. © 1998 American Institute of Physid$§1063-7828)00201-4

1. INTRODUCTION diffusion of boron from the gaseous phase after short time
intervals(4 min). The diffusion temperature was varied dur-
ing the investigation$800 °C, 900 °C, and 1100 jCand so
was the thickness of the surface oxide, in such a way as to

Recently it has been shown experimentally that ul-
trashallow(to 10 nm doping profiles with a sharp boundary

can be obtained in silicon single crystals by in-plane diffu-__ . . . " .
sion technology making use of the entrainment of impurityfac'“ta_te _S|mulat|on of th_e con_d|t|on_s of_the kick-gdt’ _and
dissociative vacandy impurity diffusion mechanisms,

levels by excess fluxes of vacancies or native interstitial at-

oms generated by a silicon-oxide interfdcé.The doping Wth'Ch we(;e induced by exci_sslflu_?ﬁs of nat|\t{e mtfersyual
level and the spatial distribution of the injected impurity in atoms and vacancies, respectively. The generation ol primary

such profiles depend on which nonegquilibrium diffusiondefeCtS responsible for the entrainment and drag of diffusing

mechanism—kick-out or the dissociative vacancy'r.npurlty atoms was maintained at a h'gh level during d'ﬁu'.
6 sion by saturating the boron-containing gaseous phase with

mechanistf ®—is predominant, and they are determined pri->" . | . .
marily by the diffupsion temperature an()j/ the thickness ofritheaddmonalI dry oxygen and chlorides. The technological cycle

initial oxide 2 Here we discuss the results of an experimentawas ter_mlnated with the formation of ohmic cor?tacts around
study of the influence of these factors on the properties of thgqe perimeter Of the wm_dows and on the opposite face of t_he
resulting structures in the example of surface quantum—weIYvafer' The doping proﬁleg Swere measured by secondary-ion
p*—n junctions in silicon(100. Our choice of working mass spectrometsIMS).™

method is to probe the surface zone by low- to medium-

energy electrorlsas a means of determining the depth distri-3. ELECTRON-BEAM DIAGNOSTICS OF THE SURFACE

bution (in the crystal of the probability of separation of LAYERS OF SILICON SINGLE CRYSTALS

i . . P :
electron-hole pairs by the field of the" —n junction. To compare the properties of the surface zones of differ-

ent samples, we measured the radiation conductivity excited
in this zone by a focused electron beam, varying its energy
E, in the interval from 0.1 keV to 3.0 keV so as to smoothly

The basic materials used in preparing fhé—n junc-  vary the probing depth from 2 nm to 250 nfRef. 7). To
tions were single-crystallina-type silicon (100 wafers of  separate the induced current from the dark current, we per-
thickness 35Qum with resistivities of 1.d)-cm, 5.0Q0-cm,  formed these measurements with sinusoidal modulation of
20Q-cm, or 500Q2-cm. In the initial stage of the process the primary electron flux at a frequency of 1 kHz. Control
both sides of the wafer were oxidized in dry oxygen attests using direct current confirmed that a steady-state radia-
1150 °C. Windows of a desired geometry were then exposetion conductivity y is well established at such frequencies.
in the oxide layer on the working side by photolithography, The computer-controlled electron beam scanned the target
and p*—n junctions were formed in the windows by the surface, permitting the radiation conductivity coefficigro

2. PREPARATION OF ULTRATHIN p*-n JUNCTIONS IN
SILICON
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FIG. 1. Depth &) distributions of the boron concentratidd, (a) and the collection functiofi(x) (b) in structures prepared &tz =800 °C, and examples
of distributions of the radiation conductivity coefficieptat E,=1800 eV over the surface of the same structcesd, respectively Inset(b): one of the
experimentaly(Ep) curves.1) dSiOZ/d0=0.3l; 2) 1.0;3) 1.28; 9 0.31; 9 1.28. Substrate resistivityt) 20.0€2-cm; 2) 1.0 -cm; 3) 5000 -cm.

be measured at uniformly spaced points, so that images abllection function, which is global parameter of tpe-n

this surface could be obtained in excited electrons at variouginction by definition and which completely determines its
energies,, . In the case of area-inhomogeneous samples theesponse to external ionizing radiation, depends on the con-
set of raster images enabled us to pick out a working zone oditions of transport and recombination of the excited carriers.
the sample surface and to plot the experimen(d,) curve  In our case nonequilibrium carriers are generated for the
for it. This curve, which is related to the spectral charactermost part directly in the charge zone of the-n junction.

istic of the photoconductivity in a reverse-biasgd-n The behavior off (x) in this zone reflects the probability of

junction? can be described by the integral equation the separation of electron-hole pairs by the field of phen
= g(E, X) junction. This probability is determined primarily by the
7,(Ep):f %f(x)dx’ (1) nonequilibrium carrier lifetime and the distribution of the
0 € electric field.

whereg(E,,X) is the one-dimensional distribution function

of the specific energy losses by primary electrons with r€ CHARACTERISTICS OF THE ULTRASHALLOW

spect to the depth in the silicon,Ae is the average energy perysioN PROFILES OF BORON IN SINGLE-CRYSTALLINE
spent in the formation of one electron-hole pair, dG&) is  ,_TypE siILICON (100)

the carrier collection function of the—n junction’® this

represents the fraction of electron-hole pairs, excited at a Figures 1-3 show the main results for samples formed at

given depthx, that are separated by the field and contributevarious diffusion temperaturebq and thicknesses of the

to the current in the external circuit. oxide layer @sjo,). At Ty=800 °C diffusion takes place
Figure 1b shows an example of th€¢E,) curve for one  primarily by the dissociative vacancy mechanism, whereby

of the samplegsee insetand the form of the carrier collec- boron atoms are entrained by excess fluxes of vacancies.

tion function reconstructed on the basis of this curve. TheNhen diffusion takes place aty=1100 °C, the kick-out
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FIG. 2. Profiles of the boron concentratibiy (a) and the collection functiofi(x) (b) in the casel 4= 1100 °C; c, d raster images of the surfaces of samples
prepared at this temperature in excited electroris,at 1400 eV.1) dSi02/d0=0.31; 2) 1.0;3) 1.28; 9 1.28; d 0.31. Substrate resistivityt) 500} - cm; 2)
5.0Q-cm; 3) 500Q-cm.

mechanism plays the dominant role. In this case impuritydiffusion process at any temperature, because it is a center of
atoms diffuse by virtue of strong exchange interaction withannihilation of vacancies and interstitial atoms generated in
native interstitial silicon atoms. Finally, at intermediate tem-equal measure on its surface.

peratures Tg4is=900 °C) both diffusion mechanisms con- Doping with prevalence of the dissociative vacancy dif-
tribute about equally, where the rate of movement of thefusion mechanisn(Fig. 1) facilitates the penetration of boron
diffusion front becomes a minimum under such parity con-to the lattice sites and can yield the highest impurity concen-
ditions. It is evident from the figures that the effects of en-tration inside the diffusion profil&>°If the thickness of the
trainment of impurity atoms by excess fluxes of native de-predeposited oxide is greater thdgand if vacancy genera-
fects, given short diffusion times, causes the shape of thgon prevails at the Si/SiQinterface, the temperature and the
profile to depart substantially from that observed in classicabxide thickness are both favorable to the propagation of dif-
diffusion. Moreover, in every case the diffusion rate dependsusion, and thep—n junction is formed uniformly over the
very strongly on the thickness of the SiOxide layer previ-  entire area of the exposed winddWwig. 1d. The diffusion
ously deposited on the working and oppositeacksid¢  rate in this case is determined by the drag effect of the on-
faces of the silicon wafer, because this thickness determine@)ming flux of vacancies from the opposite side of the sili-
which is the dominant type of excess defects. For sufficientlyon wafer. As a result, the vacancy concentration gradient
small values oﬁsio2 a predominant generation of interstitial fom the working side of the wafer becomes minimal, and
atoms is stimulated at the Si/SiOnterface, whereas for the depth of the diffusion profile does not exceed 15(Rig.
large thicknesses mainly vacancies are generateth the  1a, profile 3). Moreover, the interaction of the opposing
figure captions the thicknesses of the oxide layer are given ifluxes results in the rapid formation of divacancies and more
relative units obtained by normalization to the thickndgs complex vacancy clustet$;*® which automatically lowers

at which a change takes place in the type of native defecthe concentration of solitary vacancies and, accordingly, is
generated by the oxide surface.ddio,/do=1, the backside manifested in a reduction of the boron concentration inside
of the silicon substrate essentially has no influence on théhe diffusion profile(Fig. 1a, profile3). The vacancy clusters
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FIG. 3. Profiles of the boron concentratidh, (a) and the collection functiori(x) (b) in structures prepared di;; =900 °C; (c, d) raster images of the
surfaces of the same samples in excited electroifs, at1600 eV; in casdd) the sample has the standard Hall effect geomdiryls;o, /do=0.31;2) 1.0;
3) 1.28; 9 1.0; d 1.28. Substrate resistivityt) 5000 -cm; 2) 1.0Q-cm; 3) 20.0Q-cm.

stabilize near the boundary of the diffusion profile during thethe conditions of generation and annihilation of excess native
rapid cooldown of theg™ —n junctions from 800 °C to room defects generally produces an appreciable difference between
temperature. The latter event is also conducive to the rapithe concentration profiles recorded at the center of the win-
departure of equilibrium interstitial silicon atoms from the dow and near its edge. As an example, Figure 1a shows one
region of the diffusion window as a result of the onset ofsuch profile(profile 1) obtained in the immediate vicinity of
low-temperature gettering conditions due to the generation ahe boundary of the window. The high boron content con-
excess vacanciéd° All these factors impart a characteristic firms the fact that, despite the significantly lower vacancy
step profile to the collection functiofi(x) calculated from concentration than in the preceding case, diffusion is still
the experimentaly(E,) curve for such structure@-ig. 1),  driven by the dissociative vacancy mechanism, and its rate is
confirming the existence in the surface zone of a “deadeven somewhat higher than for a thick oxide layer. The latter
layer” extending as deep as 25 nm, in which excitedconsideration is more likely attributable to the fact that the
electron-hole pairs do not participate in the generation of th@ncoming flux of vacancies from the opposite face exerts
radiation conduction current, either on account of the eximore drag on the diffusion flow than such a flux of intersti-
tremely short lifetime or because of a potential barrier due tdial atoms, since thé€L00) direction in silicon is the one most
vacancy defect. favorable to vacancy motion, whereas for native interstitial
For a thin initial oxide layer at the same temperature theatoms this role is taken b§i11) (Refs. 5 and 16
conditions for diffusion become unfavorable, because excess The electron-beam scanning of such structures has
fluxes of interstitial atoms drastically reduce the steady-stateshown that over the entire energy range from 0.1 keV to
vacancy concentration near the diffusion front. Conse3.5 keV the excited conduction current occurs only around
qguently, even comparatively slight fluctuations of this con-the perimeter of the window, exhibiting an extremely non-
centration induced by various random factors can signifi-uniform spatial distribution(Fig. 19. In this light, there is
cantly affect the course of diffusion. In particular, for an little reason to enter into a detailed discussion of the experi-
exposed window of sufficiently large area the differences irmentaly(E,) curves for different parts of the sample, rather
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it will suffice to consider only the main qualitative conclu- pared at high temperaturgig. 2. It is evident from the
sions of the reported measurements. First and foremost, iconcentration profiles in Fig. 2a that the average dopant con-
contrast with the preceding case, an energy threshold for theentrations in them are an order of magnitude lower than for
onset of radiation conduction is not detected anywhere on thstructures with vacancy-type impurity diffusioifig. 13.
part of the surface where it is observed; i.e., the aboveThe behavior of the depth of the profile as a function of the
mentioned “dead layer” does not exist. In addition, at high oxide thickness is identical at high and low temperatures,
energies the values of the coefficieptfor any part of the and its causes have already been discussed. All other condi-
surface is significantly lower than for a thick-oxide sample,tions being equal, the depth of the high-temperature diffusion
and everywhere on the central part of the sample the radigrofiles is naturally greater than at low temperatures, but the
tion conductivity coefficient remains equal to zero, evenchange of diffusion mechanism makes the difference be-
when the probing depth is increased to 250 nm. All thistween them less than might be expected.
indicates a high concentration of residual defects, but they do The rate of movement of the diffusion front under the
not accumulate near the sharp boundary of the diffusion prokick-out mechanism is determined by the diffusion coeffi-
file as in the case of vacancy clusters and are instead distrilzient, which depends on the temperature and the concentra-
uted over a large depth. The nature and spatial distribution afon gradient of excess interstitial atoms at the working sur-
such defects are dictated by the fact that under conditionface and also on the total number density of such atbms.
favoring the predominant degeneration of interstitial atoms atWhen oxide is present on both sides of the wafer, the most
the Si/SiQ interface, the low-temperature gettering pro-favorable conditions for kick-out diffusion are encountered
cesses proceed extremely slowly and, at the same time, thendhen the SiQ thicknesses are smalhigh concentrations
is a very high probability of formation of stable clusters, or and medium(maximum gradient Electron-beam probing of
so-called reconstructed intersticés2which differ from am-  the structures prepared under such conditions has shown
photeric vacancy complexes in that they are double donor&igs. 1 and 2b, curvet and2) that the form of the collec-
and exert a much stronger influence on the lifetime of nontion function, which reflects the depth distribution of electri-
equilibrium carriers. The highest concentration of thesecally active defects, is very close for the two cases in ques-
“killer” defects, which severely lower the nonequilibrium tion. As in the low-temperature case, such structures are
carrier concentration, is formed in the region of the exposedharacterized by the absence of a dead layer and compara-
diffusion window, where the diffusion conditions are ren- tively low values of the collection function, even at the maxi-
dered least favorable by strong suppression of the flux omum probing depth. This result is a consequence of the for-
vacancies generated by the silicon/oxides interface arounihation of gettering microdefects during oxidation, since the
the perimeter of the window. The role of the thin, backside,interface between the thin oxide layer and silicon is a source
oxide layer, which generates native interstitial atoms thabf native interstitial atoms, whose clusters represent power-
penetrate the region of the working surface at the center dul centers for the trapping of native point defects in all sub-
the diffusion window, is strengthened in this case. The giversequent heat treatmerifst’ The form of the distribution of
process is responsible for the formation of the abovegettering microdefects in the bulk changes according to
described double donors, which has the twofold effect ofwhether only the working face or both faces of the wafer are
shortening the nonequilibrium carrier lifetime and heavily oxidized!* In every case, nonetheless, these microdefects
compensating the doping acceptor impurity with the accomvigorously trap native interstitial atoms during impurity dif-
panying emergence of semiinsulatintayers in the center of fusion, thereby preventing their accumulation near the
the diffusion window. boundary of the diffusion profile and, hence, the formation of

In many respects, similar behavior is exhibited bya dead layer.
samples prepared a;;; =800 °C with medium thicknesses Raster patterns of the distribution of the excited conduc-
of the initial oxide @5i02:do)- SIMS analysis datéFig. 1a, tivity over the area of such structures, obtained for various
profile 2) show that diffusion is driven by the vacancy energies of the primary beam, can be used to estimate the
mechanism in this case and, as should be expected, the ded}stribution of these defects in the transverse direction as
est doping profile of the dopant for the given temperature igvell. Figure 2d shows an example of such an image for a
formed without the drag exerted by oncoming fluxes of de-sample withdsjo,/do=0.31, obtained at a primary electron
fects from one direction. The raster patterns of the distribuenergyE,=1400 eV. The reduction of the radiation conduc-
tion of the excited conductivity over the area of these struciivity toward the center is typical of such samples and is
tures have the same character as in the preceding(Eage attributable to the fact that the generation of interstices ca-
1¢) and can be explained from the same principles, the onlpable of driving the nonequilibrium diffusion of boron takes
difference being that the role of the backside in the formatiorplace mainly at the boundary of the exposed window. De-
of “killer” defects is now diminished. The main causes of spite the greatly accelerated penetration of the fladron
the observed strong inhomogeneity are, as before, the rapatom-intersticg into the crystal at high temperature, the
formation of stable defects on the basis of reconstructed ndewer mobility of the native interstitial atom in the crystal-
tive interstices and the insufficient concentration of vacaniographic (100 direction relative to vacancies makes it im-
cies, whose spatial distribution is subjected to the influencgossible for a uniform diffusion front to be established over
of various random factors and is minimized at the center othe entire area of the—n junction during the short diffusion
the diffusion window as its dimensions increase. time.

We now turn to the results obtained for samples pre-  The situation changes when tpe-n junction is formed

128 Semiconductors 32 (2), February 1998 Andronov et al. 128



at high temperature with an initially thick oxide layer. In this temperature(900 °Q the diffusion flux of boron impurity
case the temperature imparts an interstitial character to thetoms is preceded by a slowly moving front of excess point
diffusion process, and the generation of vacancies is prevalefects dominated by interstitial atoms. The interaction of
lent at the Si/SiQinterface. The excess vacancy fluxes lowerthese defects leads to the formation of numerous stable clus-
the density of native interstitial atoms in the surface zonders consisting of interconnected reconstructable interstices
and, as a result, decrease the rate of formation of the urand very small vacancy clusterst?°which are “frozen
wanted defects responsible for shortening the nonequilibriunnto” a surface layer having a fairly sharp boundary upon
carrier lifetime®* This process increases the collectiontermination of the diffusion process. This behavior is indi-
function considerably, but does not radically alter its depthcated by the previously discussed stepped character of the
distribution (Fig. 2b. A graphic illustration of the combined collection function(Fig. 3b, curvel). The shallowest diffu-
action of vacancies and interstices in this case is the changdon profile can be obtained under the given conditigfig.

in the form of the raster images of the surface of the structur@a), but the defect-induced dead layer has the maximum
(Fig. 20. The uniform suppression of the excited conductionthickness in this case~60 nm). Essentially all the nonequi-
current near the boundary of the exposed window is attriblibrium carriers excited within the boundaries of this layer
utable to the rapid annihilation of vacancies continuouslyparticipate in the induced currefig. 3b), indicating that
generated by the boundary and of native interstitial atomghe bulk interior is effectively purged of buried point defects
which further slows diffusion. The dimensions of the indi- localized near gettering microdefects.

cated region depends on the average vacancy diffusion Similar processes also take place at this temperature dur-
length, which is much shorter at;=1110 °C than at low ing nonequilibrium diffusion in samples with an intermediate

temperatures, in particular, because of the change in thexide thickness, except that now the flux of point defects
charge state of the vacanci&s® near the working surface contains approximately the same

A special case is the formation gf-n junctions under number of interstitial atoms and vacancies. As a result of
conditions close to parity of the kick-out and dissociativetheir particle recombination, the rate of formation of residual
vacancy diffusion mechanisniBig. 3), when the dopant can defects is greatly reduced, significantly decreasing the thick-
be entrained with equal probability by excess fluxes of vaness of the dead lay€Fig. 3b, curve2). Here the values of
cancies and interstitial atoms. The competition between theg&e collection function in the bulk are somewhat lower than
processes decreases the total diffusion, so that for any oxide the preceding case, owing to the additional trapping of
thickness the resulting, very shallo@o 10 nm diffusion  hative interstitial atoms and vacancies by getters, and the
profiles have a sharp boundary and a high doping l&vg.  interstitial atom lifetime is shortened as a result. However,
3a), which is maintained by the involvement of the vacancythese differences are slight. Consequently, this technological
mechanism. Moreover, in the course of diffusion at a refegime is the one that will ensure the highest efficiency of
duced rate there is time for steady-state conditions to be e§ystal photodetectors;-particle detectors, and solar batter-
tablished over the entire area of the resultingn junction, i€s constructed from such structufes.
even at a low concentration of nonequilibrium vacancies.

This situation makes it possible to obtain structures with &. CONCLUSIONS

surface distribution of properties that is uniform and inde- |, summary, our study has enabled us to further identify
pendent of the shape of the window. As an example, Figs. 3ge mechanisms of nonequilibrium boron diffusion in silicon

and 3d show raster images of samples prepared with varioyg g during the generation of native interstitial atoms and

oxide thicknesses and window geometries. vacancies at the silicon/oxides interface and also to deter-
The results of electron-beam probing of the structure$nine the influence of these mechanisms on the formation

prepared at this temperatu(gig. 3b show that the differ- aar the boundary of @—n junction of secondary point

ences in the thicknesses of the predeposited oxide layer aggnters, which significantly influence interstitial atom trans-
manifested primarily in the spatial distribution of residual port processes.

defects in the surface zone. If the generation of excess va-

cancies is predominant in diffusion on the oxidized surface, = This work has received partial support from the Soros
the collection function increases monotonically from zero atinternational Science FoundatidRroject NTX300 for 1995

the surface itself to values close to unity at a depth of 250 nnand the State Committee of the Russian Federation on
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ELECTRONIC AND OPTICAL PROPERTIES OF SEMICONDUCTORS
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It is shown that lithium-ion intercalation of TIGagsingle crystal leads to a shift of the exciton
peak associated with the direct edge toward longer wavelerigtis- 15 meV at 5 K. As

a result, the temperature shift of the exciton peak in TIGEEJT) decreases more than
twofold in absolute value te- 1.1X 10 * eV/K at 20s T<105 K and—0.25x 10" * eV/K

at 5=T=20 K. Lithium-ion (Li ") intercalation of TIGaSghas almost no effect on the energy
position of the exciton associated with indirect transitions. 1898 American Institute of
Physics[S1063-782808)00502-X

One of the advantages of layered semiconductors is therystals. This arrangement generated a flow of electric cur-
possibility of their intercalation by various ions, atoms, andrent through the systenigraphite electrode/aqueous LiCl
molecules, which leads to changes in the interlayer interacsolution+TIGaSe single crystal/metallic electrogleThe op-
tion and the degree of anisotropy of the properties of theséimal intercalation regime was provided by current densities
semiconductors, and allows one to control their physicaj and intercalation times, for which the degree of interca-
properties- lation jt was 15—20 C/ch(Ref. 1). Results of a combined

The aim of the present paper is to examine the influencstudy of the electrical, photoelectric, and x-ray dosimetric
of lithium-ion intercalation on the exciton characteristics in characteristics of lithium-intercalated single crystals of
layered single crystals of TIGage TIGaSg indicated that intercalation increases the degree of

TIGaSe single crystals were grown by the vertical anisotropy of the electrical, photoelectrical, and x-ray con-
Bridgman method:?> The characteristics of the crystals pre- ductivity, and that this in turn is due to a change in the
pared in this way were found to be in good agreement withinterlayer interaction brought about by the presence of
the data in the literaturé? The TIGaSg crystals were bright-  lithium ions between the layers.
red in color and easily cleaved into wafdthin plates of Studies of the exciton spectra of TIGagSamples were
varying thickness. The TlGageingle-crystal wafers were performed on a special setup for combined studies of the
intercalated using the pulling electric field methb@his  optical and photoelectric spectra of semiconducting crystals
method has been successfully used to intercalate layerdsny modulation spectroscopy. The setup is based on the uni-
single crystals of GaSe with ions of various metdl§ K, versal spectral calculational complex KSVU-6M, which
Na).>® Using radioisotope analysis, we determined that thenakes it possible to automate the recording and mathemati-
ions of these metals are well implanted in the spaces betwearal processing of the spectra. A wide temperature range of
the layers. TIGaSesingle crystals are ternary analogs of the measurements was achieved with the help of an optical
GaSe, and their intercalation was realized in an analogouselium cryostat of the type UTREKS with a temperature
way. As the intercalant we chose lithium ions ()j which  stabilization systentthe stabilization accuracy was 0.02.K
makes it possible to achieve efficient intercalation withoutOptical measurements were performed in the temperature
damaging the TIGaSesingle crystal, because of the rather range 5-120 K.
small ionic radius (=0.68 A) of the lithium ion. A single We distinguished both a high- and a low-energy exciton
crystal of TIGaSegin the form of a rectangular parallelepi- band in the absorption spectra of TIGaSéngle crystals.
ped, with a metalligindium) electrode mounted on top, was The high-energy absorption peak is due to an exciton asso-
placed in a glass cell with the intercaldat0.5-molar aque- ciated with the direct band gap, and the low-energy peak is
ous solution of LiC] in such a way that the lower face of the due to an exciton associated with the indirect band gap.
TIGaSe crystal, perpendicular to the layers, made contact Figure 1 plots absorption spectra of TIGa&e") single
with the surface of the LiCl solution. The cell contained acrystal at different temperatures. In these spectra the light
graphite electrode located under the lower face of the singlewas directed perpendicular to the cleavage plane of the
crystal sample. A constant voltage was applied to this syssingle crystal; the thickness of the TIGg8&") sample was
tem: minus—to the indium electrode soldered to the entird =18 um. At all temperatures the high-energy exciton ab-
upper surface of the sample perpendicular to the layers, argbrption band, whose maximum shifts toward higher ener-
plus—to the graphite electrode. In this setup the electric fieldjies as the temperature is lowered from 105 to 10 K, is
was directed along the layers of the TIGa®gystal. Appli-  clearly visible.
cation of the electric field caused lithium ions from the LiCl Curve 2 in Fig. 2 plots the temperature dependence of
solution to enter the interlayer spaces of the TIGaSegle the position of the maximum of the high-energy exciton ab-
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J600 - FIG. 3. Temperature dependence of the energy position of the low-
temperature exciton peak for a non-intercaldtBdand an intercalate@vith
Li* ions single crystal of TIGaSg(2). L=100um.
3400
ered from 90 to 10 K. The temperature shift of the high-
3200 b energy exciton peak in TIGage is
JE®JT=—2x10 % eV/K in the temperature interval 20
<T=90 K and—0.5x 10" eV/K in the temperature inter-
Jooo { 2 1 i L val 5=<T=20 K. As a result of intercalation, the temperature
2.35 240 245 250 2.5 shift of this exciton peak decreases almost twofold in abso-
hy, eV lute value todE®/9T=—1.1x10"* eV/K in the tempera-

ture interval 26 T<105 K and—0.25x10 % eV/K in the
temperature interval 8§ T=20 K.

The above experimental results show that idn inter-
calation of TIGaSegsingle crystals shifts the energy position
of the exciton absorption peak associated with the direct
sorption band in the spectrum of a single crystal ofédge toward longer wavelengttie.g., 4 5 K the shift is
TIGaSe(Li*). For comparison, curvé plots the correspond- AE=15 meV). The energy position of the exciton associated
ing temperature dependence for a single crystal of nonWith the indirect edge in the absorption spectrum of TIGaSe
intercalated TIGaSeof the same thickneds=18 um. Note  did not undergo any substantial changes as a result of inter-
that the high-energy exciton in the absorption spectra ofalation. Figure 3 plots the temperature dependence of the
TIGaSe single crystals appears in the temperature rang€&nergy position of the low-energy exciton peak for non-
5-90 K, while in single crystals of TIGagi*) itis seen in  intercalated(curve 1) lithium-intercalated(curve 2) single
a Wider temperature range from 5 to 110 K. The energy:rystals Of TlGan,' 100,Mm in thiCkness. It can be seen that
position of the ground state of the direct exciton in TIGaSe in @ TIGaSe single crystal the band with which the high-

shifts from 2.3820 to 2.3937 eV as the temperature is lowENergy exciton is associated is more sensitive to changes in
the interlayer interaction than the band with which the low-

energy exciton is associated.
W Thus we may conclude that lithium-ion intercalation of

FIG. 1. Absorption coefficientr spectra in TIGaS£Li*) single crystal at
various temperature$, K: 1—10, 2—35, 3—45, 4—75, 5—95, 6—105.
L=18um.

2.40 _ T .
TIGaSe single crystals leads to a change in its exciton
characteristics—the energy position of the exciton absorp-
tion peak, which is associated with the direct edge, and its

2.39F 1 temperature shift, i.e., it makes it possible to control the op-

s tical parameters of TIGagaingle crystals.
- We are deeply grateful to Prof. F. M. Gashimzade for a
= 23 discussion of the results of this work and for valuable advice.
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Deformation potentials of the  I'(000) band extrema in CdGa ,S,
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For the ternary compound Cdgs the values of the contributions to the temperature coefficient
of the absorption edge due to lattice dilatati@E(dT), and the electron—phonon

interaction @E/dT)¢,n are found. The deformation potentials of the bottom of the conduction
band(12.3 eV} and top of the valence band-(0.9 eV) are calculated. @998

American Institute of Physic§S1063-78208)00602-4

The semiconductor compounds II-11I-VI that crystallize and ) we calculated the sound velocity=1.6x 10° cm/s;
in the space grouf; have been investigated only relatively «, is the linear lattice dilatation coefficienty, andm,, are
recently. The most studied among them are Cs@nd the effective masses of the bottom of the conduction band
CdGaSe. For these compounds a band structure has beeihd the top of the valence band, angdandcy, are the defor-
constructed explaining the polarization dependence of thenation potentials of the bottom of the conduction band and
optical spectra in the region of the intrinsic absorption etge.the top of the valence band, respectively. Solving the system
The valence band of CdG®, at thel'(000) point consists of  of equationg1) and(2) for known values of E/dT)¢pnand
two subbandsI(3+1,)” andT';, split by the crystal field (dE/dT), , we can estimate the deformation potentials of the
while the bottom of the conduction band is formed by thepand extrema in CdGS,.
stateI'{ in an electric fieldEllc, wherec is the direction of The temperature shift coefficiend E/d T), of the intrin-
the tetragonal axis. sic absorption edge is related to the baric coefficatiatd P

In addition, studies of the energy spectrum of semiconas follows:
ductors subjected to external perturbatiofismperature,
pressure, etg.give additional information about the energy
spectrum. Thus, studies of the intrinsic absorption edge at
various tempe;:stures of Cdg® crystals subjected to
uniaxial pressure’yielded very interesting results. The pres- . i .
sure dependences are identical in magnitude and opposite Y}ﬁhere k= is the compressibiity. T.O gstlmate
sign (dE/dP=+8.6x 10 ° eV/Pa) for application of pres- a = (2a,+ a.)/3 we took the values of the dilatation coef-

s i — —6 ¢ —1 — —6 ¢ —1
sure parallel and perpendicular to the tetraganaxis? The gc'?nés @a=7.5}107" K™* and a=8.5X10"" K™ from
intrinsic absorption edge is shifted according to a linear law. el. o -
Unfortunately, the value of the compressibility of

In the interval 105300 K (dE/dB)*=—5.3x10" 4 eV/K CdGas, i t in the literat Theref h

(for ELc) and (E/dT)'=-5.1x10"* eVKK (for Elo). In ¢ &> IS "t‘° g"’e” 'I” ne t'hera “lre' fetLe ore, we ¢ lef

the temperature interval 80100 K the temperature shift co- IS parameter by analyzing the vajues ot the compressibrity
for ternary compounds. From the data in Table | it can be

efficients take positive valués. een that the compressibility for ternary compounds varies in
In general, two factors contribute to the temperature shif - _ -
g P he limits (1.5-3.3)x10 ! Pa'l. Therefore, we chose the

of the intrinsic absorption edge: the electron—phonon interz:Om ressibilit for CdGsS 0 be coual
action @E/dT)epn and the lattice deformationd@/dT),_ ; 2‘; 101 Py_l Th 4 fici ntﬂE/dP=?36
(Ref. 4. The part describing the electron—phonon interaction® , <’ a-. Ihe pressure coeilicie °=8.
has the form X 10 ° eV/Pa was taken from Ref. 2. For the lattice defor-
mation we obtained the valud E/dT), =1.01X 10 2 eVI/K.

dE 8 3 o3 ) ) ) Subtracting from the total shift of the absorption edge the
(d_T) “orm (E) (kg QR Mv) (MiC + MeCe) fraction associated with lattice dilatation, we determined the

°P" (1) contribution associated with the electron—phonon interaction

(dE/dT)epr= —106.3x 10" * eV/K. Substituting the values

()

dE _ 3C¥|_dE
ar| =%k am

and the part describing lattice dilatation has the form for (dE/dT),_ and E/dT)cp, into expressiongl) and (2)
dE and solving this system of equations, we obtain estimates for
(_) =2a;(CotCp). (2)  the deformation potentials of the bottom of the conduction
dT L band and the top of the valence band. For the effective mass

of the electrons of the bottom of the conduction ba&tjcand

i — —22
In_expressions (1) and (2) M=18.87x10 *g and of the top of the valence baridh we used the valués

0 =3.34x10 % cm 2 are the mass and volume of the unit
cell, respectivelyp is the sound velocity in the material,
equal to kgbp /%) (Q,/67%)3, and 6p is the Debye tem-
perature, which is equal to 173 (Ref. 5. The volume per
atom isQ);=2.246< 10~ 2 cm~3. From known values of, m = (M) #3(my) 3= 0.664my,

mj* = (mg)?%(m})*°=0.203my,
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TABLE I. a

Plc
Coefficient t
of compressibilityk, r, ¢ ~112.31
Compound 10 1 pPat Reference
CulnSe 2.3 Ref. 7
CdGeAs 1.43 Ref. 8 1
AgGaS 1.51 Ref. 8
Hglin,Te, 3.33 Ref. 8 I;*IX A $ ‘a (I',’I'.) > h (Pz’
I ch(I'z)‘l"10.9l
b
Plc
L I I L = 112.3|

where m; =0.198n,, m;=0.214n,, m,=0.381m,, and 1

.l
Mh S%.IZ/;T;O.the system of equatioms;) and (2) for the de- FIG. 1. Movement of bands in CdG®, subjected to uniaxial pressure: a—
. . . Pllc, b—PLc.

formation potentials, we obtain the values=351 eV and
c,=319 eV forPLc, but for Plic this system of equations
does not have a solution. It should be noted that for the
deformation potentials of the band extrema we obtained verppands shift in the same directidrTo increase the width of
exaggerated values, in contrast to the isoelectronic analoghe band gap, the band extrema must shift upwaig. 13.
CulnSg (c,=9.48eV, c,=7.78eV) and AgInTe Due to the absence of values for the effective masses for the
(ce=—11.08 eV, c,=8.82 e\}.!1% This apparently stems valence-band stated §+I',)” we were not able to estimate
from the fact that the pressure coefficients for the isotropiche value of the deformation potential for this band. How-
point for Plic and PLc have large value$.They differ by  ever, analyzing the behavior of the band extrema under pres-
almost two orders of magnitude from the pressure coeffisure, it is possible to estimate the value of the deformation
cients of the isoelectronic analogs and do not describe a shifiotential for {'3+1',)". Since the crystal-field splitting in-
of the intrinsic absorption edge with pressure since the isoereases when pressure is applied parallel tacthgis, this is
tropic point forhA =4900 A (2.53 eV} is located in a longer- possible only if the deformation potential of thE4+1T',)"
wavelength region of the spectrum than the optical transistate is larger than that of tHe, state of the valence band
tionsA’, B',C’ (equal to 2.95, 3.23, 3.34 eV &=300 K,  (Fig. 1.
respectively.! When pressure is applied perpendicular to thexis

Since the isoelectronic analog of CdSais ZnGeB, (PLc), the crystal-field splitting decreases since the tetrago-
we can assume that the pressure coefficients of their banthl compression 2 c/a decreases. In this case the width of
extrema are similar. Using the values of the pressurehe band gap also decreases. This is possible if the band
coefficients! dE/dP=—1.91x 10" ! eV/Pa for theA’ tran-  extrema shift downwardFig. 1b.
sitions,dE/dP= —1.87x 10" ! eV/Pa for theB’ transitions, In recent years band-edge deformation potentials in
and dE/dP=—1.87x10 ' eV/Pa for theC’ transitions, semiconductors have also been determined from the tem-
we obtain for the temperature shift of the edge associategerature dependence of the shift of the intrinsic absorption

with lattice dilatation the value edge according to the technique of Manoogian and Ledferc.
(dE/dT)_ =2.44x10 “ eV/K, and for the edge associated According to Ref. 12, the temperature dependence of the
with the electron—phonon interaction absorption edge shift in semiconductors is described by the

(dE/dT)=—5.34x10 % eV/K. Solution of the system of expression

equationg1) and(2) gives for the deformation potentials the

values ¢;=12.3 eV, ¢c,=—10.9eV and ¢,=-10.2 eV, E(0)—E(T)=UT*+ Ve[ coth(¢/2T)—1], 4

c,=11.6 eV. Since the condition/c]|>|c,] must be

satisfied’ we chose the first pair of values. Because of thewhereU, V, ¢, andx are parameters which are independent

absence of data for the effective masses in thg-HT',)" of temperature. In this expression the quantitydescribes

states, the calculated deformation potentials pertain t'$he lattice dilatation,V is the electron—phonon interaction, apd

andI'§ states of the top of the valence band and the bottonis & parameter having the dimensions of temperature. Since

of the conduction band, respectively. two factors contribute to the temperature shift of the absorp-
Using the values of the deformation potentials, let ustion edge(lattice dilatation and the electron—phonon interac-

attempt to determine how the band extrema shift when predion), in the Manoogian-Leclerc technique the part describ-

sure is app“ed para||e| and perpendicu|ar to the tetragona] Ing the E|eCtr0n—ph0n0n interaction can be representEd in the

axis. According to Ref. 2, application of pressure parallel toform

the c axis (Plic) increases, the tetragonal compression, equal )

to 2—c/a, which leads to an increase in the crystal-field (d_E) __ Ve cscﬁ(i) (5)

splitting. The width of the band gap also increases at the dT eph 212

same timé It is well known that when the deformation po-

tentials of the states of the bottom of the conduction bandnd the part describing lattice dilatation can be represented in

and the top of the valence band have different signs, théhe form
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FIG. 2. Temperature dependence of the absorption edge shift in SgGa
Dashed curve—experimensolid curve—calculated by the method of Ref.
12; parameters = —2.44x 1075 eV/K, V=2.7X10"* eVIK, ¢=360 K,
E(0)=3.51 eV.

aT (6)

dE
( ) =—xuT L,
L

Assuming thate/2T < (this condition is satisfied for a
number of semiconductd®*?!J and expanding csc(2T)
in a series abouk=1, we obtaindE/dT=—(U+2V).
Since the shift due to the
(dE/dT) =—-U=—-2.44x10"° eV/K for x=1, we obtain

lattice deformation is

This indicates that the deformation potentials calculated
above describe the temperature dependence of the absorption
edge shift in CdGz5,.

We are grateful to Prof. F. M. Gashimzade for helpful
advice in the course of discussion of the results of this work.
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The transmittance, luminescence, and Raman spectra jmitriocrystals of 2 polytype,

grown in the voids of alkali-borosilicate glassemid dimensions 4—30 nnare investigated.
Depending on the conditions of growth, the exciton states of the microcrystalline systems
were found to shift toward higher energies by 35-60 meV relative to the free exciton energy in
bulk single crystals as a result of the quantum-well effect. The resonant Raman spectra of
Pbl, microcrystals exhibit not only the conventional Raman compoAggt but also components
associated with the appearance of Eheand A,,, optical phonons and the two-phonon

processes. €1998 American Institute of Physids$$1063-7828)00702-9

Semiconducting microcrystals have been the object of We investigated the transmission, luminescence, and Ra-
intense study for a decade already. The motivation for thignan spectra of the synthesized samples. For the measure-
interest is the size-related properties of these structures amdents we used an experimental setup based on a DFS-24
the possibility of their practical application. diffraction spectrometer with reciprocal linear dispersion 0.5

The most widely employed method of growing microc- nm/mm. The Raman spectra were obtained in 180° geom-
rystalline structures is by imbedding the semiconductor in aretry. To excite scattering and luminescence, we used the
insulating matrix such as some polymer or glass or othe#88-nm(2.54-e\j and 476.5-nn§2.6-eV) lines of an LG-502
system. Recently the ion exchange method was used to obrgon-ion laser.
tain Pbb microcrystals in a polymer matrix, allowing their
optical and magneto-optical properties to be studied. RESULTS AND DISCUSSION

In the transmission spectra of porous glasses with Pbl
grown by sublimation, we were not able to observe the ex-

In the present work we have examined Pilicrocrys-  citon spectrum. This is possible because highly strained mi-
tals grown in the voids of a glassy matrix. Microporous crocrystals are formed on the surface of the voids during
alkali-borosilicate glasses with void dimensions in the rangegrowth at lower vapor density. The electric fields caused by
25-30 nm(type 1), 14-20 nm(type 2, and 4-10 nmtype these strains destroy the free exciton. As a result, a structure-
3) serve as the matrix for the Rlanicrocrystals. According less edge is observed in the transmission spectrum.
to the data in the literaturgjn the glasses we studied the In the low-temperature (=77 K) transmission spectra
void volume can reach 20—30% of the total volume of theof the porous glasses of the above-indicated three types, con-
matrix. We used two techniques to imbed the semiconductataining Pb) microcrystals precipitated from solution, pecu-
in the glassy matrix: sublimation in vacuum and precipitationliarities associated with the appearance of a free exciton are
from solution. observedFig. 1). The longest-wavelength exciton peak with

To obtain samples by sublimation, the porous glass wagnergy position of the maximunk,=2.505 eV was ob-
first annealed in air af =200 °C. Then the matrix, together served in a type-1 matrix. Comparison with the reflection
with powdered lead iodide, was placed in a quartz cellspectra of Phl bulk single crystals grown from the same
which was sealed off and evacuated. The sublimation prosolution allows us to conclude that comparatively large,Pbl
cess lasted from 2t8 h at 290 °C; theell was then slowly  crystals are formed in the type-1 matrix. The exciton energy
cooled. The optical density of the samples was regulated bin these crystals coincides with the exciton energy in g Pbl
the amount of material placed in the cell and by the temperabulk single crystal of 2 polytype.
ture. In the microcrystals grown in the type-2 matrix the ex-

To obtain samples by precipitation from solution, the citon band is significantly broadened in comparison with the
porous glass was submerged in a saturated aqueous solutiprevious case and shifted toward shorter wavelengths rela-
of Pbl, at 100 °C, then taken out of the solution and cooledtive to the position of the exciton in bulk crystals.

The solubility of lead iodide increases sevenfold in the tem-  In type-3 matrices we were able to obtain the largest

perature range from 20 to 100 °C, approaching 0.4 g peshift of the exciton peak toward shorter wavelengths. In

100 g water at 100 °C. Because of this procedure, microcryshese samples the exciton half-width was less than in the of
tals were formed inside the voids upon cooling the sampletype-2 matrices, but greater than in those of type 1.

The samples were then dehydrated. When necessary, the op- Of greatest interest are the microcrystals grown in type-3
tical density of the samples was increased by repeating thmatrices. The magnitude of the exciton short-wavelength
above procedure. shift in type-3 matrices depends on the concentration of the

EXPERIMENTAL PROCEDURE
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FIG. 1. Transmission spectra of Bhicrocrystals grown in the voids of FIG. 3. Absorption spectra of Pbmicrocrystals at various temperatures,
three types of glassy matrices. Void dimensions 25(3014—20(2), 4-10  9rown in the voids of glassy type-3 matricds=300 (1), 77 (2), 4 K (3).
nm (3). T=77 K.

a band which shifted in various samples toward longer wave-
solution in which the microcrystals were grown. Figure 2!€ngths by 15-25 meV relative to the free exciton energy.

shows transmission spectra obtained at 77 K in microcrystal- AS the temperature is lowered from 77 to 4.2 K, the
line samples. Depending on the conditions of synthesis irgumlnescence band of the localized exciton is shifted toward
type-3 matrices, we were able to obtain an exciton structur&till lower energies and becomes highly asymmeffig. 4).

shifted relative to the exciton in the bulk-crystal spectrum by”9ing of the samples is most likely a function of changes in
35 to 60 meV. the surface properties of the microcrystals; i.e., a potential

When the temperature is raised to room temperature thwell which localizes the excitons is formed on the surface.
exciton minima shift toward lower energies by 0.08 eV These changes are accelerated by photophysical and photo-

When the samples were cooled from 77 to 4.2 K, neither £hemical processes.

noticeable shift nor any narrowing of the exciton peaks was 1 N€ SPread in the exciton energies in Piniicrocrystals
observed(Fig. 3. Obviously, the half-width of the exciton Mmbedded in type-3 matrices depends on the quantum-well

minimum in this temperature interval is associated with theSffeCt. Estimates show that as a result of its low solubility,

size dispersion of the microcrystals; i.e., it is determined by€SS than ten molecules of Bbare dissolved per void in
inhomogeneous broadening. voids with linear dimension 10 nm at 100 °C. This allows us

In the luminescence spectra of the as-grown samplesw@ draw the following conclusions about the formation

observed a band whose maximum coincides with the miniMéchanism of the microcrystals: _
—active diffusion of Pbj takes place during the growth

mum of the transmission spectrum, which allows us to iden-
tify it as the emission of a free exciton. The free-excitonPrOCesS; o _

luminescence intensity fell rapidly during the course of the ~ —the number of crystallization centers is small.
experiment. Apparently, optical excitation of the lead iodide ~ Atténtion is drawn to the fact that repeating the microc-
microcrystals initiates the formation on their surface of de-yYStal growth cycle in the same matrix does not shift the
fects that localize the excitons. In samples stored for severd0Sition of the exciton minimum—it only increases the op-

hours in air the free-exciton emission is also completely delical density of the sample. Thus, during the growth process

graded, and in the luminescence spectra at 77 K we observéither the crystals do not grow in size or the increase in size

8 S
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E, eV FIG. 4. Exciton luminescence spectra and absorption spectrum gfitbl

crocrystals grown in the voids of a glassy type-3 matiix-luminescence
FIG. 2. Transmission spectra of Bihicrocrystals T=77 K), growninthe  of an as-grown sample &t=77 K; 2 and 3—luminescence of a relaxed
voids of glassy type-3 matrices under various conditiéinscasel the sample aff=77 and 4 K; the dotted curve represents the absorption spec-
solution temperature was higher trum atT=77 K.
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( TABLE |. Relation between the thickne&sof a microcrystalline PBIfilm
A“ Ay, and the quantum-well shift of the exciton maximur& according to Eq(1)
E. E, . for mp=1.1my andme=1.25mj.
- A1‘
"-'_ ' L, nm Number of Pbj layers AE, meV
C]
=; 2.1 3 123
=T 2.8 3 69
2 35 5 44
] 4.2 6 31
£ 4.9 7 23
1 1 1
/) 100 290 Joo
v, em propagation of the phonomw,;, and w, are the values of

FIG. 5. Resonant Raman scattering spectrum i Riitrocrystals grown in ~ the |0ngitUdina|'transverse splitting of thé,, and B,
the voids of a type-3 matrix. The energy of the 2.54-eV exciting line coin- phonons, respectively,,, andeg, are the phonon dielectric
cides with the exciton energy. Frequencies of #ig, A,, (LO), andE, constants, ana is the current frequency.
(TO) phonons are showfT.=77 K. As the angley varies from 0° to 90°, the poles ef, (the
transverse frequencies of the mixed washift from wy, to

. _ w,; and fromw, t0 w;. Thus, regions should appear in the
does not have a substantial effect on the exciton spectra. IRaman spectrum of the reoriented system of microcrystals
layered crystals the growth rate for the direction in the plangrom w,, (59cm™) to w, (88cm?) and from w,

of the layer differs markedly from that perpendicular to it. In (97 cmi ™) to w;, (112 cm) when the density of states is
view of this circumstance, it is natural to assume that thgaken into account.
thickness of the crystals growing in the voids is significantly |t is clear from Fig. 5 that the features in the experimen-
less than their dimensions in the layer plane; i.e., thin isletta| first-order Raman spectrum are found in precisely these
films are formed. In this case the quantum'We” shift dependénergy intervals and that the po|ar phonons also show up in
mainly on the thickness of the crystal, and the limitation ofthe second-order Raman spectrum.
the area of the films by the void dimensions has a diminished The Raman Spectrum of microcrysta|s grown in a type-z
effect on the energy shift of the excitons. Such a conclusiofnatrix is similar to the one described above, but has lower
is supported by the particular features of the Raman spectigtensity. We were not able to record the resonant Raman
in the structures which we have grown. The phonon energie§pectrum for excitation by the 2.54-eV line in a type-1 ma-
coincides with the phonon energies of Pbllk crystals of  trix.
2H polytype. Since according to our thinking microcrystalline films
Under specially chosen conditions of synthesis we grewyrow in the voids, it is natural to estimate their thickness
Samples in which the energy of the exciton transition is 254Js|ng the model of a two-dimensional guantum well with
eV, i.e., it coincides with the energy of one of the argon-ionjnfinite barriers. It is well knowh that in this case the
laser lines. Such conditions give rise to the excitation quuantum-size shift of the exciton |ev@|/|th0ut a”owing for
Raman scatteringFig. 5), which clearly reveals the vibra- changes in the binding eneigig given by
tional structure characteristic of théH2polytype. > 5
A narrow line is observed in the Raman spectrum, which AE= h_n )
is offset from the exciting line by 98 cnt and which corre- 2ul?’

sponds to the totally symmetric vibratidng (Ref. 4. Other ;a6 , is the reduced mass of the carrietsis the thick-

features of the Raman spectrum, absent in the nonresonanggss of the quantum weh, is Planck’s constant, andlis the
spectra, belong to the polar vibratioks andAy,. The Sig-  rincinal quantum number '

nificant broadening of the structure, which is associated with |, the case of Phlithe estimate of the energy shift is

polar phonons, is governed by the decay and strong anguldmpjicated by the scatter in the available data on the effec-
dispersion of the energy of the polar phonons. tive hole and electron mass&s. The calculations are there-

, Itis well known that theEu andA,, phonons are pqlar- fore assumed to be rough estimates. After analyzing the
ized parallel and perpendicular to the hexagodabxis,  ,yaijlaple data we come to the conclusion that the most reli-

respectlveIY‘,' and for an arbitrary direction a mixed wave gpja yalues of the effective hole and electron masses for the
propagates in the crystalFor this wave the dielectric con- direction parallel to theZ axis are my=1.1m, and
stant at frequencw is given by the following expressiofif Me=1.25m,

=1. .

the conditionw>w; is satisfied and if the attenuation and

S ; X In this case the experimental values of the quantum-size
spatial dispersion are disregardgied

shifts allow us to conclude that the thickness of the lead
cos ¢ sir? -1 iodide crystals is 4—6 monolayefsee Table)l

+ Thus, the application of spectroscopic methods makes it
possible to determine the dimensions of lead iodide crystals
grown in a porous glassy matrix by precipitation from an
Here ¢ is the angle between the axis and the direction of aqueous solution.

eolw)= Wity Wy
1+ ——
—w

W

1+

€oL €o|

Wo— @
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Excited states of chalcogen ions in germanium
A. Yu. Ushakov, R. M. Shterengas, L. M. Shterengas, and N. B. Radchuk

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted July 26, 1997; accepted for publication July 31, 1997
Fiz. Tekh. Poluprovodr82, 155—-158(February 1998

The energy spectra of chalcogen impurities in germanium are studied by photoconductivity,
optical absorption, and photoluminescence. The previously found excited states of these impurities
are identified. The observed excited states of tellurium*jTand selenium (S8 ions are

shown to be associated with tlheandL points of the germanium Brillouin zone, respectively.

© 1998 American Institute of PhysidsS1063-782808)00802-3

Chalcogens, which have two more valence electrondormed on a spectrometer with a grating of 200 rulings/mm.
than the atoms of the main lattice, behave in germanium aBor the lower-energy region we used a grating of 50 lines/
deep, doubly charged, donor substitution impuritieghich ~ mm. Most of the measurements were performed at tempera-
create two levels in the band gap corresponding to the neuures near 54 and 77 K. Photoluminescence was excited by a
tral state and singly positively charged state of the chalcogepulsed xenon lamp.
atom. Studies on the energy spectrum of chalcogens in ger- Our photoelectric and optical measureméfshow that
manium are few in numbé&r® Most of the attention in the the energy gaps between the donor levels created by tellu-
literature is given to the ground states of these impuritiesrium in the germanium band gap and by the bottom of the
Less studied are their excited states, a study of which wouldonduction band are 95 and 280 meV for the tellurium atom
be of unquestioned interest, since in contrast to the deefle”) and tellurium ion (Té), respectively, which agrees
ground states the effective mass approximation applies twith the known data of other autho?s.In addition, in a
them. Only the results of Grimmeiss al.>® who observed certain interval of values of the degree of compensakion
excited states of neutral atoms of sulfur, selenium, and tellulk=Ng,/N¢,, whereNg, is the gallium concentration and
rium in germanium, are known. For singly positively N, is the chalcogen concentratipragainst the background
charged atoms, those researchgnesent data only for the of the ordinary impurity photoconductivity we detected the
selenium ion. However, in their own words identification of maximum of the photoelectric effect at 375 meV. Figure 1
the states was hindered by the poor resolution of the strucshows the photoconductivity spectrum of a Ge:Te sample
ture in the spectrum. We have detected for the first timawith degree of compensatida=1 at 77 K. The narrow peak
excited states of ions of sulfur, selenium, and tellurium inwidth, of the order ok T at half-maximum, indicates that this
germanium in studies employing optical and photoelectrideature in the spectrum is due to transitions to the excited
methods’® In later studies, by examining samples with dif- state. What is unusual about the observed results is that the
ferent degrees of compensation we confirmed that the olransition to the excited state is observed against the back-
served resonance peaks in the spectra are associated wiffound of the continuous spectrum, i.e., it takes place at
transitions to the excited states of the tellurium Yoand energies greater than the depth of the impurity state
sulfur and selenium ion¥,and also refined the energy spec- (280 me\j, whereas conventional excited states are localized
tra of the impurity states created in germanium by chalcoin the region of lower energies.
gens. We also detected photoluminescence with participation To analyze the nature of the observed feature, we inves-
of selenium and tellurium ions. In the present paper we tigated a number of samples with different charge states of
identify the excited states of selenium and tellurium, justifytellurium at different temperatursThe temperature was
associating the excited states of these impurities with variouwered by outpumping nitrogen vapor. The resulting tem-
points of the germanium Brillouin zone, and propose an experature drop was accompanied by a growth of the amplitude
planation for the substantially different contribution to theand narrowing of the peak, and also by its shift toward
photoconductivity spectra of selenium and tellurium impuri- higher energies, which corresponds to a negative temperature
ties allowing for all of the results obtained. coefficient of variation of the width of the germanium band

Samples for study were prepared by recrystallization ingap. At liquid-nitrogen temperature, the level corresponding
evacuated cells in a gradient furnace with subsequent rapit neutral tellurium T® (with ionization energy 95 eVis
guenching to prevent the liberation of the chalcogen in theonized, and photoconductivity begins at 280 meV. As the
form of electrically inactive complexes. To control the temperature is lowered below 77 K in samples with low
charge state of the doubly charged chalcogen donor impuricompensationK<0.1), the upper level fills up and the pho-
ties, as the starting material we used germanium witiipe  toelectric effect begins at 95 meV. F&=2 the peak is
conductivity, doped with the shallow acceptor impurity, gal- absent at all temperatures and photoconductivity begins at
lium, in different concentrations from X10 to 450 meV, which corresponds to transitions from the valence
2x 10" cm™2. The electrical parameters of the samples wereband to the tellurium ion level (T9. The relative magni-
monitored by the Hall effect. Optical and photoelectric mea-tude of the peak turns out to be maximum fo=1 and
surements in the energy range 240-500 meV were peexceeds the background level by roughly an order of magni-
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nium implies strong localization of the impurity electrons in
r-space and, correspondingly, an indeterminacy in the wave
vector, which is reflected in the figure by the dashed lines
within the limits of the entire Brillouin zone of germanium.
The measured values of the ionization energy of &ad the
energy of the transition to the excited state* Teorrespond
to a level lying against the background of the conduction
band above the absolute minimum located atlth@int and
38-meV below the extremum at tHépoint. It is reasonable
to assume that in the excited state the electron of the tellu-
rium ion is associated with thE extremum. Electrons from
. . the excited state undergo a transition, as they emit a series of
%00 w0 phonons, to the absolute minimum of the conduction band
and contribute to the photocurrent. Since the absorption co-
efficient for transitions to the excited state exceed the value
for the “background” impurity absorption by an order of
magnitude, the contribution of this process to the photocon-
ductivity can be very large. As a result, transition to the

tude. Thus, the amplitude of the peak is proportional to theexcited state leads to an abrupt growth of the photoelectric

number of telIynum lons, which 'S determined by the Olegreeeffect and a peak appears on the photoconductivity curve.
of compensation and by change in the temperature.

The optical absorption spectra are similar to the spectral To identify the excited state, the value of the binding

energy found experimentally was compared with the results

dependences of the photoconductivity and have their MaXt a theoretical calculatidd performed in the effective mass

mum at the same energy 375 meV. The absorption cross L )
. . : approximation for the actual band structure of germanium.
section in the region of the maximum, palculated from theBest agreement with the results of Ref. 12 is noted for the 1
\S/gﬁf;rg;nw’ 1%[01"3 irrt:zy '?hne (r)r:g?(irmczjmmvzgllS(Iatuo?‘?hzn:bsr?)?ct?:r? Sate. In Refs. 6 and 13 it was found that the binding energy
coefficient was obsérve d in samples wits 1. All of thers)e of the 1s state calculated in the effective mass approximation
pies ! corresponds in the case of deep impurities in Si and Ge to the
data, taken together, allow us to assign the observed featU{e o
. o - riply degenerate states{T,), formed as a result of splitting
in the photoconductivity spectrum to transitions to the ex-Of the sextuply(for Si) and quadruply(for Ge) degenerate
cited state of the tellurium ions.
: . . _ground state as a result of the valley—orbit interaction. In
Figure 2 shows an energy diagram of states of te"u”ungermanium the 4 state splits into theys(Al) and 15(T,)
in germanium. Numerical values are shown for liquid- 4 . . 4
: ; ates'* whereA; andT, are the irreducible representations
nitrogen temperature. Since Te creates deep energy levels zr§ the tetrahedrél grou%d t0 which the germe?nium lattice

Ge, the tellurium electrons are strongly spatially localized. .
The great depth of both ground states of tellurium in germa-be,longs' The deepest state, the ue ground state, tqr'ns outin
this case to be the nondegeneratfA,) state. Transitions
between thes states are forbidden by the selection rules in
the dipole approximation. However, arguments presented in
Refs. 6 and 13 suggest that for deep impurities with strongly
spatially localized orbitals the requirements of the selection

rules in the dipole approximation are less rigid, and that the
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FIG. 1. Photoconductivity spectrum of Ge:Te at 77K& 1.
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FIG. 2. Energy level diagram of tellurium impurity states in germanium at

symmetry, which resolves optical transitions of the type
ns(A;)—ns(T,), is the basic consideration.

The study of Se impurity gave substantially different re-
sults. Figure 3 shows a typical spectral dependence of the
photoconductivity of Ge:Se at 77 K for the degree of com-
pensationk=0.5. In the energy region 350-370 meV we
observed an abrupt drop of the photocurrent against the
background of the ordinary impurity photoelectric effect. In
this region we notice three partially overlapping spectral
lines with a width of the order d{ T at the energies 353, 362,
and 368 meV, which are associated with transitions to ex-
cited states. The feature in the spectrum is observed in the
narrow interval of values of the compensation and is most
strongly manifested for the degree of compensakierD.5,

i.e., when atoms (S and ions (S&) of the selenium im-
purity are present in the material at the same time. Lowering

77 K. The arrow indicates the transition of an electron of a tellurium ion to th€ temperature to 54 K causes only a narrowing and a shift

an excited state.
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absolute minimum of the conduction band of Ge at the
point with gaps 4, 10, and 19 meV. The negative contribu-
tion to the photoconductivity of the transitions of selenium
ions to the excited states is connected with the fact that due
to the order-of-magnitude greater cross section such transi-
- tions compete effectively with the impurity photoconductiv-
ity associated with transitions from the level of the selenium
atom S& The energy gap between the excited states and the
germanium conduction band, as follows from our data, is not
large, and the fact that at liquid-nitrogen temperature the
electrons are not thermally dumped into the band is evidence
' o1 ) L of the short lifetime of excited states. As a result, excitation
Joo J50 400 450 of an electron is accompanied by a lowering of the photo-
Photon energy, meV electric effect.
To identify the states, we compared the energy values
obtained by us with the theoretical results of Ref. 12. The
small value of the energy gaps between the excited states and

give a substantially different contribution to the photocon-the germanium conduction band allows us to use the effec-
ductivity. The feature associated with the transition of thetive mass approximation. Our results are in good agreement
tellurium ion to the excited state is observed against thavith the results of Ref. 12 for the B, 3P,, and F.
background of the photoconductivity due to transitions fromStates.
the T€" level. In the case of selenium the features are ob- 10 determine the possible connection of the observed
served against the background of the transitions of electrongPectral features with the complexes, we examined some
from the neutral selenium atom Sand, additionally, they —Samples with mixed tellurium and selenium doping in differ-
give a negative contribution to the photocurrent. ent ratios with the same degree of compensatken0.8, at

In the Ge:Se absorption spectra we detected maxima ¢hich the features in germanium with tellurium impurity
the same energies. The absorption cross section relative {6€:Té and with selenium impurityGe:Sg are manifested.
the impurity “background” grows by an order of magnitude. Mixed doping led to a simple summation of contributions
The absorption coefficient in this region reaches its maxifrom the two impurities without the formation of qualita-

3P, (Se*)

3P, (Se")

2P,(Se")

Phatoconductivity , ard. units

250

FIG. 3. Photoconductivity spectrum of Ge:Se at 77ki&0.5.

mum value for the degree of Compensatk}ﬁ 1. tiVEly new details. The relative magnitude of the contribu-
The above results, taken together, indicate that the ohtions of the elements of the spectra characteristic of each of
served excited states belong to the selenium ioh Se the impurities is proportional to the percent content of the

The energy spectrum of the selenium impurity in germa-components. Thus, the transitions we observed to the excited
nium, in accordance with our results, is shown in Fig. 4. TheStates are associated with the individual chalcogens and in

excited states of the selenium ion"Sare situated under the the growth technology which we used and which is based on
introducing the impurity during recrystallization of germa-

nium with subsequent rapid quenching, chalcogen vapor
probably does not form.

E-E. With the aim of obtaining additional information, we
undertook a study of photoluminescerite=or this experi-
ment we took samples of Ge:Te and Ge:Se with degree of

T compensatiork=1, which corresponds to the highest con-

centration of chalcogen ions. The spectral dependences so

*
L x jh(5e) obtained turned out to be similar to the absorption spectra,

- 3P (Se™) but the lines were shifted toward lower energies by roughly 5
2P, (Se*) meV for Te" and by roughly 37 meV for Se In the case of
o selenium the observed Stokes shift can be explained by the
-t 1 -1 S8°(248 meV) participation in the transitions to the ground state of the op-
tical intervalley I'g phonon, which in germanium has the
-=1- """ ——=5e*(372 meV) energy 37.7 meV. Grimmeisa al® mention the large prob-

ability for the participation of this phonon in the optical tran-
sitions of atoms and ions of selenium in germanium. This
result also explains the negative contribution of the excited
states of the selenium ion Seo the photoconductivity. An
”“ electron transitions to an intermediate state with the emission
of an optical phonon during a time of the order of 18s,

FIG. 4. Energy level diagram of selenium impurity states in germanium atand the pro_bablhty of th_ermal dumpl_ng .Of the electron into
77 K. The arrows indicate transitions of electrons of the selenium ion totn€ germanium conduction band at liquid-nitrogen tempera-
excited states. ture turns out to be already vanishingly small. Thus, photo
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Self-compensation in CdTe (Cl) in the presence of phase equilibrium of the system
crystal-cadmium  (tellurium ) vapor

O. A. Matveev and A. |. Terent'ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted April 14, 1997; accepted for publication April 16, 1997
Fiz. Tekh. Poluprovodr32, 159—-163(February 1998

The self-compensation of charged point defects in G@hes investigated down to the lower

limit of free-carrier densitiesr(;,p;) over the entire range of vapor pressukgg, and

P+e in equilibrium of the crystal-gas phases during annealing. Under conditions Whggés
controlled during annealing of the crystal, the electron densiiy observed to increase

from 10/ cm 3 to 10 cm 3 as P, increases fronP,,,, to CdTeTe) saturation. This result is
attributed to the formation of a Fg antistructural defect. The appearance ofia the

crystal lowers the concentration of cadmium vacancies to the point that the mechanism of exact
self-compensation of CdTe€l) is disrupted, and low-resistivitg-type crystals are obtained.

The data obtained on the concentratffm) as a function oP., is used to plot the total—n;—p;
dependence with the variation 84— P1ep, reflecting the state of point defects in

CdTgTe). The procedure for annealing crystals in two-phase crystal-gas equilibrium is used to
reversibly inducen;—p; inversion of the electrical conductivity of the crystal. ®98

American Institute of Physic§S1063-7828)00701-7

Calcium telluride is a binary compound with two volatile CdT€Cl) single crystal cut from the middle of the crystal
components. The vapor pressure of cadmilag [or tel-  ingot. The concentratioNc=2x10"¥cm 2 is determined
lurium (Pto)] is the state parameter that determines at &y the relative weight of CdGlintroduced into the melt dur-
given temperature of the CdTe crystal,) its composition ing growth of the ingot. The crystals used in the study were
when enriched with cadmiurfor tellurium) over and above p-type withp=(1—5)x10® cm 2 and u=40 cnf/(V-s).
the congruent sublimation compositioR {;,) (Fig. 1). It is advisable to investigate self-compensation of the

It is a well-known fact that self-compensation of the conductivity of such semiinsulating crystals approximately
electrical conductivity, i.e., a drop in the number of conduc-in the vicinity of conduction inversion, which takes place
tion electrons as a result of their trapping by native pointnearP,,, whenPc4~ PTe(P%’ezz). In this case it is required
defects formed in the crystal, is observed in C{ig (Refs.  to establish sample annealing conditions not only to prevent
1 and 2. Practically speaking, self-compensation occurs witheven the slightest sublimation of the crystal, but also to as-
fairly high accuracy in thermodynamic equilibrium of the sume that the composition of the sample will be determined
crystal with the gaseous phase. by the specified vapor pressure of one volatile component

We have previousfydescribed in detail a procedure for and will not fluctuate as a result of the second volatile com-
annealing CdTEI) in application to the investigation of the ponent that escapes from it into the cell.
self-compensation effect. It essentially entails the following.  All these requirements can be met by annealing indre
In the first stage of annealing the crystals are held at a higled vapor in the equipment shown schematically in Fig. 2.
temperaturet, =700 °C to bring the crystal phas€€dTe  The samples are placed in zone 1, a filler in zone 2, and
and the gaseous pha$€d, Te into the equilibrium state. tellurium (cadmiunm) in zone 3 of the evacuated cell
Depending ont,,, the vapor pressur®cq (P10, and the (10”4 Pa). The filler was prepared by crushing out small
chlorine concentrationN¢;), the appropriate numbers of na- crystals from the same ingot as the samples to be annealed.
tive point defects are formed: cadmium and tellurium vacanThe large surface area of the many small filler crystals sup-
cies (Nycg, Nyte) and interstitial atomsNcg, Ntg). The  presses mass transfer of the sample from the gaseous state,
formation of associates of native point defects with G  preventing sublimation of the sample. However, since the
not very probable at these valuestgf(Ref. 5. vapor pressure of one of the volatile components, Bay,

In the second stage of annealing, where the crystal ign the cell does not, strictly speaking, safeguard the investi-
slowly cooled down to room temperature and the pressurgated sample against losses of the other volatile component
Pcq (P1e) is controlled, the association of charged native(Cd), the filler must be maintained at a temperature 5 °C
point defects with Gl, takes place. In this case not only is lower than the sample so as not to alter the initial state of the
the self-compensated state of the crystal presetved; sample. In this case the volume of the gaseous phase is filled
“self-purification” of the crystal occurs simultaneoudly. with both volatile components as a result of the filler and the
Self-compensation leads to low conductivity tellurium (cadmium in zone 3, thereby protecting the sample

(~10°Q0"t.cm™) and low values ofn and p (~n;), from unmanageable fluctuations.
while self-purification increases the mobilities and lifetimes  The correctness of the adopted annealing regime is well
of free charge carriers. supported by results from anneals in cadmiellurium)

The samples to be annealed were prepared from w®apor at various sample and filler temperatures. No sublima-

144 Semiconductors 32 (2), February 1998 1063-7826/98/020144-04%$15.00 © 1998 American Institute of Physics 144



The results of our investigation of equilibrium between
the crystal phase Cd{@&l) and the vapor phase Jare given
47700 below. The region controlled by the Tpressure is interest-
ing in thatNycq, Which is known to play a decisive role in
the self-compensation process, must increase in this case.

The anneals were carried out at temperatties7/35 °C
—~— 900 and 900°C. The anneal temperatures at which self-
00°C o compensation was investigated in CdCk with P4, con-
trolled were limited abovet{,<900 °C) by the observed de-
600 formation of the sample due to CdTe sublimation. The
735°C choice of lower limit of the anneal temperatuttgs-735 °C
was dictated by considerations of the duration of the diffu-
sion processes, which determine the crystal composition cor-
responding to the give®;.,. The anneal time at., was
~24h.

The free-carrier density as a function Bf.,, obtained
from measurements of the Hall coefficient for the annealed
crystals, is shown in Fig. 3. Sublimation of the sample takes
A place at low pressure®.,~ P, corresponding to the re-

1 gion P1.<10® Pain Fig. 3. It is evident from Fig. 3 that the
CdTe (Xre Xea) samples acquired botb-type andn-type conductivity after
annealing. For all anneal temperaturgs there are three
FIG. 1. Region of existence of solid CdTe on the Cd-Te state diagranWell-discerned intervals: the first with a low and approxi-
(T-X coordinates mately constant concentration(p)~ (10’—10°) cm 3 at
low vapor pressurePt.,, the second with a high value of
n~10" cm2 at high pressureB+e,, and the third a transi-
tion of the samples was observed. However, for anneals ition zone between these intervals. The first interval corre-
cadmium vapor the samples retaineetype conductivity sponds to a very precise self-compensated state of donor and
over the entire range dPcy. Inversion top-type was not  acceptor defects of the crystal latti¢€l{, and ngz). The
observed, even for low 4. This fact has been demonstrated energy level of\/gd2 in the band gap i€, +0.83 eV(Ref. 7).
previously (Fig. 3), probably on account of losses of tellu- The second interval corresponds to a donor-controlled con-
rium escaping from the sample into the gaseous phase duringictivity mechanism.
the cooldown stage. Similar results have been obtained in  Two curves for the anneal conditiong,=t, and
annealing in Te vapor in the present stuéyg. 3b. t,=t,+5 °C are plotted in Fig. 3b in the interval of the
self-compensated state of donor and acceptor point defects.
Curvel, corresponding to the first condition, is lower on the
concentration axis and characterizes samples having mini-
mum n-type conductivity. Curve2 characterizes predomi-
nantly p-type samples. The greater vulnerability to losses of
( a cadmium atoms into the gaseous phase during annealing in
? @ @) the first case prqduces a higher contenl\/@ﬁ. The deep
) o[o coo b o °/[° ° Jo*o/o 000 energy level of this defect lies above the middle of the band

5 7 " gap in CdTe and explains the lower curve. In samples “pro-

tected” by the filler during annealing thetype conductivity
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¢ is attributable to the formation ofVo4Cl]~ complexes,
whose energy level is situated in the lower half of the band
gap.

We now discuss the results shown in Fig. 3 in the region
of low Preo~Ppin- Samples annealed ;=735 °C exhibit

b only n-type conductivity(Fig. 3a. At this temperature the
solubility of V4 is small in comparison with the concentra-
tion of Cl, in the crystal(see Fig. 1 In keeping with the
self-compensation proce$s, charged/Z center is formed,

1 creating a deep level in the band gap and dictating a small
value ofn. The value of is lowest here in comparison with

FIG. 2. g Diagram of the crystal annealing equipmebhtsample annealing  the value measured for crystals annealed at higher tempera-

zone; 2) filler zone of the ovend) cold zone, specifyindPte; (Pcd); 4) ; ; : T ;
annealed crystals) filler; 6) tellurium (cadmium. b) Temperature distri- turest,,. ASt,, is raised, following thep, line (see Fig. 1,

bution in the system along the length of the furnace during annealing of th& hig_h Conlcentration of acgeptor native point defem@dl is
crystals. obtained in the crystal(Fig. 3b. Samples annealed at
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FIG. 3. Free-carrier density in the crystal ver&g,. @ t,,=735 °C; 900 °C;1) t,=t.; 2) t,=t.+5 °C. The dark symbols correspondrtpand the light
symbols top.

t;=900 °C for P~ Pin havep-type conductivity at low equilibrium (1) to the right. The equilibrium of self-
pressures, which goes over tetype conductivity as the compensatiorN&=(1/2)Ny&, is violated in this case. The
pressure increasdgig. 3b, curve2), and then the conduc- remaining uncompensated {Cldonor (E.—0.01 eV, Ref.
tivity, still n-type, rises abruptly. This transition totype 11) is then the center responsible fartype conductivity
conductivity with a sharp increase in the density of electrongvith such a high carrier density.
as Pre, increases cannot be explained by the native point A calculation in Ref. 8 shows that compensation can
defects customarily invoked in the self-compensation mechaake place not only at high temperatures of the thermody-
nism. namic equilibrium state, but also when the crystal is cooled,
The results pertaining to the transitionrtetype conduc- owing to a local energy gain when it becomes impossible for
tivity with a sharp increase in the electron densityRg, @ diffusion sink of native point defects to evolve. The Te
increases can be explained by analyzing the participation afontent is known to become large; 10*° cm™3, at high
an antistructural defect, in this case the doncg2en ther-  temperature$? Residing in a tetrahedral interstice, ; Tex-
modynamic equilibrium. The formation of antistructural de- hibits high external relaxation and becomes readily attracted
fects can be portrayed as the transition of Te atoms fronto regions where lattice stresgggnerated during cooldown
lattice sites or interstitial Teto V4 Sites, whose concentra- can be relieved, i.e., to regions of hiyfy4 concentration, in

tion increases withP¢,: which the relaxation and movement of neighboring atoms
Vot Te=T 0 take place? This process is conducive to the creation of a
cd™ 16= T€cd- Tecq antistructural defect, where the concentration of the

A calculation of the enthalpy of formation of fgfor  center can be quite higte(N1g), and the distribution in the
the conditions of saturation of CdTe with tellurium gives crystal is very nonuniform, forming-type andp-type re-
AH(Tecy)=3.76 eV (Ref. 8, which is lower than the en- gions with compensated conductivity.
thalpy of formationAH(Vcy =4.75 eV (Ref. 8. These val- A generalized dependence of the variation of the carrier
ues differ considerably from the previously published resultdensity onPq4 and Py, can be plotted on the basis of the
AH(Tecy=5.56 eV andAH (Vg =2.5eV(Refs. 9and 10  results from the annealing of Cd{l&) crystals in tellurium
The data of Ref. 8 lead to the conclusion that the equilibriumvapor(data of our studyand in cadmium vapofdata of our
(1) shifts toward the formation of an antistructural defect.earlier work). It is evident(Fig. 4) that for Pc4~10* Pa the
However, the domination of the latter cannot accountrfor crystal has-type conductivity withn~ 10 cm™3, which is
increasing to~10' cm™ in the crystal asP+,, increases, determined by shallow ¢] donors uncompensated MgZ,
because the level of the fcenter is belowE,=0.6 eV in  owing to their low density at high values &y. As Pgqis
the band gap of cadmium tellurifeThe concentration lowered, the concentration Gil‘gdz increases, enhancing the
n~10'cm3 can be obtained in the crystal by virtue of a degree of self-compensation, whereupon the electron density
decrease in the total quantity ¥4 due to the shift of the drops to~10" cm ™3, and then the inversion gi-type con-
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~10" cm™3. This unexpected inversion of the conductivity

i i and its sharp rise are attributates for largeP.y) to shal-
“ «* low CI?e donors, which can emerge only as a result of a
nr * decrease in the concentration 6§ . For a high pressure

P+1e the only way such a decrease can take place is by the
formation of a T@3 antistructural defect. Indeed, @,
increases, more and moM_Z and Te are encountered,
where, as mentioned above, it is energetically favorable for
the latter to take the place af;Z and to disrupt the self-
compensation process. It is evident, therefore, that self-
compensation is more or less complete and leads to the for-
mation of semiinsulatingp-type and n-type crystals at
pressure 4, P1.<10* Pa, whereas at high pressutgy

and P+, self-compensation is disrupted, and low-resistivity
n-type crystals are obtained.

’012 [
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Negative dynamic differential conductivity at the cyclotron frequency in Ga 1—xAlAs
under conditions of ballistic intervalley electron transfer
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It is theoretically shown that under certain conditions a cyclotron resonance maser can be
fabricated based on-Ga, _,Al, As-type materials. Low temperatures and strong crossed fields
(ELH) are considered. In these fields the electrons in the Idligit) valley of the

conduction band dynamicallipallistically) transit the band up to the onset energy of intervalley
scatteringeo. Studies were carried out on solid solutions with compositierxe: 0.39
(e0=(2-17¥w*, wherefiw* is the intervalley phonon energyThe magnitudes of thE and

H fields were varied within the limit&=5-20 kV/cm andH=6-40 kOe. This produced

a smooth change in the transit conditions in the passive regieref), which makes it possible
to obtain the desired frequency dependence of the differential condudd@y, o(w). As

our studies show, previously unknown, interesting peculiarities of the hot electron system appear
under these conditions. @998 American Institute of Physids$1063-78208)00901-§

1. The idea of building a semiconductor maser at thea method for modifying the frequency dependence of the
cyclotron resonancéCR) has been around for a long tilk€®  differential conductivityo(w).
Andronov and Kozlo¥ noted the possibility of negative dif- In Refs. 7-9 the problem was considered in the absence
ferential conductivity(NDC) of hot electrons under condi- of a magnetic field. Obviously, a study of the dynamics of
tions of cyclotron resonance and their scattering by opticathe intervalley transitions im-Ga, _,Al,As in the presence
phonons under conditions that had been considered in Ref. 8f a transverse magnetic fiel@( H) with smooth variation
This possibility was discussed in detail in Ref. 6 on the basi®f the region of dynamic heating within the limits of one to
of a Monte Carlo calculation, where it was shown that inseveral multiples ofiw* would be of definite scientific and
pure p-type Ge anch-type GaAs materials negative differ- practical interest. Such a study could reveal the optimal size
ential conductivity at the cyclotron resonance is manifeste@f the region of free motion of the electrofend correspond-
at w>10'2 Hz and higher. ingly the optimal composition of the ternary compouiad

In the indicated works, strong inelastic scattering of theth€ optimal relationship between tleandH fields for real-
current carriers enters only at energies above some threshdfind NDC at the cyclotron resonance with better parameters
energye,, while for <, (the passive regiorscattering is than are known at pr_esent under such conditfofds far as
weak and the carriers move almost freely under the action of'® Know, such studies have not yet been performed. _
the electromagnetic fields. The energy here is the energy The present paper presents an analytic study of dynamic
of the optical phonom =7 w,. Under such conditions, as is NDC in transverse electric and magnetic fieldehere the

o _ . latter is not a quantizing fieJdEL H under conditions of
well known, the distribution of hot carriers is strongly aniso- . - .
tropic dynamic intervalley transitions im-Ga, _,Al,As over a

The authors of Ref. 6 also noted the possibility of theWIde range of variation of its composition <x<0.39,

. . . . L whereAg varies in the limitsAe =(1-16}iw*. The possi-
realization of negative differential conductivity in a strong bility of observing NDC at the cyclotron resonance in the

electric field inn-GaAs under conditions of intense exchangeSubmillimeter range under these conditions was noted in
of electrons between the light and heavy valleys. The possiRef 10

bility of the realization of this idea was also addressed in o The calculations use the two-valley model of interval-
Refs. 7-9, in which the energy of the intervalley transitions|ey transport™® under the assumption that scattering by
(IVT) enters as the energyy: so=As+fiw”™ (Asis the  phonons is absent in the lower valley. As is known, this
energy gap between the light and heavy valleys,7a@d is  assumption is valid in a strong enough electric field if the
the intervalley phonon energyit was shown that under con-  following condition is satisfiedre< 7,5, Wherere and 7o,
ditions of the ballistic heating regime in a strong electricare the collision time of thd™ valley and the intravalley
field E regions of dynamic NDC appear at frequencies in thescattering time on the optical phonons, respectively. We as-
submillimeter range. It was also shown, in particular, that bysume that the lattice temperature is loky <% w*). In this
using the materiah-Ga, _,Al,As and varying its composi- case the electrons, which pass through Fhealley without
tion it is possible to smoothly vanke and thereby, in con- scattering, acquire the energy and, after the emission of an
trast to the results of Refs. 4—6, vary the transit conditionsintervalley phonon, transition into thX valley. In the X
which in turn makes it possible to smoothly vary the NDC valleys the energy of the electrom$ is small due to their
frequency by varying the electric fiell. This can be used as large effective mass;* <A w* (this condition also imposes
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space, whose centers lie on the

creasing, the smaller B, . In the case

P.=(Po+P,)/2=P}

nitudes of the electric and magnetic fields

* *
i< 2comg _ Comp

E, Pot+P; P*

a magnetic “trap.”

Py=P.+P, cose, and P,=—P, sing,

of the heating field and the electrons move under the action
of the magnetic field in cyclotron trajectories in momentum
segment
(Py,P¢,0),— P <P, <Py (P.=comfEq/H, wherec, is the
speed of light The radii of these trajectories increase with
distance from the/z plane since the radii of the circles ob-
tained by intersection of the spherical surfacgs const and
gg=const with the planex=const vary correspondingly
(they decrease These radii are P;=P?-P?2
P,=+\P2—P2, respectively, and reach their maxima at
P,=0 and their minima aP,=*=P,. Hence it follows that
the curvature of the cyclotron trajectories increases with de-

and

@

all trajectories are open(they intersect the surface
go=cons}. Inequality (2) imposes a constraint on the mag-

()

If this condition is satisfied, not one electron will be held in

3. The linearized kinetic equatidtinearized Boltzmann
equation was solved for a small additional term added
to the distribution function,f_=f°e'“!, which arises
in a small-amplitude variable field E_=E°¢e'“t
(E=Ey,+E_,E®<E,). For convenience, the equation is
written in the coordinate$P, ,P, ,¢}, which are related to
the phase coordinat¢®, ,P, ,P,} by the equation®,=P,,
where
g,~const P,=[PZ+(P,—P.)?]¥? and tang=P,/(P.—P)). In fields
with the configurationEgllz, HIx, E_lIEy equations exist

for the functionsf” andf® corresponding to the two groups

FIG. 1. Diagram of intervalley transition® and their distribution in the of eIectrons(A and B):
momentum space of theé-valley for the casé\e>%w* (b) andAe~fhw*

(c). The following transitions are indicatetk—I"— X, 2—X—T". In figures c?fA &fA
a and b the dashed lines with arrows represent the free motion oA the iwfﬁ—l— wC_N: —eE‘l 0 0(p— <P1)v e<eq;
electrons and the solid lines with arrows denote Bhelectrons. de P,
o8 ot8
- | | | 10f% o —=—eB 2 0(¢—¢a), e<eo, (4
a limit on the maximum value of the applied electric field ¢ z
therefore, after returning to thE valley they are concen- 1, ¢=0;
trated near the isoenergy surface= Ae —fiw* (see Fig. 1, ()= ) 5
where they begin a new cycle of acceleration. Under such 0, {<0;
conditions, in materials of the type GaAl,As two types of p2_p2_p2_p>2
electrons appear in the IowErvsllgy (A andB) with differ- ¢1=arcco% ! 273 Pr °l, @,=2m—¢,, (6)
ent acceleration time&f and r2) in the electric field=° crr
Po+P; Po—P; wherew,=eH/m}c, is the cyclotron frequency, arid and
B__

E eEO ’ TE eEO ’

(1) fg are the distribution functions in thE valley in constant
crossed fieldEyl H. They satisfy the kinetic equation in

where constant fields and the condition of conservation of the total
number of electrons in both valleys:
Po1=\2mf (Aethiw*), y

* i H H H F?fé Nle
mp is the.effectlve electron mass in ?Iﬁéyalley, andEg is W= 5 S(P2—P?)0(p—¢1), e<eq; @
the magnitude of the constant electric field. The configura- e TP
tion of the fields is shown in Fig. 1. Calculations were car- a8 N

B . . . . - . O le
ried out in the regime of pre_scnbed f_lelo_l directigriosed Wo— = ﬁé( p2_ Pf)e(go—(pz), e<ey: @)
Hall contact$, where the applied electric field plays the role de mEy
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AL s tweeng, 7¢, vg, andw,. To these parameters we add one
f (fo+fg)d°P+Nyx=No=const, (9 more,w, the frequency of the external variable electric field,
applied as a small perturbation of the strongly nonequilib-
where Ny is the electron concentration in the valleys,  rium system of electrons. By varyinge we can take into
v1=Dfy(mf) Ve, /V2nhi®pw* is the characteristic fre- account all the particular features of the band structure: the
quency of the transitioX—T', Dry is the coupling constant effective masses of the electrons in the different valleys, the
of the I' and X valleys, andp is the density of the sample. coupling constants between the valleys, the energy of the
Among the kinetic coefficients the characteristic frequencyintervalley phonons, the density of the sample, and so on,
of the transition['—X () is the largest parameter. It far which are uniquely determined by the composition of the
exceedsvy: vol/vi=(mE/mk)¥%(eq/e,)Y¥>>1. Therefore, solution!t
the number of electrons in the energy region e, is small 4.1. SmallAe. For Ae=(1-3)hw* (corresponding to
and their contribution to the conductivity can be ignoted. composition of the solid solution 0.34x<0.39 the radius
The main processes determining the conductivity take placef the surface:; =const is smallthe difference betweeR,
in the regione<eq. Therefore, those terms which appearand P, is large, and the two different groups of electrons
when e>¢, are absent in the equations. The Dirde  have similar heating timegor heating by the electric fie)d
function appears on the right-hand side of EG8.and(8)  (+2~7E). Here, because of the smallnessRyf there is no
because of the small width of the source in thealley. The  noticeable difference between the transit times within one of
factor preceding the>-function is associated with the nor- the groups of electrons. In this case, by the so-called process
malization condition(9). of intervalley streaming,as the electrons heat up, their tra-
We do not go through the derivation of the solution of jectories form a narrow beam in momentum space which is
the system of differential equatiori4)—(9) here, but merely preserved along the cyclotron trajectorigdg. 19. Under
note that the component of the differential conductivity ten-these conditions the magnetic fields satisfying condit®n
sor o, is represented in the form of a sum of two termsgre entirely sufficient for the appearance of a resonance in

corresponding to the two different groups of electrons:  (w). The resonance appears near the cyclotron frequency
1 e w~w.. If we consider the field region in which all the tra-
0,0 oP=— — J J J (—P, sin ¢) jectories are open, it turns out that the most pronounced reso-
E-mp nance is set up ab.=w?* (Fig. 29, where
X (f2+12)P,dP,dP.de, (10 wf —eH* Imico=eEy /Pt =2eEy/(Po+Py). (13
A a 1 sin @ From conditiong3) and(13) we find the optimal relationship
T =000 1-02 s, [sin gy between the magnitudes of the electric and magnetic fields
(betweenEg andH*), for which the width of the resonance
X[(1+Q2)cos ¢,c08 Q0 — ¢1) line is maximum
—2Q, sin ¢, SiNnQ(¢—¢@;)—2 cose]dxdrde, H*/E§ =2comy/(Po+ Py). (19
(11 For small Ae the existence in the system of a well-
a 1 sin defined transit time has the result that a decrease in the ratio
oB=0p-——= f f J' _—(p H/E, within certain limits (when P, becomes larger than
4dma 1-0; g/ [Sin ey P¥) does not suppress the resonangg. 2b. For

Ae=ho™* the range of variation dP. in which resonance is
observed is quite wide: O0.%5<P.<0.7P,. For
=20 sin @5 SiN Q(¢—¢s)—2 coseldxdrde, Eo=10 kV/cm it corresponds to the region of magnetic
fields 29 kOe<H<37.5 kOe. The width of this region var-

X[(1+Q2)cos ¢, cosQ(@— ¢,)

(12 ies in proportion toE,. Here we may note that the position
e’Nyv; of the point P, in momentum space uniquely defines the
o o:m' relation between the characteristic transit time inthalley
and the cyclotron frequencyz/w.=P./Py.
where a=P./Py, a=+eqleg, Q.=ovlwg, 4.2. Intermediate and large\e. For Ae=(3-8)hw*

ve=71z '=eEy /P is the transit frequency in thE valley, X (0.2<x<0.34), P, andP, converge and a difference ap-
x=Py/Pgy, r=P, /Py, andX , g are the regions of motion of pears between the transit times inside one group of electrons
the A andB electrons in momentum space. The integrals inas well as betweem; and 7¢ . In the system a distinct heat-
Egs. (10) and (11) were calculated numerically using the ing time is no longer present, and thereforecgt= w? the
Monte Carlo technique. resonance peak is narrow in comparison with the case
4. The frequency dependences of the differential conducAe~# w* (Figs. 3 and % The shift of P, toward larger
tivity for different values of the initial parameters are shownvalues suppresses the resonance. The suppression is that ef-
in Fig. 2—5. These dependences are easily explained by takiciency increases with increasing value &d.
ing into account the changes in the dynamics of heating of In the case of the band structure of GaAs
the electrons brought about by changesAisy E;, andH.  (Ae=16Aw*), where the difference betwedh, and Py is
These quantities uniquely determine the relationships bdimitingly small (P,/Py=0.94), Té and TE differ widely
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FIG. 2. Dependence of the differential
conductivity in the I' valley, o, on the
frequency of the external variable electric
field, o, for Ae=1.02 w* (GaygAlg3AS),
go=€2Nyv, /m} Vé. Calculation parameters:
Eo=Ej =10 kV/icm; a—H=H*=37.5 kOe
(P.=0.55P), 0,=6.67x102%s7%;
b—H=29.5 kOe P.=0.7Py),
0,=5.24x10? 51, The solid curves with
filled points plot the calculated conductivity
of the A electrons, and the solid curves with
empty points plot that of th& electrons; the
solid lines without points correspond to the
total conductivity.

@/Q,

(TQITE~32), and the difference between the heating timegesonance can no longer ensure total dynamic negative dif-

of the different electrons inside groudpis greater than 20%.
On the other hand, the electrons in groBpacquire almost

ferential conductivity since fob= w; the A electrons have
positive differential conductivity, which exceeds the negative

identical transit timegFig. 1b. This latter circumstance re- differential conductivity of theB electrons in absolute value
sults in the appearance of a resonance in the differential coriFig. 53. A small increase P, causes the disappearance of

ductivity of theB electrons only foP.= P} ; however, this

/s,

151

£, 10" Hg

2 4

T T T T
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the resonance peak n®(w). In our opinion, this also ex-

FIG. 3. Dependence of the differential conductivity
in the I valley, o, on the frequency of the external
variable electric field, w, for Ae=4.5i0*

X (Gay Al g 4AS). Calculation parameters:
Ey=E} =20 kV/cm, H=H*=27 kOe
(P.=0.9P,), w,=6.23x10"?s™1. The notation is
the same as in Fig. 2.
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FIG. 4. Dependence of the differential conduc-
tivity in the T" valley, o, on the frequency of
the external variable electric field, w,
for Ae=10hw*(GaghAlg1AS). Calculation
parameters: Ey=E{=20 kV/cm, H=H*
=18 kOe, w,=3.88<10'2 s™. The notation is
the same as in Fig. 2.

plains the fact that efforts to obtain negative differential con-high-frequency region of NDC, the conductivity of the f&st
ductivity at the cyclotron resonance in GaAs have been so faglectrons is greater in absolute value than the positive differ-
unsuccessful. Apparently, for such values\efthe magnetic  ential conductivity of the slovA electrons. As a result, in the
field must be increased to the point at which closed trajectofrequency region k< w.< 1/72 we have dynamic negative
ries appear in the system. differential conductivity in a strong electric field

Thus, whemAe>7% w* and the conditior{3) is satisfied, 5. In the experimental detection of dynamic NDC the
the resonance does not appear. However, at such values mignitude of the static NDC, which gives rise to the appear-
Ae, as in GaAs, there is a different mechanism for the apance of the low-frequency oscillations, plays no small role.
pearance of dynamic negative differential conductivity,In the case of negative differential conductivity at the cyclo-
based on the wide difference betweep and 72. In the  tron resonancé® static negative differential conductivity is

f, 0™ Hz

FIG. 5. Dependence of the differential conduc-
-01} tivity in the I" valley, ¢, on the frequency of the

external variable electric field, w, for
Ae=16hw* (GaAsg. Calculation parameters:
E,=E§ =20 kVv/cm; a—H=H*=13 kOe
(P.=0.97P;), w,=3.36x10"s%; b—H=0,
calculation from Ref. 8. The notation is the
same as in Fig. 2.
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absent. This circumstance which eliminates the need for sp&kefs. 7 and 8, appears on account of the fstlectrons.
cial measures to prevent low-frequency oscillations, whichThey transit thel” valley in a dynamic fashion, even if we
interfere with the detection of superhigh-frequency NDC. Intake intravalley scattering into account. Scattering of Ahe
the case of transit intervalley transitions mGaAs and electrons, however, which gives a positive contribution to
n-Ga Al As (Refs. 6, 7-9the static NDC dominates over the total conductivity, will apparently decrease their conduc-
the dynamic NDC. The appearance of static NDC is due tajyity.

strong inversion of the electrongf(/de>0) in an electric A consideration of the finite magnitude of, is impor-

d 8,12 . . .
field. tant only in the case where closed cyclotron trajectories ap-

In Ref. 13 it was shown that energy inversion is reducedyer in crossed fieldg,L H. “Escape” of electrons from
by switching on a transverse magnetic field. Such a reductlthese trajectories is possible only for a finite valuergf.
is that much more effective, the smallerAs. Calculations But, as has been shown, NDC at the cyclotron resonance

of the cu_rrent-voltage CﬁaraCte”St'CS m.Gal‘XAIXAS n. appears even in the absence of closed trajectories. For this
crossed field€, L H show* that the magnitude of the static
reason, the term cyclotron resonance must be understood

NDC also increases in absolute value with increase of th%ere not in the “classical” sense

magnetic field and decrease &f. For Ae~% w* the elimi- In th f largel h ' NDC at th lot

nation of the static NDC is easily achieved. These results are n the f:ase 0 arg. & W en at the cypo ron
sonance is problematic, it appears necessary to increase the

in good agreement with the calculated dependence® o : , , .
o= o(w) shown in Figs. 2—5. The differential conductivity magnetic field to the point at which closed trajectories appear

near zero frequency(w~0) decreases in absolute value, I addition to the open trajectories of typésand B. The
with increasing magnetic fiel@for the same value ohe).  conditions of transit of the electrons and their redistribution
For Ae~#Aw* in fields in which dynamic NDC is present, between these trajectories will be determined uniquely by the

o(w=0)=0. This result is important since it is precisely at ParametersAe, H, Eq, and 7,,. For the above-indicated
such values ofA¢ that the width of the resonance band is reasonsAe plays the most important rolsince all the other
maximum (see Fig. 2a As was shown above, the width of band-structure parameters are bound up with.itOn the
the cyclotron resonance line decreases with increadd.of one hand, a simultaneous consideration of all these param-
For this reason, the cyclotron resonance at siallmani-  eters would be complicated. On the other, it is obvious that
fests its lowest sensitivity to external factors and inadequanew and interesting possibilities of “control” of the transit
cies of the model. processes will appear and, accordingly, it will be possible to

The inadequacy of the model consists mainly in the factttain favorable conditions for NDC at the cyclotron reso-
that we do not consider the regiarn>g,. Penetration of pance.
electrons into this region increases the heating time and in-
troduces a positive contribution to the differential
conductivity? On the other hand, such penetration smears
the distinct picture shown in Fig. 1c. The frequency of the
I' =X transition (p) plays an important role in the discus- g, Lax and J. G. Mavraides, Solid State Phys, 261 (1960.
sion of this problem and in the determination of the width of 2P. Wolff, Physics(Long Island City, NY 1, 147 (1964).
the regions >&,. The coupling constant between the valleys *A- S- Tager, Pisma Zh. lEsp. Teor. Fiz3, 369(1966 [Sov. Phys. JETP
Dry entering intov (v~ DI%.X)’ unfortunate!y, Is not accu- 4/3;. fg;igfo?n]év and V. A. Kozlov, JETP Lettl7, 87 (1973.
rately known and serves in the calculations as a fittings| | vosiius and 1. B. Levinson, zh. Esp. Teor. Fiz.50, 1660 (1966
parametel! We hope that its value is sufficiently large, spe- [sov. Phys. JETR3, 1104(1966]; Zh. Eksp. Teor. Fiz52, 1013(1967)
cifically that it is on the order of 10eV/cm (Ref. 15. In [Sov. Phys. JETRS5, 672(1967)]. ,
such a case, the assumption that the regiore, is narrow 61358@23%"[256' sgdgog‘é‘#%’é%g@'f;’%jﬂ'w Zh. Eksp. Teor. Fiz72,
(and the results that follow from this assumptida (ar® 7, """\ o0y and L. Dzamukashvili, Solid State Comms, 915
valid, and the quantitative results presented here are reliable,1ggs
In the opposite case, NDC still appears at the cyclotron reso8a. A. Andronov and G. E Dzamukashvili, Fiz. Tekh. Poluprovodas,
nance, but the results will then be of a qualitative character. 1810(1985 [Sov. Phys. Semicond9, 1111(1985].

The assumption of dynamic heating is one of the maingA' A. Andronov, G. E Dzamukashvili, Z. C. Kachlishvili, and I. M.

. . Nefedov, Fiz. Tekh. Poluprovod@l, 1813(198% [Sov. Phys. Semicond.
assumptions in our treatment. As was noted above, the elec- P (1987 [ y

o : . . i 21, 1098(1987)].
tric fields in which dynamic NDC appears are entirely suffi- 106 £ pzamukashvili, z. C. Kachlishvili, N. K. Metreveli, Pisma zh.
cient for such heating, especially for smaAl, when the time Eksp. Teor. Fiz62, 220(1995 [JETP Lett.62, 234(1995].

it takes the electrons to accelerate to the energys too  'S. Adachi, J. Appl. Phys58, R1(1985.

short—for As ~% w* (80%271 w*) and for Eo=10 kV/cm, 12G. E Dzamukashvili, Fiz. Tverd. Tela2, 676 (1990 [Sov. Phys. Solid
i3 State32, 398(1990].

Te=3X10""s. . . 137, A. Golovko and G. EDzamukashvili, Soobshch. Akad. Nauk Gruzii

In the casede>%w™* 7¢ is larger, and the assumption 149 219(1994.

that k,T<Z w* is a necessary condition for dynamic inter- **G. E Dzamukashvili, Z. C. Kachlishvili, N. K. Metreveli, Soobshch.
valley transitions. In the extreme case fdre>10hw* 15Akad' Nauk Gruzii(1996.

(when the width of the cyclotron resonance line is sintaié (Aiggé Saxena and K. S. Gurumurthy, J. Phys. Chem. Soligls 801
mechanism of dynamic NDC changes and appears to have a '

transit characte?.Dynamic NDC, which was investigated in Translated by Paul F. Schippnick
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The effect of copper doping of n-ZnSe crystals on the structure of luminescence
centers of long-wavelength luminescence

G. N. lvanova, V. A. Kasiyan, D. D. Nedeoglo, and S. V. Oprya

Kishinev State University, 277009 Kishinev, Moldova
(Submitted October 17, 1995; accepted for publication June 9,)1997

Fiz. Tekh. Poluprovodr32, 171-177(February 1998

The photoluminescence and luminescence excitation spectra of copper+d@p&e crystals

were investigated in the temperature range 77—-400 K during diffusion of the copper

into the crystal from the liquid, gas, and and solid phases. It is shown that the structure of the
associative centers responsible for emission in the red and green regions of the spectrum
depends on the method of copper doping. It is established that during the interphase interaction
on the(ZnSe crystgk(copper film boundary, zinc atoms dissolve in the copper film and

the copper atoms diffuse into the zinc selenide crystal.1998 American Institute of Physics.
[S1063-782308)01101-9

INTRODUCTION starting crystals of the first series were pre-annealed in a Zn
melt at 950 °C for 100 h. The second series of crystals were

The participation of copper atoms in the formation of led i in th heat . The third
centers responsible for the luminescence of zinc selenide jgre-anneaied in vacuum in the same nheat regime. 1he thir
eries of crystals were copper-doped, without any pre-

the long-wavelength red and green regions of the spectrurﬁ i
was established in a number of studieAt the same time, 2MM€&INg. . o
studie$™ that have shown that centers incorporating intrin- Photoluminescence spectra and luminescence excitation

sic and impurity defectgassociated with coppeare respon- Zggctza \F')Vﬁ r<te Irecqrded in the tempergttu(rjet;nterval frﬁm " tFo
sible for the emission in this spectral region. Finally, accord-l. ht f ' o\c;squJnllnescenCﬁ Wastexm_teh ?1/ Tnonocl romatic
ing to the data of Refs. 10 and 11, copper can be present jpht from a -+ monochromator with a halogen famp or

ZnSe crystals in the form of an uncontrollable impurity and?% an LGI-21 IaserdV\lnth a wavelength .c:f ?37 nm. tThe phoj
can, by interacting with the intrinsic defects, participate in oluminéscence and iuminescence excitation spectra were in-

the formation of red and green color centers. Thus, there igestl_gated using an_MDR-ZS monochromat_or with linear dis-
now a large number of models of red and green color cente ersion 14 A/mm in the wavelength region from 450 to
in ZnSe crystals containing copper and intrinsic and impurity 00 nm.
defects in various combinations.

The present study shows that the formation of red andEXPERIMENTAL RESULTS AND DISCUSSION
green color centers of different structure is possible in

e 0
n-ZnSe crystals, depending on the method of copper dopin%elA' Thermal diffusion of copper from &n+X at. % Cu

t The photoluminescence spectrum at 77 K of the initial,
unannealed-ZnSe sample subtends the wide spectral region
from 520 to 700 nn{Fig. 1, curvel). The main maximum is

As our starting crystals we used highly resistivnSe  observed at 580 nm, and the long-wavelength limb has a dip
single crystals grown from melt. The crystals were coppefat 617 nm. Annealing of the crystals in a pure zinc melt leads
doped using one of three methods. to a shift of the photoluminescence spectrum toward longer

1. Thermal diffusion of copper from a 2nXat. % Cu  wavelengths, the main maximum turns out to be located at
melt. The copper conten was varied from 0.05% to 25%. 600 nm, the dip is transformed into an independent photolu-

DOPING AND CONDITIONS OF EXPERIMENT

The samples were then annealed at 950 °C for 100 h. minescence band with a maximum at 630 nm. The addition
2. Annealing of the crystals in CuCl vapors at 500 °C.of 0.1 at. % Cu to the zinc melt leads to pulling of the short-
The anneal time varied from 5 to 75 h. wavelength limb of the photoluminescence spectrum to

3. Thermal diffusion of copper from a thin metallic film 500 nm and the appearance at 530 nm of a new photolumi-
deposited on the surface of the crystal. The copper film wagsescence bandig. 1, curved). Further increase of the cop-
sputtered onto tha-ZnSe surface for 1 min, after which the per content in the zinc melt leads to a narrowing of the red
sample was annealed in vacuum at 700 °C. The annealingminescence band, its localization Xat=640 nm, and the
time was varied from 0.5 to 20 min. At the end of the dopingmore distinct manifestation of the green luminescence band
process the thin copper film was removed from the crystaht 530 nm, which becomes predominant in intensity in the
surface by chemical etching. All anneals were terminated byhotoluminescence spectra nfZnSe crystals annealed in
rapid cooling of the quartz cells holding the samples by im-zinc melts containing 0.6 at. % copper and higkieig. 1,
mersing the it in a vessel of cold water. curves4—6). Starting at a copper concentration of 5 at. %,

Thus, copper diffusion inta-ZnSe crystals was realized the intensity of the green luminescence band also falls, i.e.,
from the liquid, vapor, and solid phases. Three series obn the whole, the radiative properties of the crystals deterio-
samples were prepared in each of the last two cases. Thate.
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FIG. 1. Photoluminescence spectra of ZnSe crystals annealed in a -
(100-X) at. % Znt X at. % Cu melt. T=77 K. Ag=440 nm. 1—
Photoluminescence spectrum of the initial, unannealed Z@Seé.corre- B . , \ , \
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The eXCIt_atlon spectra of the gre¢630 nm and red FIG. 2. Excitation spectra of the r¢dl) and green photoluminescence bands
(640 nm luminescence bands oFZnSe:Zn:Cu crystals are (o_7), T=77 K. X, at. % Cu:1,2—0.6, 3—0.75, 4—1.25,5—1.75, 6—2,
shown in Fig. 2. It can be seen that at 77 K the luminescence—10.
in the red is excited mainly by light from the region near the
fundamental absorption edgéhe maximum of the lumines-
cence excitation spectrum for different samples lies in the
wavelength region from 480 to 490 nnand partly by copper content of the investigated crystals allows us to as-
shorter-wavelength radiation {,,,~400 nm). This indicates sume a connection between its nature and the presence of
that the photoluminescence band with maximum at 640 nncopper in them. The energy of the exciting optical transition,
is not elementary since it is excited both by interband trandetermined from the spectral position of this peak in the
sitions and by electron transitions from shallow acceptor leviuminescence excitation spectrum, is 2.695 eV.
els (Eg—hve=0.217-0.269 eV) to the conduction band. From our measurements of the temperature dependence

In crystals with low copper content, green luminescenceof the photoluminescence spectra of the ZnSe:Zn:Cu crystal
is excited by light from the intrinsic absorption regi@Rig.  samples in the interval from 77 to 400 K we established that
2, curve2). The width of the band gap, determined from the up to a temperature on the order of 120 K there is a constant
spectral position of the abrupt long-wavelength edge of thejuenching rate of the red and green luminescence bands. At
luminescence excitation spectrum, turns out to be equal thigher temperatures abrupt quenching of the intensity of the
2.799-2.802 eV at 77 K. Increasing the copper content tgreen luminescence band is observed. At 150 K this band is
0.75 at. % leads to the appearance in the luminescence excempletely quenched, while luminescence in the red is ob-
tation spectrum in the impurity absorption region of a new,served up to 400 K. The temperature dependence of the
less intense peak with maximum at 460 (fg. 2, curve3). maximum intensities of the red and green luminescence
With further increase in the copper content of the zinc meltbands in the coordinates Irf(10°/T) has two well-
its position does not change, but its intensity grows togetheexpressed linear segments, regardless of the copper
with the intensity of the green luminescence band. The deeontent—a low-temperature segment and a high-temperature
crease in the intensity of this peak at copper contents greatesegment. The activation energies, determined from the slopes
than 2 at. % correlates well with the decrease in the intensitpf the low-temperature segments of these dependences for
of the green luminescence band in the photoluminescenabe red and green luminescence bands, are very close in
spectrum with increase of the copper concentration in thealue and lie in the interval 7-9 meV, while the high-
investigated crystals. The dependence of the intensity of theemperature activation energies differ substantially and lie
460-nm peak in the luminescence excitation spectrum on thbetween 240 and 340 meV for the red luminescence band
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and between 70 and 100 meV for the green luminescence
band, depending on the copper content.

The presence of two slopes in the dependence
In1=f(10%/T) and the substantially small¢in comparison
with Ref. 2 values of the activation energy determined from
the high-temperature quenching of the intensity of the red
and green luminescence bands allows us to assume, first, a
donor—acceptor mechanism of radiative recombination and,
second, a more complicated structure of the emission centers
than in Ref. 2. The authors of Ref. 2 suggest that the red
emission is due to radiative recombination of a free electron
with a hole localized at a Gy acceptor located 0.72 eV
above the top of the valence band, and that the green emis-
sion is due to recombination of a free electron with a hole at
the Cy," acceptor with a depth of 0.35 eV. Thomeisal 1*
proposed a model for the formation of complex associative
emission centers in ZnS. According to this model, a simple
green center Gy at a sufficiently high level of copper dop-
ing (>0.9 ppm) forms an associative acceptor blue center
(Cuy,—Cu’") with significantly shallower depth than a
simple Cy,, center. 7

We are inclined to believe that in the examined \ , , ] \
ZnSe:Zn:Cu crystals the green emission is due to an electron 500 550 600 650 700
transition from a shallow donor(possibly, Vg, with A,nm
Ep~10 meV or some other uncontrollable impujityp an
associative acceptor center (Z:U—le), formed during FIG. 3. Modification of the photoluminescence spectrum of ZnSe:Zn:Cu
copper doping of the crystals. Evidence for the participatior{©-05 at. % Cucrystals after 5-houf2) and 10-hour(3) heating in vacuum

. L. £ . at T=413 K. Curvel is the photoluminescence spectrum before heating.
of interstitial copper CU in the formation of the acceptor
complex is provided by the appearance and flare-up of the
green emission band in the photoluminescence spectrum dutiigh-temperature quenching of the red emission band are
ing prolonged5—10 h heating in vacuum at 413 KFig. 3). evidence that the acceptors responsible for this emission
As a result of such heating, copper atoms leave their sites fdsand exist not in the form Gy, as in Ref. 2, but in the form
interstitial positiong? This facilitates the more efficient for- of an associate of the type (G D2y (Ref. 15, whose
mation of acceptor complexes (&U—Cu’) and the activation energy is lower than the corresponding energy for
flaring-up of the green emission band. the nonassociative acceptor f;u

Emission in the red, in our opinion, is due to radiative B. Annealing inCuCl vapors. The simultaneous intro-
transitions of electrons from uncontrolled donors to associaguction into then-ZnSe crystals during their heat treatment
tive acceptor centers of the type (it Dz,). The partici- in CuCl vapors of an activator (Gy) and a co-activator
pation of Cy, in the formation of the acceptor responsible (Clsy in equivalent quantities has a marked effect on the
for the red emission band can be justified as follows. Westructure of the long-wavelength luminescence spectrum.
have found that an increase of the copper content ifFigure 4 shows photoluminescence spectra of the three series
ZnSe:Zn:Cu samples causes an increase in the intensity of samples annealed in CuCl vapors for 5, 25, and 75 h. The
the green emission band which is accompanied by a decreasgost intense emission of the undope€ZnSe crystals ob-
in the intensity of the red emission baitBig. ). On the tained from melt is observed at 77 K at the band maxima at
other hand, the authors of Ref. 14 have convincingly showr630 and 557 nniFig. 4a, curvel). Annealing of the ZnSe
that an increase in the copper concentration leads in a majarystals in CuCl vapors leads to a decrease in the intensity of
way to growth of the concentration of acceptor centers at all observed photoluminescence bands and to a transforma-
depth of 0.35 eV, which, according to Ref. 2, can be identition of the long-wavelength luminescence bands into two
fied as Cy,” centers, which are responsible for the greenother bands located at 540 and 640 nm, respectiléty. 4a,
emissior?. According to Ref. 14, the concentration of the curves2—4). The band at 540 nm flares up energetically with
centers with ionization energy 0.72 eV, which are identifiedincrease of the anneal time and becomes the dominant band
as acceptor centers of the type,Guand which are respon- in intensity for the 75-h anneal. The appearance in the pho-
sible for the red emissiohhardly varies as the copper con- toluminescence spectra of teZnSe crystals annealed in
tent is increased. Their participation in the formation of theCuCl vapors of a green emission band at 540 nm and the
photoluminescence spectrum in this case is manifested modecrease in the intensities of tBeband[which is attribut-
weakly in comparison with the G| centers, which leads to able to the ¥,,Vsd centers; Ref. 1pand the red emission
a redistribution of intensity over the green and red emissiorband with shift of the latter to 640 nm may be linked with
bands. The substantially smali@n comparison with Ref. 2 simultaneous diffusion of copper atoms and chlorine atoms
values of the thermal activation energy determined from theénto the crystals and the formation of defects of the types

Ip, @rb.units
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FIG. 4. Photoluminescence spectra of Zri&e ZnSe:Zn(b), and ZnSe:vacuur(t) crystals annealed in CuCl vapdr=77 K. A o,=337 nm. Anneal time in
hours:1—0, 2—5, 3—25, 4—75.

Cuy, and Ck,, which form new associative emission centers.CUCl vapors fo 5 h leads to a decrease in the intensity of all
Since the concentration of the guand Ck, defects de- observed photoluminescence bands. The green emission
pends on the concentration of the intrinsic defects in thdand (ma,=50 nm) in the photoluminescence spectrum
undopedn-ZnSe starting crystals, we pre-annealed the folflares up and becomes predominant in intensity after 25 h of
lowing series of samples in liquid zinc with the aim of re- annealing. Further increase in the anneal time leads to
ducing the concentration df,, and uncontrolled shallow quenching of the intensity of all photoluminescence bands.
donors. The photoluminescence spectra of theThus, pre-annealing in liquid zinc lowers tNg,, concentra-
n-ZnSe:Zn:CuCl crystals are shown in Fig. 4b. In contrast tdion, limiting the possibility of introducing Cu atoms at the
the initial, unannealed-ZnSe crystals, the photolumines- sites of the zinc sublattice. Annealing for 25 h leads to satu-
cence spectrum of the-ZnSe:Zn crystals consists of a wide ration of the filling of V, sites by copper atoms and to a
band with two peaks at 600 and 640 nm and a weakly exdecrease in the intensity of the green emission band. The red
pressed band at 550 nffrig. 4b, curvel). Annealing in  emission band with maximum at 640 nm is almost com-
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pletely quenched after 25 h of annealingnreZnSe:Zn:CucCl 120 -
crystals, whereas it is present in theznSe:CuCl photolu-
minescence spectra even after a 75-h anneal in CuCl vapor.

Pre-annealingn-ZnSe crystals in vacuum leads to a
growth in theV,, concentratiort/ Consequently, im-ZnSe
crystals annealed first in vacuum and then in CuCl vapors
favorable conditions are created for the formation of,Cu
acceptors. The evolution of the photoluminescence spectr.
during an extended anneal ®fZnSe crystals in vacuum and
then in CuCl vapors is illustrated in Fig. 4c. As could be
expected, in this case intense green emission
(Amax=540 nm) is observed already affeh of annealing in
CuCl vapors and, in contrast to the previous series of
samples, this photoluminescence band predominates for a
anneal times. The intensity of the red emission bands at 60i(+«
and 640 nm decreases with increasing anneal time in CuC
vapors and almost completely quenches.

We believe that the acceptor responsible for the greer
emission band, as in the case of the crystals annealed in tr , 8
Zn+Cu melt, is an associative complex of the type B ~
(Cuyy —Cu"). At low temperatures T<120 K) the elec- 3
trons localized at the shallow dondiia the given case these
can be defects of the type &), recombine radiatively with 2
holes localized at the associative acceptorsj(CuCu’).
As the temperature is raised above 120 K, the shallow donor: 7
ionize and the free electrons recombine radiatively with the C 70 4 01 o4t s]
holes at the (Cj —Cu") centers. 500 600 700

The structure of the emission centers responsible for the A,nm
red luminescence band mZnSe crystals that were not an-
nealed in CuCl vapors, and in crystals that were, appears fgG. 5. Photoluminescence spectra of Zn@¢ ZnSe:vacuum(2), and

P ) . ZnSe:Zn(3) crystals, and crystals of ZnSe:Zn copper-doped from a metallic
be different. In then-ZnSe crystals that were not annealed ing, - (4-7). Anneal time of the copper film in minuteg:—2, 5—4, 68,

++ ;
CuCl vapors, ¥z, —Dz,) donor—acceptor pairs are respon- 7_o. x,,=460 nm. T=77 K. Inset plots the dependence of the ratio of
sible for the red luminescence band. The thermal activatioimtensities of the green and red emission bands for crystals of Zn$8)Cu

energy, determined from the high-temperature slope of thénSe:Zn:CL(9), and ZnSe:vacuum:C(.0) on the anneal time of the copper
dependence Ih=f(10°/T), turns out to be equal to 0.143 film.
eV. Annealing ofn-ZnSe crystals in CuCl vapors leads to the
formation of the complex acceptor (GuClsy. The red
emission band in this case forms as a result of radiative trarthe red emission band to 166 meV. The disappearance of the
sitions of electrons from the shallow donor onto the associadip at 605 nm on the short-wavelength slope of the emission
tive acceptor (Cij,—Clsg. It was previously assumé&tithat  band of then-ZnSe starting crystals after annealing in liquid
the donor—acceptor associates ££{ilsgy are responsible for zinc or in vacuum is a consequence of partial decay of the
the red emission band in ZnSe:Cu:Cl crystals. associative centersvg,Vsgd, which are responsible for the

C. Thermal diffusion of copper from a metallic film de- emission band located at 605 nm, as a result of the decrease
posited on the surface of the crystiigure 5 shows photo- in the number ofVy, or Vg, intrinsic defects brought about
luminescence spectra of the starting crystals of the three sby the corresponding heat treatmefdaneals
ries of samples and of samples with different anneal times Regardless of the medium in which theZnSe starting
from the series of crystals annealed in vacuum after deposerystals are pre-annealed and, consequently, regardless of the
tion on their surface of a thin copper film. The photolumi- concentration of thd/,, and Vg, intrinsic defects and their
nescence spectrum of the unannealed ZnSe starting crystalative numbers, subsequent annealing in vacuum of the
has a maximum at 635 nm and consists of two bands sincerystals with a thin copper film deposited on their surfaces
its short-wavelength limb has a distinct dip in the region ofleads to the appearance in the photoluminescence spectrum
605 nm. Pre-annealing of theZnSe starting crystal in lig- at 77 K of a green emission band with maximum at 550 nm
uid zinc at 950 °C for 100 h with the aim of reducing the whose intensity increases with increasing anneal time, and
number ofV,, intrinsic defects leads to the disappearance othe intensity of the red emission band with a maximum at
the dip on the short-wavelength slope of the emission band40 nm is essentially independent of the anneal time. It only
The position of the maximum is shifted to 640 nm, and theslightly broadens with increase of the anneal titfég. 5,
half-width of the band, as in the previous case, is 250 meVcurves4—6). The ratio of the intensities of the green and red
The band has an asymmetric shape. Annealing of the startingmission bands increases with increasing of the anneal time
crystal in vacuum at 950 °C for 100 h leads to a narrowing offor all of the series of crystal@=ig. 5, insel.

untts
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Analyzing the structure of the emission centers in the In summary, during the annealing ofZnSe crystals
n-ZnSe crystals copper-doped from a thin copper film deposwith a metallic copper film deposited on their surface disso-
ited on the surface of the crystal, it is natural to assume thdution of Zn atoms into the copper film and generationVef,
these centers include within themselves copper atoms whicintrinsic defects take place along with generation of,Cu
have diffused into the crystal from the film as well as intrin- impurity defects as a result of dissolution of copper into the
sic defects of the typ¥,, andVg,., which arise as a result of zinc selenide crystal.
the dissolution of Zn atoms in the copper fiffthEvidence of
the participation of copper in the formation of emission cen-
ters is provided by the appearance in th&nSe:Cu photo-
luminescence spectra of a green emission bandMm. K. Shenkman and G. L. Belenki Fiz. Tekh. Poluprovodr22, 1635
(A=550 nm), which according to numerous sources in the289g8s[tsrii<r>]]- fellow and R. H. Bube, J. Appl. Phyas, 3657 (1968
literature is |dgnt|f|eq with emission centers mc_orporatmg RN Bhargawa, J. Crys.t. érowﬁé, 15 (Egéa. ' '
copper atoms in their makeup. It is characteristic that thissg_ jones and J. Woods, J. Lum).389 (1974.
emission band is absent in the photoluminescence spectra 6f. A. Mironov and L. Ya. Markovski Fiz. Tekh. Poluprovodné, 2245
the starting crystals. . 1964 ’ o -

An interesting peculiarity of the photoluminescence ;(i:h]F(.o\giI;sszazg\;Ythors Abstract of Candidate’s Dissertati¢im Rus-
spectra of the investigated samples is the fact that the inten# . Georgot’)iani, E. Zade-Uly, I. D. Mullabaev, B. N. Levonovich, and
sity of the red emission band\f,,,=640 nm) depends  N.V. Serdyuk, Brief Reports in Physics, Institute of Physics, Acad. of Sci.
weakly on the anneal iméFig. 5, while in the case of B\L/JSES)RF’aNzC;{ﬁéo?/Sa&gSI\? 'P. StarzhinskiUkr. Fiz. Zh.33, 818 (1988
annealing ofn-ZnSe crystals in @ zACu melt or in CuCl o Vaktienko, V. D, Ryzhikov, and B. M. Shutov, Zh. Prikl. Spek-
vapors, along with growth of the intensity of the green emis- (rosk. 49, 440(1988.
sion band, the intensity of the red emission band is strongly’Vv. M. Skobeeva, V. V. Serdyuk, L. N. Semenyuk, N. V. Malushin, Zh.
quenched. This allows us to assume that the red emissiggf"Kl- Spektroska4, 243 (1986. _ ,

. . . . . ... —V.V. Serdyuk, V. M. Skobeeva, N. V. Malushin, Zh. Prikl. Spektro3k,
band in this case is due to centers incorporating intrinsic ;4; (1981
defects. The red emission centers in this case can be assogia. E. Thomas, G. J. Russell, and J. Woods, J. Phys. C: Solid State Phys.
ates of the type/_ZnZni proposed in Ref. 8.-The maximum of 1317’A?2l2-:s(32?146-md D. D. Nedeoglo, and S. V. Oprea, Fiz. Tekh. Polupro
the green emission band in the photoluminescence spectra otlédﬁ.ZB, 13’734(1994)-[ éemicon%uétorgzs, 063 (1%94)1 - - Folup
n-ZnSe crystals copper-doped from a deposited film issy v gorshch, P. E. Mozol, E. A. Salkov, I. I. Patskun, and I. V.
shifted toward longer wavelengtha {,,=550 nm) in com- Fekeshgazi, Fiz. Tekh. Poluprovodts, 1070(1982 [ Sov. Phys. Semi-
parison with crystals copper-doped from aZ@u melt or 1500nd-16, 684(1982]. _ _ '
copper-doped in CuCl vapora =530 nm). The authors Tslé(fgu?kg and N. V. Ryandur, Trudy Tallinn. Politekh. Instituta, No. 404,
of Ref. 15 propose a structure of the green emission center of N Georgobiani, M. B. KotlyarevskiA. A. Pegov, B. G. Chernyavski
n-ZnSe:Cu crystals Nn=550 nm) of the type Izv. Vuzov. Fizika29, 105(1986.
(Cuy,—Cuy,). We allow for the possibility of the formation *'G. N. Ivanova, D. D. Nedeoglo, B. V.. Novikov, and V. G. Tallalaev, Fiz.
ofsich centers I our case, assuming that copper at the stgd e, POUPIOwARL 20090sen (s, (L
of the zinc sublattice is found in the doubly charged statesp | kukk and O. Palmre, Izv. Akad. Nauk SSSR, Neorg. Malé.
(Cuy,). The depth of these centers, which is determined 1916(1980.
from the temperature quenching of the intensity of the gree|-2]°Physics of VI Compoundgin Russian, edited by A. N. Georgobiani
emission band, is 0.12—0.15 eV from the top of the valence 24 M- K- Shénkman(Nauka, Moscow, 1986 p. 72.

band. Translated by Paul F. Schippnick
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The structure of high-temperature blue luminescence centers in zinc selenide and
mechanisms of this luminescence

G. N. lvanova, V. A. Kasiyan, N. D. Nedeoglo, D. D. Nedeoglo, and A. V. Simashkevich

State University of Moldova, 277009 Kishinev, Moldova
(Submitted November 19, 1996; accepted for publication June 7,)1997

Fiz. Tekh. Poluprovodr32, 178—181(February 1998

The characteristic features of temperature quenching of the intensity of the edge luminescence
bands ofn-ZnSe crystals annealed in different me@@acuum, Zn, Sgeare investigated

a wide temperature range. A change in the mechanisms of high-temperature exciton luminescence
in the short-wavelength region of the spectr@#d3 nnj with increase in temperature of the

crystal is observed. It is shown that the nature of temperature quenching of the long-wavelength
edge luminescence barid58 nn) is evidence of dissociation of associative luminescence

centers with increase in the sample temperature. 1998 American Institute of Physics.
[S1063-782608)01201-7

INTRODUCTION EXPERIMENTAL RESULTS AND DISCUSSION

The participation of excitons in the formation of the  The effect of the medium and the annealing temperature
shortest-wavelength bands of the high-temperature edge lgf the n-znSe crystals on the photoluminescence spectra at
minescence of zinc selenide has been discussed within th K is shown in Figs. 1a and 1b, respectively. It can be seen
context of studies of the _electrolummesceﬁceathodo- that regardless of the medium and the annealing temperature,
luminescencé,and photoluminescent®f these crystals. It o narrow blue emission bands are observed—aAheand
has been noted that at temperatures near liquid nitrogen tr‘(g43 nm, 2.799 eYand theB band (458 nm, 2.707 e In
shortest-wavelength emission with energy 2.787 eV is due ighe yntreated crystal the band has very low intensity. An-
recombination of free electrorisAs the temperature is in- nealing the crystals in liquid zinc quenches this band almost
creased, the role of the free electrons in the formation of th%ompletely while annealing in vacuum, and even more so in
edge luminescence bands weakens and the defining mechgg,id selenium, leads to a significant growth of the intensity
nism becomes recombination of excitons bound to ionizegy this photoluminescence band. It is interesting to note that
shallow donors.It has been suggested that the lower-energy,nnealing of crystals in vacuum is similar in its effect on the
blue emission band with maximum at 2.706 eV is due t©Oytensity of theB band to annealing in liquid selenium with
recombination of a free electron with a hole at the acce?ptor.Somewhat lower efficiency. It can be assumed that during

The characteristic features of the temperature quenchingiyh_temperature annealing of ZnSe crystals in an evacuated
of these bands, which we have observed in the luminescengg,|| interstitial selenium atoms leave the crystal, creating a
spectra ofn-ZnSe crystals annealed in different media allow g anium vapor medium in the cell, and the crystal anneals in

us to discuss with greater certainty the mechanisms of radiqhis selenium vapor. The shorter-wavelendttband has a
tive recombination and the structure of the emission centers o half-width (-4—5nm) and is located in the exciton

responsible for the observed high-temperature emiSSiOBmission region

bands. As the annealing temperature of the crystals in a sele-

nium melt is increased from 400 to 950 °C, the intensity of
the B band flares up, while the intensity of tiheband de-
SAMPLE PREPARATION AND CONDITIONS OF THE creasegFig. 1b. The hglf-width and spectral apsorption of
EXPERIMENT the observed photoluminescence bands are independent of
the annealing temperature.

In the temperature interval from 82 to 400 K we have  Annealing of ZnSe crystals in a selenium melt at differ-
investigated the spectra of untreated high-ohmiZnSe ent temperatures does not alter the character of the tempera-
crystals obtained from melt, and also crystals annealed iture evolution of the photoluminescence spectra. Figure 2
vacuum and in zinc and selenium melts for 100 h at 950 °Cshows the temperature evolution of the photoluminescence
In the case of the selenium medium, the annealing temperapectra of ZnSe crystals after annealing in a selenium melt at
ture was varied from 400 to 900 °C with a 100 °C step. At500 °C(a) and 950 °C(b). It can be seen that increasing the
the end of each anneal the samples were rapidly cooled tiemperature of the sample leads to a decrease in the intensity
room temperature. Photoluminescence was excited by monef the blue emission bands and causes them to shift into the
chromatic light from a VSU-1 monochromator with a halo- long-wavelength region of the spectrum. The intensity of the
gen lamp or by an LGI-21 laser with wavelength 337 nm.B band quenches significantly faster than that ofAhleand.

The photoluminescence spectra were examined with the help The dependence of the intensity of theemission band
of an MDR-23 monochromator with a linear dispersion of on the inverse temperature for ZnSe:Se crystals annealed at
14 A/mm over the wavelength interval from 430 to 500 nm.different temperatures is plotted in Fig. 3. On a semilog plot
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FIG. 1. Effect of the mediunfa) and annealing temperatu¢e) of n-ZnSe )\,-n_m

crystals on the red luminescence specira 82 K; a) 1—initial crystal,
2—-4—crystal annealed in liquid zinc, in vacuum, and in liquid selenityjn;
annealing temperature in liquid seleniufg, °C: 1—unannealed2—400,
3—700,4—800,5—950.

FIG. 2. Temperature evolution of the photoluminescence spectra of ZnSe
crystals annealed in liquid selenium at 500 (& and 950 °C(b). T, K: a)
1—82, 2—103, 3—112, 4—140, 5—174, 6—263; b 1—82, 2—107,
3—158,4—201.

these dependences consist of two straight lines with different
slopes. The presence of two slopes usually indicates a
donor—acceptor mechanism of radiative recombinationindicated by the fact that annealing ZnSe crystals in liquid
However, we have established that the energy position of theinc, which enhances the perfection of the crystalline lattice,
A band is independent of the excitation intensity over thestrongly increases the intensity of theband(Fig. 13.
entire temperature interval investigated, which eliminates the At temperatures above 150 K shallow donors in ZnSe
donor—acceptor mechanism. are found in the ionized state, which favors the formation of
It is evident from Fig. 3 that the activation energy of excitons bound to these ionized donors. The activation en-
temperature quenching of luminescence at low temperaturergy of temperature quenching of the intensity of fhband
(T<120-150 K) is 14-17 meV and varies only slightly asin this temperature range is comprised of the ionization en-
the annealing temperature is increased from 400 to 800 °Gergy of the shallow donor impurityH;~20 meV) and the
Increasing the annealing temperature to 950 °C lowers thibinding energy of the exciton with the ionized donor
energy to 10 meV. In the high-temperature region the actif E,=E,—hv,,(A)~23-25 meV at 260 K determined by
vation energy of temperature quenching of the luminescenceomparing the dependences of the temperature shift of the
also depends only weakly on the annealing temperature andaximum of this band and the width of the band gap.
is equal to 42—43 meV, falling to 35 meV at 950 °C. As theln ZnSe such shallow donors can b, (14 me\), Alz,
annealing temperature of the ZnSe:Se crystals is increaset,9.5 meV}, Ga,, (22 me\), and Iny,, (24 me\).®
the temperature of the break in the curves at the transition The temperature at which the temperature quenching
from low-temperature to high-temperature quenching, indicurve of the intensity of thé band changes slop&ig. 3
cated by the arrows in Fig. 3, is observed to decrease. corresponds to different contributions to the intensity of the
We think that at low temperatures theband is caused given band from the two mechanisms of excitonic emission
by annihilation of free electrons. This idea is based on théndicated above. The shift of this temperature toward lower
fact that, first, the difference between the width of the bandralues with increase of the annealing temperature is accom-
gap (Eg=2.812 eV at 77 K, Ref. Jland the energy at the panied by a decrease in the intensity of theband. This
maximum of theA band (v,,=2.793 eV) is 19 meV and, decrease in the intensity of the excitonic luminescence band
second, the energy of temperature quenching of this band iis due to growth of the role of the recombination channel
the low-temperature region is 14-17 meV. It is clear thatthrough bound excitons with increase of the annealing tem-
both these values are near the binding energy of a free exgperature. Since the concentration of shallow ionized donor
ton, which takes values between 16 mdRef. 4 and impurities, includingVse vacancies, decreases as the anneal-
24 meV (Ref. 5. The excitonic nature of this band is also ing temperature in liquid selenium is increased, due to filling
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FIG. 3. Dependence of the intensity of thduminescence band of ZnSe:Se
crystals on the inverse temperaturg;, °C: 1—400, 2—500, 3—700,
4—800,5—950.

FIG. 4. Dependence of the intensity of tBduminescence band of ZnSe:Se
crystals on the inverse temperaturg;, °C: 1—400, 2—700, 3—800,
4—950.

of the selenium vacancies, the intensity of the emissiorSe, which lead to a growth of thé,,, concentration, is ac-
caused by recombination of bound excitons decreases, leadempanied by an abrupt growth in the intensity of the
ing to an overall lowering of the intensity of the emission  band, especially at high annealing temperatures, when the
band. The predominant role of thé, vacancies as the de- rate of generation of defects of such type is hi§g. 1b.
fect that binds the excitons at high annealing temperatures dfhe role of the donor in the associative center can be fulfilled
the ZnSe crystals is indicated by the decrease in the activdy elements of groups Ill and VIAI, Ga, In, C).
tion energy of high-temperature quenching of theband As the temperature of the crystal is increased above
observed in crystals annealed at 950(FQy. 3). 100-120 K, thermal dissociation of the complex acceptor
The dependence of the intensity of tBeemission band into the simple acceptor centdt,, and a donor center oc-
on the inverse temperature for different annealing temperacurs. The depth of the simple cenké;,, relative to the top of
tures of ZnSe crystals in liquid Se is plotted in Fig. 4. Thethe valence band is greater than that of the associative center
absence of a shift of the maximum of this band as a functiorfV,,D), which leads to a greater activation energy of tem-
of the excitation intensity, as in the case of tAeband, perature quenching of thB band in the high-temperature
allows us to eliminate the donor—acceptor mechanism of forregion (~70 meV) (Fig. 4). The donors liberated after decay
mation of this photoluminescence band. The presence of twof the associative acceptors at temperatures above
slopes on the temperature quenching curve of the intensity df00—-150 K are found preferentially in the ionized state,
the B band is evidence of a change in the structure of thevhich increases the probability of formation of excitons
emission center with growth of the temperature of the crystabound to the ionized donors and enhances the high-
accompanied by preservation of the mechanism of radiativeemperature recombination channel of théband. This ap-
recombination. We believe that recombination of a free elecparently promotes slower temperature quenching of Ahe
tron with a hole localized on the associative centés,D) band and its manifestation in the photoluminescence spectra
takes place at low temperatures. The incorporation of thef the investigated crystals all the way up to room tempera-
intrinsic defectVy,, in the makeup of the associate can beture.
justified by the fact that annealing of ZnSe crystals in liquid Figure 5 plots the intensity of th® band as a function of
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Inlp =f(In |y this dependence is a straight line with slope
a=1, then the internal quenching mechanism operates,
whereas fora>1 the external quenching mechanism is
realized’ It is clear from Fig. 5 that the lux—brightness char-
acteristics are nearly linear over a wide temperature interval
and, consequently, it may be assumed that temperature
quenching of the intensity of thB band is realized by the
internal mechanism. This can apparently also explain the
small values of the activation energy of temperature quench-
ing of the intensity of theB band at both low and high
temperatures. The values of the activation energy of tem-
perature quenching obtained in this case are not equal to the
< depth of the associative acceptoks,{D) or the simple ac-
ceptorsVy,. By way of an example, the depth of the intrin-
sic defectV,, [E4(Vz,) ~0.6 eV; Ref. § is an order of mag-
nitude greater than the activation energy of thermal
quenching of the intensity of th® band (~0.06—0.07 eV),
where this band is due, in our view, to emission centers of
just this type in the high-temperature region.
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SEMICONDUCTOR STRUCTURES, INTERFACES AND SURFACES

Effect of heteroepitaxial surface passivation on the photosensitivity spectra and
recombination parameters of GaAs layers

I. A. Karpovich and M. V. Stepikhova

N. I. LobachevskiNizhni Novgorod State University, 603600 NizhNiovgorod, Russia
(Submitted April 1, 1997; accepted for publication May 22, 1997
Fiz. Tekh. Poluprovodr32, 182—-186(February 1998

The influence of heteroepitaxial passivation of the surfaces of GaAs layers by a deposition of
thin layer of In, Ga, 5P on the photomagnetic effect spectra, the barrier photoconductivity,

and the capacitor photovoltage in GaAs is investigated. An increase in the surface recombination
rate and the anomalous drift component of the photomagnetic effect with growth of the
absorption coefficient in the region of strong absorption was observed. The influence of these
effects on the photosensitivity spectra has been elucidated. The possibility of using

photoelectric techniques to determine the recombination parameters of thin GaAs layers is
demonstrated. €1998 American Institute of PhysidsS1063-782808)01302-7

Difficulties arise in the determination of the recombina- of In,Ga, P of thickness~20 nm. In the presence of a
tion parameters of GaAs epitaxial layers by photoelectriccladding heterolayer the surface recombination rate is de-
methods, d.ue to the_ strong influence of the surface on thereased by 1-2 orders of magnitude and the height of the
photoelectric propertiesThus, the presence of depleted lay- surface barrier is lowered from 0.6 to 0.3 eV(Ref. 5. In
ers and the associated barriers on the surface and on the inngntrast to Ref. 5, passivation was effected not during
boundary between the epitaxial layer and the semi-insulatingrowth but after exposure of the layers to air, which, as it
substrate leads to the predominance of the barrier mechanisfiirned out, did not degrade the passivation effect.
of photoconductivity(PC) in the layers under ordinary con- In our study of the photomagnetic effect, the measure-
ditions (see, e.g., Ref.)2In this situation the well-known ments were performed in the open-circuit regime in a mag-
methods of determining the lifetime of the majority carriersnetic field with inductionB=1.8 T, and the short-circuit
and the surface recombination ‘flf(i&RR! developed for bulk  photocurrent sy was calculated from the photovoltage.
photoconductivity do not appR/! The determination of the The photoconductivity in planar geometry was measured
lifetime of the minority carriers and the surface recombina-in modulated monochromatic and pulsed white light. In the
tion rate from the photomagnetic effe®ME), as will be  second case the maximum intensity at the surface of the
shown in this paper, requires an account of the spectral de&sample from the quantum efficiency corresponded to an in-
pendence of the surface recombination rate and the anomgensity of ~1x10® cm 2.s™ of the strongly absorbed
lous drift component in the photomagnetic effect, which aremonochromatic radiation. Single light pulses of duration
also associated with the presence of a surface barrier. ~3 ms were obtained with the use of a flashlamp. The pho-

In this article we report the results of an experimentaltocurrent pulse was recorded with the help of a recording
study of the effect that heteroepitaxial surface passivation opscilloscope.

GaAs layers by deposition of a thin layer of INnGERef. 5~ The combined use of photoconductivity spectra and the
has on the photomagnetic effect spectra, the photoconductivapacitor photovoltage allowed us to estimate the contribu-
ity spectra, and the capacitor photovolta@V) in GaAs.  tion of each of the barriers to the barrier photoconductivity.
The significant decrease in the surface recombination rateor this purpose, we measured the capacitor photovoltage
brought about by surface passivation substantially simplifiegpectra separately on the surface barrier and the inner layer
the problem of determining the recombination parameters imarrier (front-wall and rear-wall capacitor photovoltage, re-
the layers and makes it possible to explain some features @pectively by the technique described in Ref. 6. All spectra
the photoelectric sensitivity spectra. were measured in the weak-signal, lingarthe illumination
intensity regime and were reduced to the same number of

incident photons.
EXPERIMENTAL TECHNIQUE

GaAs layers were grown on semi-insulating substrategxpERIMENTAL RESULTS AND DISCUSSION
with (100 orientation by gas-phase epitaxy from metallo-
organic compound$MOS-hydride epitaxy at atmospheric
pressure. The parameters of some of these samples are listed The photomagnetic effect spectra in the investigated
in Table I. and p-type GaAs epitaxial layers with natural and etched

Heteroepitaxial passivation of the surface of the GaAssurface are characterized by a significant drop in the photo-
layers was effected by deposition of a lattice-matched layecurrent in the region of intrinsic absorption for photon ener-

1. The photomagnetic effect
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TABLE |. Parameters of investigated GaAs layers.

Sample Type of Surface

No. d, um conductivity  ng, po, 106 cm™3 tn, Mo, CTEI(V-S) L*, L, um ™, 1,10%s s, 10" cmi/s state

1 6.7 n 0.05 6700 11 0.2 5 Natural
3.2 1.4 <1 Passivated

2 2.5 n 12.0 3100 21 0.6* 1.6 Natural
35 1.4 <1 Passivated

3 2.5 p 1.9 290 0.5 3%x10°%* — Natural

4 3.0 p 6.6 290 0.8 8x 10 %* — Natural

Note: The asterisk denotes the effective parametgris, the layer thickness)o(po) is the electror(hole) concentration, angk,(up) is the electror(hole)
mobility.

gieshv>E,, whereEg is the width of the band gafig. 1,  the electron concentration, (curve 3), although for the
curves3 and 5). In GaAs single crystals, in contrast, the heavily doped samplésample 2w~0.07 wm) a larger shift
photocurrent was found to grow in this regibmyhere this  of the maximum toward shorter wavelengths is expected.
groyvth, accqrding tq the diffusion theory of the photomag- | view of the presence of a depleted layer and a high
netic effect‘? is described by the factarL/(1+al), where  recompination rate on the GaAs surface, one should expect
a(hv) is the absorption coefficient, ard is the diffusion  ,of of a substantial role of the anomalous drift component
Iengt_h of the ml_norlf(y carriers. This made it possible to de-j, he photomagnetic effect, especially in epitaxial layers
termine the diffusion lengthL from the dependence ith |ow carrier concentration. Calculations based on the
1./I psz(lla), which in crystals with different conductivi- theory of the anomalous photomagnetic efféfshow that
ties varied randomly in the range 0.1-Qu. , for sample 1 fos=5x 10" cm-s ! (see Table)lthe anoma-

The decrease ifpy for aw>1, wherew is the thickness |45 component lowers the currens, almost twofold at the
of the surface barrier, was predicted by the theory of thgjge of the absorption band. According to the theory, for
photomagnetic effgct, W,h'Ch takes mtq ac.count 'the ',nconi:onstant surface recombination rate the relative contribution
stancy of the Fermi quasilevel for the minority carriers in the ¢ e anomalous component should decrease with increasing
barrier regiorf. This decrease is due to an increase in theshsorption coefficient. In the investigated layers this de-
effective surface recombination ragewith increase of the oaqe may be compensated for by an increase in the surface
absorption coefficientr from ~1x10* to 5x10* cm ! in recombination rate with growth af
the energy interval 1.45-2 eV. For samplew~1.2 um) It follows from the theory that foww>1 the resulting

C{:hotomagnetic effect cannot be anomalous even for an infi-

this condition is satisfied quite well. Qualitatively, this ex-
planation accords with the fact that the effect is diminishe ite surface recombination rate. However, in contradiction to
the existing theory, in sample 1 and other samples with

in the presence of illuminatiofcurve4) and by increasing in
no<5x10® cm3, that is precisely what happens in this

F region whenhv>1.7 eV: The photomagnetic effect be-

comes anomalougurve 5). This result was confirmed by
PME measurements with continuous illumination from a
helium—neon laserh(r=1.96 eV): the anomalous sign and
linear dependence dty on the illumination intensity were
maintained up to intensities 10 cm2.s7%. In layers with
no>10' cm 3 the photomagnetic effect did not change sign
in the short-wavelength region. The theory of the anomalous
photomagnetic effect apparently is in need of refinement in
the spectral regiomw>1.

As was previously reportetiheteroepitaxial surface pas-
sivation increasedpy, and completely eliminates the de-
crease of p, in the short-wavelength regidirig. 1, curvesl
and 2). Its effect on the photomagnetic effect is due mainly
to the decrease in the surface recombination rate and not the
barrier height, since the illumination lowering the barrier
height from~0.6 to~0.2 eV has a relatively weak effect on
the shape of the spectrum and the magnitudépgf(curve
4). Evidence of a significant drop in the surface recombina-

10-1 L

107%

Ipw , @rb. wnits

172 14 16 1.8 2.0 tion rate is also provided by the gain in the edge photolumi-
hv, eV nescence of the layers: at 300 K in sample 1 it is increased

FIG. 1. Effect of surface passivation and doping level on the PME spec—by more than a hundredfold, and in sample 2 itis increased

1073 L

trum: 1,2—passivated surfac&,5—unpassivated surfacé—unpassivated b_y a f.aCtor Of 8.1In .Iayers with surface pagsivgtion it is pos-
surface in the presence of illuminatioh;4,5—sample 1;2,3—sample 2. sible in practice to ignore surface recombination and the as-
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sociated anomalous component of the photomagnetic effect. 0
The diffusion component of the photomagnetic effect 1

can be written in the form 2
|PM:|gMFv .Y 3 |
where 10°F 4
L
0 _ a 5 K:
Ipm=a(mn+ up) B(1-R)JoBL 1+aL) i) : - DD,
is the photomagnetic current per unit width in a thick sample o
(d>L,a” 1) for a small surface recombination rate 7

(s<DJ/L), D is the diffusion coefficient of the minority car-
riers, u, andu, are the electron and hole mobilitie3 is the
reflection coefficients is the quantum vyield), is the inten-

sity of the incident radiation, an& is a known function
which allow for surface recombination on both boundaries of
the layer and for the size effects which are determined by the
relative values of the lengths, o~ %, andL.

{6, AVp} 4 arbd. units
S
T
i 7;?

In general, Eq(1) contains three unknown recombina- /f"""\o._o_‘,
tion parameterd:, s, andsy (Sq is the surface recombination 1}
rate on the dark side of the layefhe necessity of allowing
for the spectral dependencéhv) and the anomalous drift \ N , . \ ,
component of the photomagnetic effect strongly complicates 12 14 16 18 20
the problem of determining these parameters from the pho- kv, e¥

tomagnetic effect. However, the use of sufficiently thick lay- - G

- L. . . . FIG. 2. Effect of surface passivation and illumination on the photoconduc-
ers vy|th s.urfac_e passivation r§d|cally ehmmate; all these difyyiy spectracy, and capacitor photovoltagaV,,. 1,4,8—back-wall ca-
ficulties since it makes it possible to use approximat®rto pacitor photovoltage;2,3,9—front-wall capacitor photovoltage5,6,7—
determinel. For thick unpassivated |ayersy as a genera|ize@hOtOCOﬂdUCtiVity. Surfacet,3,6—passivated2,4,5—unpassivated. Spectra

- P o —9 were taken in the presence of illumination. The arrows indicate the

characteristic of the re_comblnatlon actmty of t,he S,urface ancZhange in the photosensitivity as a consequence of surface passivation.
the volume, we may introduce an effective diffusion length
L*, defining it from relation(2) for the maximum value of

the photocurrentlpy(hvy,). If we can ignore the contribu-  pagis of an analysis of the data in the literature. For sample 2
tion of the anomalous component to the photomagnetic efyp,,, y s almost two orders of magnitude less than the val-
fect whenhv=hwv,, then if L* andL are known we can o5 g~10f cm-s'1  which are determined from the
calculate the surface relcombinatipn ra@vy). Since in cathodoconductiviti? and cathodoluminescendor similar
this caseF=(1+sL/D) "~ (Ref. 4, it can be shown that \4jyes ofn, and which are used in Ref. 11. For such a large
D/ y+al value of the surface recombination rate, under our conditions
sthvm) =1\ Y7540~ ) (3)  the photomagnetic effect would be immeasurably small. One
reason for the discrepancy between the surface-
wherey=L/L*>1. recombination-rate data may be the dependence of the sur-
For n-type layers the parameter reaches values-3  face recombination rate on the depth of excitation of the
and decreases with increasimg (see Table )l The hole  nonequilibrium carriers, which under conditions of photoex-
diffusion lengthL , in epitaxial layers is an order of magni- citation is reflected in the spectral dependence of the surface
tude greater than in single crystdlsyhich suggests their recombination rate, and under conditions of electron excita-
higher degree of structural perfection. In this light, a differ-tion should lead to a dependence of the surface recombina-
ent form of the photomagnetic effect spectra of epitaxial lay-tion rate on the electron energy.
ers and single crystals fdrv>E, also makes sense. In the
latter, due to their small value df, surface recombination
plays a relatively small roles<D/L). The analogous in-
equality is also satisfied in layers with surface passivation, In contrast to the photomagnetic effect, on which illumi-
but sinceal>1 for them wherhv>E,, according to rela- nation has only a weak effect, the photoconductivity and
tion (2), Ippm(hv)=const in this region. Fop-type layers capacitor photovoltage in GaAs layers are very sensitive to
L’,§<L;§ . SinceD,=20D,, we can conclude that the life- illumination, as could be expected from their barrier nafure.
time of the minority carriers ip-type layers is roughly two Without illumination, the photoconductivity spectrum
orders of magnitude shorter thanrirtype layers. opn coincides in shape with the front-wall capacitor photo-
The surface recombination rag¢hvy,,) determined from  voltage spectrumV, (Fig. 2, curves2 and5) and differs
the photomagnetic effect depends weaklyrpn(see Table noticeably from the rear-wall spectrufourve4). The effect
). This tendency, also confirmed for other layers, deviate®f a decrease in the photosensitivity fov>E, is mani-
from the dependence~n, established in Ref. 11 on the fested in the latter, as in the photomagnetic effect spectrum,

2. Photoconductivity and capacitor photovoltage
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and an impurity photosensitivity associated with absorption
of the emission of thé&EL-2 centers in the substrate is ob-
served. Obviously, under these conditions the barrier photo-
conductivity of the layers is determined by the surface bar- 101
rier.

However, in white illumination with effective intensity
~10" cm 2571, as a result of a decrease in the height of
both barriers, the photoconductivity and the capacitor photo-
voltage are decreased by 2—-3 orders of magniticdeves
7-9) and the region of localization of barrier photoconduc-
tivity shifts since the photoconductivity spectrum now coin-
cides with the spectrum of the rear-wall capacitor photovolt-
age(curves7 and8), which also becomes significantly larger
in magnitude than the front-wall photovoltageurves 8
and 9) 0 Ky i L [ 1
The spectral dependence of the rear-wall capacitor pho- 10" 10™ 10" 10" 10" 10"
tovoltage forhv>Ey directly reflects the spectral depen- Jp 5 em-2-571
.dence of the Su.rface recombma.‘tlon rE_S(é]v). Since the FIG. 3. Dependence of the photoconductivity, on pulsed illumination.
inner boundary inn-type layers is a sink for holes, it is gyiface:1—passivated>—unpassivated.
possible to replace it by a surface with large surface recom-
bination ratesy;>D/L when considering its effect on the
hole distributionAp(x). An analysis of the hole distribution capacitor photovoltagécurve 1). As a result, the photosen-
Ap(x) show$ that in thick layers §>L) for surface gen- sitivity decrease at energiés’>E ceases to show up in the
eration (CYL>1) ands>D/L (Such conditions were realized back-wall SpeCtrum, similar to the case for the SpeCtrum of
in sample 1 without surface passivation the photomagnetic effect. The decrease in the photosensitiv-
Ap(d)~(D/ssyL)exp(—d/L). It is natural to assume that the ity of the surface. barrier upon pa§sivation, as can be shown,
weak-signal, rear-wall capacitor photovoltage/,,(hv) is does not contradict the decrease in the surface recombination
proportional toAp(d) and, consequently, inversely propor- 'ate, since the height of the surface barrier is also decreased
tional to s(hv) if sy(hv)=const. From the spectra of this by passivat_ion, and the effect of the latter factor turns out to
photovoltage(curves4 and 8) we can conclude that(hy) ~ P€ predominant.
increases three- to fourfold in the intervab=1.45—2 eV. Only the decrease in the surface recombination rate evi-
Note that the photomagnetic current in this spectral intervaflently can have an effect on the photosensitivity of the inner
decreases significantly more rapidly and even changes sigifTier- Settings<D/L for the passivated surface and, as
(Fig. 1, curve5), which we attribute to an additional contri- Pefore, sy<D/L, it can be shown that in this case
bution to this falloff from the anomalous component of the 2 Vpr{N¥)~Ap(d)~(1/sg)exp(-d/L); i.e., it does not de-
photomagnetic effect. p_e.nq ons and, _consequently, upon passivation the photosen-

In the case of bulk photoconductivity the decrease in thebitivity should increase by a factor &f,=sL/D. Calculat-
photosensitivity in the short-wavelength region can also také"d from the tabulated data gives the red(ji(hvy,) =2 for
place for a constant surface recombination f&@n this is  S@mple 1. The experimental value2.8 for curvesl and4.
based one method of determining it, which was also applied©" 7=2 €V, driven by the growth is K; increases to 13.
to GaAs layerd. However, in the case of barrier photocon- The photocono_luctlwty fit tge surface barrier in the strong
ductivity this effect has a different nature: it is controlled by photovoltage signal regime“is
the spectral dependence of the surface recombination rate
itself, where the redistribution of the contribution to the pho- 03h= ;
toconductivity from the surface barrier and the inner barrier YYo= AYp+ 1+VYo+1
upon illumination is of substantial importance. It is interest-where o, is the conductivity of the quasineutral bulk of the
ing that the spectral dependence of the surface recombinatigzample |, is the Debye screening length,
rate is not manifested in explicit form in the photosensitivity
spectrum of the surface barrier in the photoconductivity and 2 Yen= 7 IN(1+CJo) ®)
capacitor photovoltage, in contrast to the photomagnetic efis the surface photovoltage in units kT, Y, is the initial
fect. This fact is tied to the barrier-trap nature of the surfacébending of the bandsy~1 is a parameter that depends on
photovoltage, in which an increase in the surface recombinahe recombination properties of the barrier, a&dds a con-
tion rate can be compensated for by a corresponding changtant. According to Eqg4) and(5), the dependencegh(Jo)
in the charge of the surface traps. Surface capture, as was nearly logarithmic. Such a dependence is observed in a
shown in Ref. 1, can even lead to an increase in the photawide intensity range of the pulsed illuminatidg (Fig. 3.
sensitivity in the short-wavelength region. The slope of the straight line in Fig. 3 for the passivated

Surface passivation decreases the photoconductivity anslrface is roughly three times larger than for the natural sur-
front-wall capacitor photovoltage by roughly a factor of 2 face. This is explained by a decreaséfinand an increase in
(curves3 and 6) and significantly increases the back-wall the parameter.

S 10°, @0
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Because of the relatively weak dependence of the barridow carrier concentrations. This latter result deviates from
photoconductivity only at high enough intensities, the bulk the prediction of the existing theory of the anomalous pho-
photoconductivity becomes commensurate with the barrietomagnetic effect. Heteroepitaxial passivation of a GaAs sur-
photoconductivity. This affects the deviation from a logarith-face under a layer of jpxGa, 5P strongly reduces the surface
mic dependence of curvdsand?2 at high intensities. Analy- recombination rate and eliminates the features in the PME,
sis shows that the excess over the logarithmic component ¢fC, and CPV spectra associated with these phenomena and
the photoconductivit oy, is proportional talg' with m=1 also substantially facilitates the determination of the diffu-
and 0.5 for the passivated surface and natural surface, rsion length and the surface recombination rate in the layers.
spectively. No dependence of the surface recombination rate on the elec-

For total absorption of radiation in the layer the bulk tron concentration in the interval ¥6-10'" cm™2 was de-
photoconductivity reduced to the surface photoconductivitytected for a natural surface.
is (in units of Q~/0)

v
fopa 71— R)Jg, 6
ph Gbin ph( ) 0 ( ) IN. L. Dmitruk, V. L. Lyashenko, A. K. Tereshenko, and S. A. Spector,
where 7, is the effective lifetime of the electrons in the _Phys. Status Solidi 20, 53 (1973.

; b __ - " v b o 2]. A. Karpovich, B. I. Bedny, N. V. Baidus’, S. M. Plankina, M. V.
layer. Since o5~ oolo~ Vno, the condition op=ory, is Stepikhova, and M. V. Shilova, Fiz. Tekh. Poluprovo@s, 2164 (1989

more easily realized for small values of,. For [Sov. Phys. Semicon@3, 1340(1989].

Jo=10"%cm 2.5 ! we were able to distinguish the bulk 3S. M. Ryvkin, Photoelectric Phenomena in SemiconductnsRussiaf}
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Transient current in amorphous, porous semiconductor—crystalline semiconductor
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The time-of-flight technique in the weak signal ma@e., under conditions of small charge drift

in the samplg is used to study the transient photocurrent in amorphposous
semiconductor—crystalline semiconductor structures. Amorphous Se—As materials, porous Si, and
crystalline Si and CdSe were incorporated in the structures. The carrier drift mobilities in

the amorphous and porous layers of the structures were determined. The appearance of a cusp on
the curves of the transient current is shown to be caused by acceleration of carriers passing
through the interface between the amorphuaous layer and the crystal. It is established that

the carrier acceleration influences the drift mobility and the dispersion parameterk99&®

American Institute of Physic§S1063-78208)01402-]

INTRODUCTION materials of the system Se—As makes it possible to compare

Amorphous semiconductor—crystalline semiconductoi€ fransport characteristics of the structure and of the mono-

structures are now used extensively in electronics. Televisio
transmission tubes are based on tHenSimilar structures
are also utilized in memory elements and switch@arous
silicon—crystalline silicon structures are promising for con-
structing radiation sources in the visible spectftiiThe po-
rous silicon (por-Si) layers are deposited on a crystalline

silicon (c-Si) surface in such a way that the . ) :
(c-S) y served as the substrate. This metallic layer or crystalline sub-

(por-Si)—(c-Si) structure is a unit whole. Separation of the trat d as the | lectrode. A t | ¢ alumi
porous silicon layer from the crystalline surface requires ag>'Tale was used as Ine lower electrode. A transiucent alumi-

ditional technological operations in which it is possible to ”“”:hf"m* VaC““rI“":e%OS't‘;?] on the a”f"'ot;]phous Iayerl, Sfr"ded
make use of the electrical properties of the layer. as the upper €electrode. he aréa ot the upper electrodes

In view of this circumstance, in the search for ways of Was typically 3—7mrh The thickness of the layers was

enhancing the operating characteristics of devices, and alsoci2_1'5'“m‘ . .
To prepare a layer of porous silicon we used polished

in the study of the process of charge carrier transport from X A
the amorphous phase to the crystalline, it is necessary t afe:; .tOf ?c;ror&;ioped Tcrr]ysttr?.lllcp—typef(tlkIOO) Si W'th.l.a
study charge carrier transport in amorphoggsorous resistivity o< —si2-cm. 1he thickn€ss ot tn€ porous-siiicon

semiconductor—crystalline semiconductor structures. Sin(ilﬁyers was 5-7um. The samples had the structure

Structures based on amorphous semiconductors were
prepared in the following way. A layer of amorphous mate-
rial was sputtered, using the thermal vacuum evaporation
method, onto wafers of crystalline semiconductdpsSi,
n-CdSe or onto a pre-sputtered layer afSe, for which a
glass layer with a layer of aluminum or,fd; deposited on it

amorphous and porous materials possess high resistance, r-Si)—(c-Si). A translucent chromium or alum|_num

since the charge carrier drift mobility in them is low, to studye ectrode was v_a_cuum-sputtered onto the porous-Si layer.
charge carrier transport in them we employed the time—of-The cry_sta}ll!ne silicon wafer served as tfge second electrode.
flight measurement technigqU&OF) 5 The resistivity of the samples was®010'° ().

The purpose of this study is to determine, by using the The time-of-flight technique was employed under condi-

time-of-flight technique, the mobility in layers of amorphous tions of.small %harge drift, not a_xffectmg the_glectnc field
and porous semiconductors that comprise these structurfésmbu“on F). Th? charge carrier drift mobility) was
and to explain the effect of the boundary between the amo jound from the relation

phous(poroug and crystalline semiconductors on the shape  y,=L/t;F, (1)

of the transient photocurrent and the main characteristics of . e _
charge carrier transport. wherety is the transit time of the charge carriers through the

layer, andL is the layer thickness. Nonequilibrium charge
carrier injection into the sample was accomplished with the
help of an LGI-21 nitrogen laser with wavelength 0.33m

As the object of study we examined the and pulse duratior-8 ns. Measurements were made during
structures por-Si)—(c-Si), (a-As,Sey) —(c-Si), individual pulses. The time constant of the measuring circuit
(a-As,Sg)—(c-CdSe), @-SesAss) —(c-CdSe), and was significantly less than the transit timR C<ty).
(a-SezAss)—(a-Se). The choice of amorphous semicon- The transit time was found from the transient photocur-
ductors of the system Se—As was dictated by the fact that irent (1(t)) curves, whose shape depend on the nature of
these materials charge carrier transport has been examinetarge carrier transport in the material.Under conditions
rather broadly. The use of structures based on amorphows normal (Gaussiaj transport there is a segment of weak

EXPERIMENTAL PROCEDURE
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T FIG. 2. Oscillograms of the transient photocurréfif) corresponding to

n hole drift in ana-As,Se; monolayer of thickness 0.24m (1) and in the
structure @-As,Se)—(c-CdSe)(2-5). VoltageU, V: 1,3—3; 2—2; 4—4;
FIG. 1. Oscillograms of the transient photocurre(t) corresponding to ~ 5—5. The scale on theaxis is 1(1-3), 0.5(4,5) us/div; on thel axis—3
hole drift in ana-As,Se; monolayer of thickness 1.am (1) and in the (1), 2(2,3), 10(4), 20(5) uA/div.
structure &-As,Sey)—(c-Si) (2,3). VoltageU, V: 1,3—6; 2—3. The scale
on thet axis is 20us/div; on thel axis—0.1(1,3), 0.05(2) uA/div.
the magnitude of the photocurrent in the structures was sig-
nificantly less(by 2—3 orders of magnituglehan should be
observed under conditions of space-charge bounded transient
current'® Additionally, the photocurrent varied in direct pro-
portion to the injecting radiation intensity.
Thus, the shape of the photocurrent curves observed in

Under conditions of dispersion transport, which is char- . . .
- . the structures is not associated with the effect of space
acteristic of amorphous semiconductors, the dependdhte charge

is a continuous decay which is described by different power We compared the values &f andt; obtained respec-

H .79

laws before and after the transit tr tively in the structure and in its monolayer part at identical

I(t)~t~(3~a) for voltages. Figures 1, 2, and 5 show oscillograms of the tran-
sient currents observed in tha-As,Se; and a-SeyAss
monolayers. From the figures it is clear that the shape of the
where a; and a; are the dispersion parametef@<q;, I (t) curves ina-As,Se; (Figs. 1 and 2, curvé) is typical of
a;<1). The transit time in this case is determined from thedispersion transport, and &SegAss (Fig. 5, curvesl and
break in the (t) curves when replotted on a log—log scale. A 2) it is similar to that characteristic of norm&Gaussiahn
consequence of the nonequilibrium character of the procedsansport. The transit time in thee As,Se; layers was found
of dispersion transport is the presence of a drift mobility timeby replotting the dependentét) on a log—log scaléFig. 6,
dependence from which the dependence of the mobility on
the thickness and the electric field intensity follows:
u~(FIL)MD~1 wherea is a parameter characterizing the |
degree of dispersion of the transport process<@3<1). ltn
The higher the value o, the smaller the degree of disper-
sion and the closer the transport is to Gaussian.

time dependence of the currdrft)—a “quasiplateau,” fol-
lowed by a rapid decay. The time of fligh{ is determined
from the break in the current at the transition point from the
first segment to the second.

t<ty X t~t~ T for t>tq, 2

EXPERIMENTAL RESULTS AND DISCUSSION - : 3
Our studies showed that a characteristic feature of the 1 ™
transient photocurrents observed in amorphdpsrous 2
layer—crystal structures is the presence of a maximum on the Itm y
[(t) curves at some timé,, (Figs. 1-4. In the graphs the | -_J
timet,, is indicated by arrows. The timg, varied in inverse
proportion to the applied voltagdJ(. The transit timet T S S
behaves in the same way. t

. It should be nOte_d th_at_ the shape of te) Cur_ves ob- FIG. 3. Oscillograms of the transient photocurrent corresponding to hole
tained on structures is similar to the shape that is charactefit in the structure por-Si)—(c-Si). U, V: 1—15, 2—20, 3—30. The
istic of the space-charge bounded transient current. Howevescale on the axis is 2 us/div; on thel axis—0.3uA/div.
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FIG. 4. Oscillograms of the transitory photocurrent corresponding to elec- \ L | L i
tron drift in the structure- SeysAss (1.1 um)—c-CdSe(100 um). U, V: 1— 0.5 1 2 5 10
6.4,2—12.8. The scale on theaxis is 10us/div; on thel axis—0.2uAldiv. t, }Ls

FIG. 6. Time dependence of the photocurrent ireaAs,Se; monolayer of

. . . thickness 0.24um (1) and in the structurea-As,Se)—(c-CdSe) (2-4).
curvel), and in thea- SeysAss layers directly from the oscil-  voitageu, v: 1,2-3; 3—2; 4—1.5.

lograms. The time of flight is indicated in the figures by an
arrow. The drift mobility of the holesg,,) in a-As,Se; and

of the ?'E?CUOHS fee) i a-SeyAss were ~6x10°° and Our studies showed that the form of the transient photo-
~8x10 c_mz/(V-s), respectively. current in amorphougporous semiconductor—crystalline
Comparison of the values of, andtr showed that they  gemjconductor structures is analogous to that observed in the
can differ substantially. Thus, ma(AszSQ,,)—(c—Sl) and two-layer structure &-Sey:Ass)— (a-Se) (Fig. 5. In such a
(a-As;Sey)—(c-CdSe) structures=(1.5-3)ty,, while i g,ctire the resistivities and dielectric constants of the first
the (a-SeygAss)—(c-CdSe) structure they are similar in 5ng second layers are similar; therefore the distribution of
value tn=ty). Accordingly, a difference was obtained in e glectric field in such a structure should be roughly uni-
the cha_lrge carrier drift mobilities determined fragpandty form. At the same time, the electron drift mobility in the
according to Eq(1). a-SeyAss layer is two orders of magnitude smaller than in
a-Se, in whichue,=6x10"3 cn?/(V-s). In Ref. 11 it was
shown that the appearance of a maximum onl g curves
B obtained in the &-SeygAss)—(a-Se) structure is due to ac-
1 b celeration of the charge carriers as they pass from the first
layer to the second. Since the charge carrier drift mobility in
- the amorphousgporous layer is significantly less than in the
crystal, the shape of thg(t) curves obtained in amorphous
(porous semiconductor—crystalline semiconductor structures
can also be explained in this way.
According to ideas developed in Refs. 11 and 12, the

B 3 photocurrent in a two-layer structure consisting of layers
u with low and high charge carrier mobility in the presence of
Ny a transparent boundary between the layers has two compo-

B nents: 1(t)=1,(t)+15(t), 1,(t)=eq(t)uF/L and 1,(t)

=eq(t) u,F/L, wheree is the charge of the electrop,;,

Mo, andqq(t), g»(t) are the mobility and number of charge

- ‘t,. carriers in the first and second layers of the structure, respec-
tively, and L is the total thickness of the structure. For

i 4 Oomo>qiuq the second ternmh,(t) dominates. In this term
- {3 Q) ~ [T 'T2P(Ly 1) uaF dt, whereP(L, 1) is the den-
S - sity of delocalized charge carriers on the interlayer boundary,
andty; andty, are the transit times of the charge carriers
Il 1 1 1 1 1 1 L 1 1 1 i 1 1 . .
t across the first and second layer, respectively;dfis small

enough thatP(L,,t) can be assumed constant during this

gl(f;ts t(ascillosgresl’r‘?s of the Itransier;tt;;hoktocurr%n;;orrt(a:pz?ndir;g‘tote;lectrorﬁimel then q,~P(L,,t) and, consequently, I(t)

rnrt n € a-o@sAS; monolayer o IcCKness 0. m y ana in e . ~ . .
structure a- SeAss (0.95um)—a-Si (1.45um) (3,4). Voltage U, V: 1— 15()~P(Ly,1). Thus, the dependendgt) in this case
3.8;2—4.8,3—12.8,4—25.6. The scale on theaxis is 10us/div; on thel reflects the time variation of the density of delocalized

axis—0.2(1,2), 0.1(3,4) pA/div. charge carriers on the boundary. The titpecorresponds to
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the maximum ofP(L,,t). In Refs. 13 and 14 it was shown same as in the layer. As the electric field is increased, a
that t,, essentially coincides with the time of flight of the growing number of the drifting charge carriers overcomes
charge carriers across the layer with low mobility,<t+) the barrier and winds up in the crystal. This leads to a growth
under conditions of normdfGaussiahtransport and can dif- of the parametet; .
fer substantially froni; under conditions of dispersion trans- The values of the hole drift mobilities in thee- As,Se;
port: t,/tr~[(1WV2)+ (Lav2)] V™). The use of this for- layer(0.24 um) and in the structure with a layer of this same
mula vyields the relation betweent,, and t; in  material, which are determined from th@) curves in weak
(a-As,Se)—(c-CdSe) and #-As,Se)—(c-Si) structures electric fields, turned out to be nearly identical
established experimentally far=0.7—0.8. This result is in [x,=8X10 > cn?(V-s)]. However, they exceed the value
good agreement with the data obtained in Ref. 15 in a study,=6>X10"> cm?/(V -s) obtained for the 1.2:m-thick layer
of the dependence of the hole drift mobility @1 As,Se; on  of a-As,Se; used in the &-As,Se;)—(c-Si) structure. This
the sample thickness and the electric field intensity, whictfact agrees with the dispersion nature of transport in
yields the same values of the dispersion parametefhe a-As,Se; and confirms the presence of a dependence of the
coincidence of the values of, and t; obtained in drift mobility on sample thicknessy{~L %9, established
(a-SeysAss) — (c-CdSe) and §-SeyAss)—(a-Se) structures  earlier on thicker layer§:
is evidence of the normdGaussiah nature of transport in It should be noted that the direct determination of the
a-SeysASs. mobility in thin a-As,Se; layers is hampered by breakdown
Thus, our analysis has shown that to explain the experiphenomena. These difficulties were overcome by using a
mental data obtained in amorpho(sorous layer—crystal —two-layer structure.
structures it is possible to invoke ideas about charge carrier Our study of por-Si)—(c-Si) structures has shown that
transport in a two-layer structure consisting of materials withfor them, as for thed-As,Ses) - (c-CdSe) structures consid-
low and high charge carrier mobility. In this case the layer ofered above, two variants of the transport process are pos-
amorphous(poroug material is the low-mobility layer and sible. Figure 3 shows oscillograms of the photocurrent, ob-
the thin, relatively high-resistance layer of crystalline semi-tained in the por-Si)—(c-Si) structure. The presence of a
conductor near the boundary with the amorphous material, tf1aximum on thel (t) curves att=ty, indicates that in the
which part of the voltage is applied, serves as the highgiven case the charge carriers drift out of the porous silicon
mobility layer. The higher values of the drift mobility ob- layer into the crystalline silicon; i.e., the transport process in
tained in thea-SeyAss layer[ u,=8x10"° cn?/(V-s)], in the sample can be treated as in a two-layer structure. At the
comparison with those found for this material from the valueS@me time, some ddfaindicate that in some samples the
of t, in the (a-SexAss)—(c-CdSe) structure [u, charge carriers do not drift out of the porous layer into the
~7x10°5 cm?/(V-s)] indicate a redistribution of the ap- Crystal. In this case th(t) curves consist of a continuous
plied voltage in the structure. At the same time, the relativelyime decay, characteristic of dispersion transport. In this case
small difference in these values indicates that the voltagd® values of the parametes grow as the electric field is

drop in the crystal is not large. increased. These data may be evidence of the presence of a
From an analysis of the experimental data it follows thatarrier for holes on the porous silicon layer—crystal barrier.
the following two cases are possible: Note that the drift mobilities obtained respectively from

a) the charge carriers do not drift into the crystal, be-f‘m andtT were similar in both series of samples. .This _fact
cause of the barrier on the amorphdpsrous layer—crystal  indicates the nearly normal nature of transportpior-Si
boundary; with a=1 and.agrees.,'wnh the.weak. electric-field depen-

b) the crystal plays the role of a low-resistance contactdence of the drift mobility established in Ref. 16.
in this case the transport characteristics obtained for the
structure should not differ from those found for the layer. CONCLUSIONS

The results we obtained for the structure We have thus demonstrated the possibility of effectively
(a-As,Se)—(c-CdSe) in low electric fields are apparently using the time-of-flight technique to determine the character-
due to the effect of a barrier on the amorphdpsrous istics of transport in layers of high-resistance materials used
layer—crystal boundary. Studies show that in the region ofn amorphous(porous semiconductor—crystalline semicon-
electric fieldsF<6x10* V/cm the dependenckt) in the  ductor structures. We have found the values of the hole drift
structure @-As,Se)—(c-CdSe)(Fig. 2, curve2 and Fig. 6, mobility in porous silicon[ u,=6x 102 cn?/(V-s)] and
curve 4) is a continuous time decay, analogous to that obin a thin layer ofa-As,Se [u,=8%10 ° cn?/(V-s)] and
served in the structura-As,Se; (Figs. 1, 2, 6, curved). of the electron drift mobility in a-SesAss [ue=7
From this dependence we determined the values of the dis< 10~ ° cn?/(V-s)].
persion parameters according to expresg®n«;=0.5 and The appearance of a maximum on the transient photo-
a:=0.1(Fig. 6, curvel). As can be seen from Fig.(@urves  current curves in these structures is associated with accelera-
2-4), the parametery; grows as the electric field is in- tion of the charge carriers as they migrate from the amor-
creased. In this case; remain virtually constant. Such be- phous(porous layer into the crystal.
havior of the transient current can be explained by maintain- We have found that the acceleration of the charge carri-
ing that holes do not drift into the crystal in weak electric ers at the interlayer boundary in a two-layer structure does
fields due to the presence of a barrier on the amorphousot significantly influence the magnitude of the drift mobility
layer—crystal boundary; therefore, the dependéiiteis the  under normal transport conditions; however, it can lead to an
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The photoconductivity of Si:B blocked-impurity-bariBIB) structures with boron concentration

in the active layer~10'® cm2 has been studied. Measurements were performed in the
temperature range 4.2-10 K at different intensities of the exciting radiation

10'°- 10" photons/cr-s. Photoexcitation at 5.am was realized using a semiconductor laser.

At temperatures belw 6 K and low bias voltages<0.5 V) the current—voltage

characteristics were found to have a threshold-like character. The threshold voltage rises as the
temperature is lowered and the radiation intensity is increased. A model based on the
Frenkel'-Poole effect in the impurity band has been developed. This model can be used to
numerically describe the current-voltage characteristics with accuracy better than 5%. As a result,
it is found that the photoconductivity rises and then reaches a plateau as the radiation

intensity increases. Under these conditions, as under equilibrium conditiodarknesy the

hopping conductivity also depends exponentially on the electric field. This fact is

explained in terms of the destruction by the electric field At ¢ A~) impurity complexes

which appear under nonequilibrium conditions. 1®98 American Institute of Physics.
[S1063-782608)01502-9

1. INTRODUCTION layer, on the one hand, increases the dark resistance of the
3 _ _ _ structure and, on the other, leads for a certain polarity of the
Silicon structures with blocked impurity band8IB  external electric field to the formation in the active layer of a

structurey are well known as photosensitive elements andspace charge regidCR) in which photocarrier recombina-
are very promising in a matrix implementation for the con-in centers are abseht.

struction of low-background infrared detectors, mainly for
the reception and processing of optical signals for use i
outer spacé=> A typical silicon-based BIB photodetector
(Fig. 1a consists of epitaxially grown layers: an active layer
(of thickness 10—2@m with doping level 1&/—10'® cm™3)

By virtue of the above-indicated circumstances, funda-
"mental differences arise in the mechanisms of formation of a
photoconductivity signal in BIB receivers and in ordinary
photoconductors based on bulk silicon. Thus, for example, in
and a blocking layefundoped silicon with thickness of a BIB re_ceivers under normal _opera_lting conditions a_subs_tan-
few microns, and also twa* or p* contacts, depending on tially higher level of electric fields is reached when impurity
the type of material. The high doping level of the active layerMPact ionization processes, which lead to a multiple in-
ensures high quantum efficiency for receivers with small dicrease of the photoresponse, begin to play a decisive’ role.
mensions; however, in the temperature region of impurityJnder these conditions one can also expect the manifestation
freeze-out the dark conductivity of the active layer can beof a number of other interesting field effects—so far virtually
substantial as a result of hopping transport of the chargé@nored—in BIB structures, as well as impurity photocon-
carriers via the impurity band. The introduction of a blocking ductors. These include, in particular, photofield impurity
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a 2. EXPERIMENTAL PROCEDURE AND RESULTS

transparent contact - p*-layer We examined Si:B-based BIB structures obtained by
gas-phase epitaxy, with boron concentration in the active
layer N,=10'" cm ™3 (Ref. 5. The thicknesses of the block-
blocking t-Layer ing layer () and of the active layerd) are 3 and 17um,
respectively; the area of the structure$Sis2x 2 mnt. The
concentration of complexing donofd;=6x102cm 3 in
the samples was determined from measurements of the ca-
pacitor dark current for linearly varying bias voltay@he
structures together with the infrared soureePh _,SnSe
semiconductor laser emitting at=5.5 wm) were placed in a
small cell? which was immersed in a liquid-helium dewar.
Such a setup allows one to measure the photoconductivity in
a wide range of incident infrared photon fluxes freml 0° to
p*-substrate ~10" photon/cni-s (Ref. 9. o
We analyzed the current—voltage characteristics for
N negative values of the potentid, of the contact to the
P b blocking layer, which corresponds to the operating regime of
. a p-type Si-based BIB photodetector. The band diagram of
——— 7’;5" E. /1P the structure in an external electric field, which explains the
| principle of operation of the photodetector, is shown in Fig.
®eoe ® & o @ D? 1b. Under the indicated conditions the acceptors in the space
charge regior(l in Fig. 1b) are for the most part neutralized
I as a result of electrons hopping from negatively charged ac-
ceptors to neutral centers. It is also assumed that for a given
V), in the active layer there exists an electrically neutral re-

A
\ /"//////////////,:=7//,,=‘y//=7//='%=/ gion (Il in Fig. 1b), in which the concentration of negatively
! — charged acceptors is equal to the concentration of compen-
b

IR active p- layer

£, sating donors, which are completely ionized at liquid-helium
temperatures. When acted upon by the exciting radiation,
w free holes and negatively charged acceptors arise in the space
charge region. The latter “migrate” via the impurity band
d toward the back contact, ensuring constancy of the space
charge region layer upon photoexcitation. Free holes move in
FIG. 1. a—Si:B based BIB-structure. b—band diagram of a Si:B basedthe opposite direction, defining the main contribution to the
BIB-photodetectorb—width of the blocking layerd—uwidth of the active  hhgtgcyrrent. Because of the hole heating effect, which lead
layer, W—width of the space charge regioB;—bottom of the conduction . L .
band, E,—top of the valence bandD*—positively charged donors, to |mpact ionization of neutral acceptors in the space charge
A~—negatively charged acceptons!—ohmic contacts, I—space charge r€gion, the photoresponse of the BIB structure can grow con-
region, ll—electrically neutral region. siderably in strong electric fields.
In our study of the current—voltage characteristi€g,,)
(Fig. 2) we noted that under the conditions of impurity im-
pact ionization which is responsible for the abrupt rise in the
ionization? which may be responsible for the marked shift in curves, the dark conductivity gives a noticeable contribution
the photoconductivity threshold of BIB structures toward theto the total current, especially at temperatuies7 K. To
reP and the hopping-conductivity-limited photoresponse,separate out the optical component of the current, current—
which lead to saturation of the multiplication coefficient andvoltage characteristics were recorded in digital form in dark-
a more uniform distribution of the electric field over the ness and under illumination, and then differenced. In addi-
thickness of the structufe. tion, the current was measured at each experimental point
Using Si:B-based BIB structures with low concentra-relative to the “zero” current corresponding to zero bias
tions of compensating centers in the active layeryvoltageV,=0. This ensured compensation of parasitic cur-
<108 cm™3, we have investigated the transition to therent components due to the presence of a different kind of
impurity-band-limited photoresponse regime that takes placgoltage, in particular, a photovoltage which arise as a result
upon lowering the temperature and increasing the infraredf the abrupt change in the impurity concentration at the
photoexcitation intensity. We have found, in particular, thatboundary of the blocking and active layers.
at such a transition the current—voltage characteristics of the The field dependence of the photocurrent, obtained at
structures acquire a threshold character, indicative of thdifferent temperatures and illumination intensities, is shown
substantial role of the field dependence of the impurity-bandn Figs. 3 and 4. At temperatures below 6(Rig. 33 and
conductivity under nonequilibrium conditions, i.e., we havelow bias voltages |/,| <0.5 V) the current—voltage curves
here a manifestation of the Frenkel'—Poole effect. have a threshold character. In other words, as the tempera-
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FIG. 2. Current—voltage characteristics of a Si:B
based BIB-structure at temperatuies 7.5 K (1—in
darkness,2—illuminated; 8.5 K (3—in darkness,
4—illuminated. Radiation intensity
®=2.8x 10" photons/crh-s.

with decreasing temperature. The threshold voltage also

the photocurrent is shifted along the voltage axis by somgrows as the illumination intensity is increasgdg. 4). We

valueV,# 0 (Fig. 33. Note that the voltage shift; increases
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see that at large voltagdg,=1V the values of the photo-

FIG. 3. Current—voltage characteristics of a Si:B
based BIB-structure. &=5.2(1), 6.5(2), 7.5 K(3);
radiation  intensity ®=2.8x 10" photons/crfs;
points—experiment,  solid  curves—calculation;
V,—threshold voltage. bT=8.5 K, radiation inten-
sity & =2.8x 10" photons/crh s; points—
experiment, solid curves—calculationk:—obtained
in the uniform absorption approximation.
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FIG. 4. Current—voltage characteristics of a Si:B
based BIB-structure. & =5.2 K, radiation intensity
®=1.1x 10" photons/cr-s;  points—experiment,
solid curves—calculation. Bt =5.2 K, radiation in-
tensity ®=2.5x 10" photons/cri-s; the vertical
dashed lines separate the regions of exponefitial
linear (I), and sublineaflll) variation of the photo-
current with the bias voltage; region IV corresponds
to impact ionization of the impurities. The inset plots
the dependence of the conductivity in a weak field
oi(0) on the intensity of the exciting radiatich.
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current at different temperatures nearly coincides. In thizonditions of hopping-conductivity-limited photoresponse.
voltage region a saturation region is observed on all th&Ve will accordingly use expressions from Ref. 3 for the
curves, where this saturation is noticeably stronger than folphotocurrent density in the structure
lows from calculations of the field dependences of the pho-
to_sens_itivity of BIB structures obtained in Ref.(&f., e.g., J= M(W)Jp(W)JrefWg(x)M(x)dx, @
Fig. 6 in Ref. 3. 0

It follows from an analysis of the data in Figs. 3 and 4
that the current—voltage characteristics acquire a thresholghereJy is the hole current density in the electrically neutral
character as the temperature is lowered and the conductivifigdion at the boundary with the space charge regidis the
in the impurity band; is small. The growth of the threshold Width of the space charge regiog(x) is the rate of optical
voltage with increasing illumination intensity indicates that 9eneration, and is the hole multiplication coefficient, de-
the photoresponse of the structure under these conditions f§ed by the cross sectiom; and the critical fieldE; of
limited by the impurity-band conductivity. At the same time, impact ionization of the neutral acceptors
the coincidence of the values of the photocurrent at different

temperatures and large bias voltagés indicates thato; M(x)=ex;{fxg(x’)dx' , 2
varies appreciably with increasing electric field. 0
3. DISCUSSION AND CONCLUSIONS §(x) =0 Ng exp —E./E(X)]. 3

Let us first show in the case of a simplified model of theWe find the width of the space charge region from the Pois-
BIB structure that the above-noted peculiarities of theson equation, allowing for voltage drop across the electri-
current—voltage characteristics can indeed take place undeally neutral region:
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W=b?+ (x/2meNg)[V,— Eo(b+d)]-b. (4)  that in this case for some values of the bias voltagethe
. ) . ) o width of the space charge region begins to noticeably exceed
Here) is the dielectric constank, is the electric field in the  he width of the blocking layer and the absorption depth
eIectncaIIy neutral region, which is relgted to the total cur-, =(opNa) ~%, Where o, is the photoionization cross sec-
rent density by the equation of continuity tion of the acceptors. However, fields in which this happens
Eo=d/(op+ay), (5) are still too small for impact ionization of impurities. Disre-

) o garding reflection from the back contact of the BIB structure,
whereoprp/EozeMprg(W) is the p-type conductivity in e have for the generation rate
the electrically neutral region, and, and 7 are the hole

mobility and lifetime, respectively. 9(X) = 0prNa® exp(—XoprNa). (10
Equations1)—(5) can be solved analytically far in the
absence of impurity impact-ionization effects under condi-
tions of homogeneous absorption satisfying the inequality J=e®[1—exp —WI/I)]=ed

b2> (x/2meNg)/[V,— Eo(b+d)]. Expanding the right-hand
[ xVp
1—ex;{ _Utha m)} (11)

side of Eq.(4) in a series and then employing Eq%) and
In other words, fo?\NB(crtha)*l the photocurrent is essen-

(5), we obtain
xg(b+d) tially independent of/y, .
Thus, according to Eq$6)—(9) and (11) regions of ex-

We asTlume thit tEe c?]nducuvub)é for lOVY b!zs Vﬁltatg)]eévl? .Bonential, linear, and sublinear variationdfvith increasing
is small enough that the second term inside the brackets i . can be manifested in the dependencd@f,). The last

Eq. (6) satisfies the inequality AoiNyb/xg(b+d)<1. In of these regions, when the critical field of impact ionization

this case of the impurities is reached, should obviously give way to a
J=(oit0p)[Vp/(b+d)] (7)  region of abrupt growth of the photocurrent. Exactly such

) ) behavior is observed experimentally Fig. 4b the indicated
and we can expect that the depended(6,) will be entirely o inns are separated by dashed lindis served as the

determined by the behavior of as a function of the electric ) qiq for a numerical algorithm for calculating the current—

field. L”de€§" for a high enough doping level mSi voltage characteristics of BIB structures using relatiths
(=10% cm™3) the productu,7 and, consequently, the hole (5), (8), and(10).
conductivity o, are essentially independent of the electric ¢ caiculated current—voltage characteristics are shown

field E up to ~100 V/cm (Ref. 10. Additionally, for small . rigs 3 and 4 by solid lines. The calculation was done for
compensation the hole lifetime, by virtue of their indirect the following fixed parameter value®iy=6x 102 cm™3

trapping at neutral acceptors, can reach record-small valueg,_ 5 um, d=17 um, w,r=10"7 cm?/V, and s;=8 meV
less than the energy relaxation time~10 1°s (Ref. 11. [the values (estimates pof w7 and e5 are based on
Estimate shows that under these conditions for the measurqﬁetime 101108 hopping condupctivit)? and on charge carrier
fluxes of incident radiatiod ~ 10'2 photon/cm-s, the hole mobility’? data in doped and weakly compensated silicon

photoconductivityo,<10"** O~ *-cm* and can be mark- 11,0 remaining parameters were found by fitting the calcu-
edly less t7han oi if we start from data on hopping |,teq dependenceXV,) to the experimental values. The fit
conduct!v!ty. On the othgr hand, in t.he region of actlvat_|on was carried out in several steps by the method of least
con7duct|V|ty o; varies with E according to an exponential squares. In the first step, thHV,) curves at high tempera-
law tures (Fig. 3b), where the photoresponse of the BIB struc-
e3 0.69 \/ﬁ tures is not hopping-conductivity-limited, were analyzed. To
0i=0jg exr{ KT exr{ﬁ X ) (8) start with, the incident photon flusb and the radiation ab-
sorption deptH were determined in the region of small bias
whereg is the activation energy of hopping conductivity. voltages 6<V,<0.8 V. For all curvesl was ~8 um to
Obviously, in the situation under consideration the photocurwithin 5% accuracy. Since the photoionization cross section
rentJ~ o varies in an analogous way with variation#f.  of boron in silicon Sio,=10"'°cn?¥ (at photon energies
Such behavior, however, will take place until the quantity~200 meV},'® we found the doping level of the active layer:
4mwaoiNgb/xg(b+d) is equal to 1—see E@6). With further  N,=1.3x10'"® cm 3, which turned out to be close to the
increase oV, the hopping conductivity ceases to limit the specified valueN,= 10" cm™3. Figure 3b also plots the de-
photoresponse; correspondingly, the derivatidd/dV, pendence calculated in the homogeneous absorption approxi-
reaches a maximum and the dependel(34,) becomes lin- mation(curvel). It can be seen that the experimental depen-
ear: dence is described rather poorly by this curve.

_ Next, on the growing segment of the cunkV,)
J=Vegx/4mNgb. © (Vpy=1V), using the obtained values df and!, we found
Finally, we note that in structures with high enough dop-the critical field of impact ionizationE,=9x 10°* V/cm

ing level and small enough concentration of compensatingnd the producto;N,=6x10° cm !, which corresponds
impurities transition from a linear dependent@/,,) of the to the impurity impact ionization cross section
type (9) to sublinear is possible. This stems from to the facto,=4.6x 10" 12 cn?. Note that the values of, and E; in

In this case, as follows frorl),

X

47TO'iNdb -1
J=(oi+0op)[Vp/(b+d)] 1+ (6)
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FIG. 5. Width of the space charge regitM as a
function of the bias voltageV, at temperatures
T=85 1) and 5.2 K (2). Radiation intensity
& =2.8x 10" photons/crh-s.

0 0.5 1.0 1.5
Vg, V

our case are too high in comparison with the known valuessolated acceptors growhis follows from the condition of
(cf., e.g., the data values given in Ref.R;=7X10° V/cm  electrical neutrality,®® thereby providing an additional in-
ando,=1.6x 10 cn?). First, this can be due to the higher crease in the hopping conductivity. On the other hand, ideas
level of doping of the investigated BIB structures and corre-about the Frenkel'—Poole effect in the impurity baradso
spondingly lower values of the carrier mobility. Second, forassume an increase in the hopping conductivity under equi-
Vp=1.5V the width of the space charge region is compadibrium conditions due to a destruction of “1-complexes”
rable to the thickness of the active layer. This is illustrateddue to a lowering of their binding energy in an electric field.
by Fig. 5, which plots the calculated dependef¢€v,) at It would seem that the higher the level of illumination, the
two different temperatures. Fof,=1.5 V andT=8.5 KW  worse the theoryshould describe the current—voltage char-
reaches 15um. Under these conditions hole injection from acteristics of BIB structures. In actual fact, however, the ac-
the back contact can be substantial, amplifying the effects ofuracy of fitting the calculated(V,) curves to the experi-
impurity impact ionization, which in turn should lead to an mental data is substantially better at higher levels of
increase ino . illumination (compare the curves in Figs. 4a and).4bhis
After finding the parameter®, |, E;, and oyN, we  suggests the existence of an additional mechanism for the
analyzed the low-temperature cund¥/,,) (Figs. 3aand#  appearance of spatial correlation of charges at impurities un-
For their description it was, in fact, necessary to determingler nonequilibrium conditions. It is known, in particular, that
only one parametes;(0)—the weak-field conductivity. An  under photoexcitation A" —A~) complexes® similar to
insignificant correction of, (increasg was also needed to “1-complexes,” can arise as a result of the establishment of
describe the growing segment of thgvp) curve. AtT=5K  gpatial correlation between the holes captured into localized
the value ofE. is 1.07< 10* V/icm; the parameter;N, was  states of the Mott—Hubbard gHmnd the negatively charged
not varied. As can be seen from Fig. 3a, impurity impactacceptors. Apparently, the strong variation of the hopping
ionization effects weaken as the temperature is lowered. Thiéonductivity in an electric field, as well as its growth upon

is explained by hopping-conductivity limitation of the pho- jjjumination, are also tied up with the formation of such
toresponse and a decrease under these conditions of tE@mplexes.
width of the space charge regi¢see Fig. 5, curve). The results of this work thus demonstrate that BIB struc-
The dependence af;(0) on the excitation intensit®  tyres are suitable model objects for study of strong-field ef-
(see the inset in Fig.)4s of interest. The data plotted in Fig. fects in the hopping conductivity of weakly compensated
4 |nd|ca_te_ that under conditions of ilumination the_ hopping semiconductors with high doping level under conditions of
conducglwty grows  monotonically, ~ saturating  at jmpurity photoexcitation. In contrast to ordinary bulk
&> 10" photons/cri-s. It would be natural to link this be- samples, where conductivity in t2~(A™) band(the upper
havior with the destruction of the spatial correlation of the y,pbard banyplays the dominating role under nonequilib-
ionized donors and acceptdiis the terminology of Ref. 14 yjym conditions'! in BIB structures the above-noted pecu-
1-complexes”) accompanying photoionizatidfi. Indeed, |iarities of the current—voltage characteristics are primarily

according to Ref. 14, almost all the ionized accepl@aD-  configured by hopping transport via the impurity ground
ture centers for holgsare frozen into “1-complexes,” i.e., giates i.e. via the lower Hubbard band.

they are found nedgat the mean interimpurity distance from

positively charged donors. In this scenario the photoholes are  We are grateful to A. S. Vedeneev and N. K. Chumakov
trapped mainly at recombination centers bound into comfor valuable remarks.

plexes. Correspondingly, the number of negatively charged, This work was carried out with the support of the Rus-
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Ohmic contact formation during continuous heating of GaAs and GaP Shottky diodes
Yu. A. Goldberg and E. A. Posse

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 28, 1997; accepted for publication July 31, 1997
Fiz. Tekh. Poluprovodr82, 200—202(February 1998

Changes in the current—voltage and capacitance—voltage characteristics of semiconductor—solid
metal structure$GaAs—Ni and GaP—Au Schottky diodeturing continuous heating have

been studied. It is shown that the rectifying contacts are transmuted into ohmic contacts at some
temperaturel ,,,,,. This transition precedes the possible formation of a recrystallized layer

that is peculiar to conventional ohmic contacts. The transition temper&gyrgs substantially

lower than the melting point of the metal. The current—voltage characteristics of structures
annealed at different temperaturkg,, and cooled to room temperature have been studied. It is
shown that at some temperaturg,, lower than some critical temperatufg the structural

properties remain virtually constant, thatT®ag,~> T..> To the structures remain rectifying but
excess currents appear, and thaT a4> T, the structures become irreversibly ohmic. It

is assumed that after chemical interaction between the metal and the surface layer of the
semiconductor, the newly formed surface acquires properties that account for the ohmic
characteristics of the metal-semiconductor contact. 1998 American Institute of Physics.
[S1063-782608)01602-7

1. As is well known, a direct semiconductor—metal con-cally deposited onto the processed surfatelhe initial
tact is a rectifying contactSchottky diode if a tunnel-  structures were rectifying.
impervious potential barrier exists between the metal and the To study the changes in the properties of the Schottky
semiconductor, and ohmic if a potential barrier is absent or ifiodes, some of the structures were continuously heated at a
is transparent to tunnelin(see, e.g., Refs. 1 and.2The low heating rate(less than 5 deg/mjnin a neutral medium
barrier can be formed as a result of a difference in the workhelium from room temperature to 600 °C. The current—
functions of the semiconductor and metdhe Schottky Voltage (-U) and capacitance-voltag€{U) characteris-
mode) or due to a large concentration of surface states in thdCS Were measured during this heating process.
band gap of the semiconductéthe Bardeen modgl For The rest of the structures were subjected to stepped heat-

most Ill—V semiconductors the Bardeen model applies. ing, i.e., they were annealed at different temperatures and
In two of our papers using semiconductor—liquid after each anneal were cooled to room temperature, after

metal structuresGaP—-Ga, GaP—-In, and GaAs-Gae es-
tablished that the rectifying contact transforms into an ohmic
contact during continuous heating after the semiconductor
surface layer dissolves in the metal. The temperature of the 10°
transition of a semiconductor-liquid metal contact from a
rectifying to an ohmic contact depends substantially on the 104
crystallographic orientation of the semiconductor surface and
does not depend on the electron concentration in it.

In this paper we present results of a study of the transi- 3
tion of rectifying semiconductor—solid metal contacts

(GaAs—Ni and GaP—-Au Schottky diodeimto ohmic con- 10°

tacts at heating temperatures substantially lower than the

melting point of the metal. 102
2. To create these structures we usetype GaAs epi-

taxial layers (with carrier concentrationn=210" cm3) 10
grown on substrates ai-type GaAs =10 cm3), and
n-type GaP wafersr(=10'" cm ). All the crystals were
oriented in the(100) plane. First, we prepared the ohmic 0 100 200 300 400 500 600

contact by melting indium pellets into the GaAs substrate T, %

and GaP wafer. The opposite surfgepitaxial layer in the FiG. 1. Temperature dependence of the rectification coeffidignt a—
case of GaAswas processed in the usual manner for preparGaAs—Ni (1) and GaP-Au(2) structures, measurements for continuous

ing rectifying surface-barrier structures: mechanical polish-"éating to the ohmic contact transition temperaflisgy; for comparison,
the analogous dependence is shown for the semiconductor—liquid metal

ing, chemical etching, washing. Next, a layer of nicke!t! structures GaAs—G#3) and GaP—In4). b—GaAs—Ni(5) and GaAs—Ga
the GaAs substrateor gold (on the GaP waf¢rwas chemi-  (6) structures, measurements for holding at a temperatst® .
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FIG. 2. a—Temperature dependence of the capacit@hcmeasured by the bridge method, of GaAs-Ni and GaP—Au2) structures for continuous
heating. b—theC~?—U dependence for the structure GaAs—Ni at different temperafuré€: 1—20, 2—95, 3—140, 4—195, 5—220.

which thel-U andC—-U characteristics were measured. rapid decrease in the capacitance is evidence of a rapid de-
As a parameter characterizing the asymmetry of thd crease in the differential resistance of the structure, i.e., the
characteristics we chose the rectifying coefficignt=14/1, onset of the transition to an ohmic contdit this case the
(the ratio of the direct and reverse currgrasU==*=0.5V. capacitance, measured by the bridge method at frequencies
3. The results of the evolution of the-U and C-U in the range 0.1-1 MHz, differs significantly from its true
characteristics of the GaAs—Ni and GaP—Au Schottkyvalué®).
diodes for continuous heating in the temperature interval 4. In the case of stepped heating of GaAs—Ni Schottky
20-600 °C reduce to the following. diodes the results of the evolution of theU characteristics
a) During continuous heating, Schottky diodes, like measured at room temperature reduce to the following
semiconductor-liquid metal contacts, transform from recti-(Fig. 3.
fying to ohmic at some temperatu¢eig. 13. This transition
occurs before the possible formation of a highly doped or
variband recrystallized semiconductor layer characteristics of 1072
a conventional ohmic contact.
b) The temperature of the transition of GaAs—Ni recti-
fying contacts to ohmic contactg §,) is ~400 °C, while
for GaP—Au contacts it is~500 °C, which is~100 °C
higher than the transition temperature for the corresponding
semiconductor-liquid metal contacts. At such temperatures

T

10~*

melting of the contact metal does not take pléte melting -
point isT,,= 1453 °C for Ni and 1063 °C for Auand there-
fore melting of the semiconductor in the liquid metal cannot 107%F

take place. We believe that at these temperatures a chemical
interaction between the semiconductor and the metal takes
place. As a result, the thin semiconductor surface layer,
which contains a large density of surface states responsible
for the rectifying properties of the contact, disappears. Note
that interaction of Au and GaP was observed in Ref. 7, where
the eutectic point of the materials was 450 °C. 0 0.2 0.4 0.5
¢) The capacitance of the GaAs—Ni and GaP-Au v, v

S-ChOttky diodes, measured by t_he_bridge mettfag. 29, at FIG. 3. The direct current plotted as a function of the voltadé for the
first grows as the temperatufie is increased, due to a de- structure GaAs—Ni af =300 K immediately after preparatiqd) and after

crease in the height of the potential bariiig. 2b), reaches  annealing at various temperaturEs,,, °C: 2—210, 3—280, 4—285,5—
a maximum, begins to decrease, and then abruptly falls. Theso.
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a) After annealing at temperaturds,,, less than some states and which pin the surface Fermi level either in the
temperaturd ;=280 °C, thel —U characteristics remain es- conduction band or near its bottom arise. Therefore, a poten-
sentially unchanged. tial barrier for electrons no longer can form, and the contact

b) After annealing at a temperatuig,,=> Tan>To €X-  becomes ohmic.
cess currents appear in theU characteristics, although the ) ) ) ) )
structures remain rectifying. Note, however, that holding the W€ Wish to thank R. V. Khasieva for assistance with this
structures at this annealing temperature for a long enougork- We also thank O. V. Konstantinov, O. I. Oboleniski
time leads to a transition to the ohmic stéfég. 10). and B. V. Tsarenkov for a discussion of the results.

¢) After annealing at a temperatufig,> T.nm the con- )
; ; RV ; E. H. Rhoderick, IEEE Procl29, Pt. 1, 1(1982.
tafcthremr?ms ohmic after cr?o};n@m this case the resistance , A Y. C. Yu, Solid-State Electronl, 239(1970.
of the o .mIC contact vyas i9 L 3Yu. A. Gol'dberg, E. A. Posse, and B. V. Tsarenkov, Fiz. Tekh. Polupro-
5. Finally, a semiconductor—-metal contact, initially a vodn.20, 1510(1986 [Sov. Phys. Semicon®0, 947 (1986].
rectifying contact, is converted into an ohmic contact during *Yu. A. Gol'dberg, M. V. I'ina, E. A. Posse, and B. V. Tsarenkov, Fiz.
heating already before the formation of a recrystallized layer. Tlegk;' Poluprovodn.22, 555 (1988 [Sov. Phys. Semicond22, 342
In this case, either a Chemical_interaCtion tak_es pla<_:e betweerly, A’ Goldberg, E. A. Posse, and B. V. Tsarenkov, Electron. 7601
the metal and the surface region of the semiconduatahe (1972).
case of GaAs—Ni and GaP—Au Schottky diodesthis re- Yu. A. Gol'dberg, E. A. Posse, B. V. Tsarenkov, and M. I. Shul'ga, Fiz.

gion dissolves in the liquid metal as in the case of heating (Tlegkgj')]PO'”pmVOd”'zs' 439 (199D [Sov. Phys. Semicond25, 266

4 .
GaAs-Ga or GaP-Gia) contacts’ _ L. Bernstein, J. Electrochem. Sdb09, 270 (1962.
It thus follows that the reformed surface of the semicon- 8Yu. A. Gol'dberg, O. V. Ivanova, T. V. L'vova, and B. V. Tsarenkov, Fiz.

ductor acquires properties different from those of the original Tegkg‘- Poluprovodn 17, 1068 (1983 [Sov. Phys. Semicondl?, 672
surface. It may be assumed that on this surface, which is in 31
contact with the metal, states which differ from the initial Translated by Paul F. Schippnick
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Relaxation of the electric field in high-resistivity, strongly biased MISIM structures with
deep impurity levels
B. I. Reznikov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 10, 1997; accepted for publication June 25,)1997
Fiz. Tekh. Poluprovodr32, 203—208(February 1998

The relaxation of the field and current in a high-resistivity metal-insulator-semiconductor
(MISIM) structure containing a considerable concentration of deep impurity levels after the
removal of strongly absorbed light is investigated numerically. It is established that the

time dependence of the field distribution is determined by the relation between the times for the
thermal generation of electrons,) and holes ¢,) by an impurity. In the case of,> 7,

the temporal variation of the field in the bulk of the semiconductor is nonmonotonic. The drift of
the photogenerated carriers after removal of light leads to the formation of a negative space
charge layer of increased density and a significant increase in the field near the anode. Its
maximum value can be as high as-b times the mean fiel&.=V/d. Consideration of

the additional injection of holes from the anode leads to an increase in the current, restriction of
the maximum field at the anode, and appreciable acceleration of the relaxation of the field

to the dark distribution. ©1998 American Institute of Physid$$1063-782608)01901-2

Processes which screen electric fields in metal-insulatormnoval of the light is nonmonotonic, in contrast to the case of
semiconductor structures underlie the operation of numerousrystals with a small impurity concentratidrRelaxation of
optoelectronic devicésand are widely utilized to determine the field occurs in two stages. In the first stage the field
the parameters of deep centérfhe experiments in Refs. “surges” to an intermediate profile, which lies above the
3-6 and the simulations in Refs. 7 and 8, which were perstationary values at the anode and below the stationary val-
formed for diverse conditions, revealed different types ofues at the cathode. The characteristic time of this process is
relaxational responses of the field and the current as fun®f the order of 0.1 s. In the second stage, more prolonged
tions of time. Kasherininowet al® presented the photoelec- stage(0.5 9, the field relaxes from the intermediate profile to
tric characteristics of high-resistivity MISIM structures basedthe stationary dark distribution.
on CdTe @=10"—10° Q-cm) with a considerable concen- The increase in the field strength near the electrdsies
tration of deep-level impuritiesN,>10'"° cm™%). The ex- point 3 was associated in Ref. 6 with additional charges in
periment describes: the purity levels, and the nonmonotonicity of the time depen-

— the stationary dark distributions of the electric field dence of the current after the light is turned (point 2) was
following application of a voltage; attributed to an increase in the injection of carriers from the

— the temporal variation of the field and the currentcathode at strong electric fields on the basis of a mechanism
distribution after illumination of the biased structure is for lowering the barriers to injectiochThus, the experiment

switched on; raises several questions regarding the reasons for the non-
— the temporal variation of the field after the illumina- monotonic temporal variation of the field and the current, the

tion is switched off. characteristic fields of the relaxation processes, and the pos-
The main results of the experiment are as follows. sible influence of additional carrier injection on the time de-

1. The electric field profile in an unilluminated structure pendence of the field and the current.
(the dark field decreases from the anode toward the cathode, The purpose of the present work is to disclose the de-
has a minimum in the cathodic part of the structure, andailed physical mechanisms underlying the relaxation of the
increases slightly near the cathode. field and the current and to establish a systematic temporal
2. When light is applied on the anode si@s in the case picture of these processes using numerical simulation. The
of structures with a small impurity contént the field de- present work continues the investigation of the stationary
creases at the anode and increases near the cathode. The fie@toeffect and the dark field distributiofi;*?as well as the
profile, which is nearly stationary, increases from the anodéelaxation processes in pure, high-resistivity crystasd in
to the cathode with a positive curvature. If the light intensity Crystals with deep impurity level$.
and the voltage exceed certain critical values, the decrease in
current after reachlqg a maximum gives way to an inCreasg .\, ATIoN OF THE PROBLEM
with gradual saturation. The effect intensifies as the voltage
is increased. Let us consider the one-dimensional distribution of the
3. The maximum field strengths near the electrode ardield and the carrier concentration in a high-resistivity,
significantly greater than the values measured for “pure”strongly biased metal-insulator-semiconductor structure oc-
crystals® cupying the region &x=<d with a bulk concentration of
4. The temporal dependence of the field following re-equilibrium holesp, , to which a voltage/, which is much
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greater than the contact potential between the semiconduct@ALCULATION RESULTS

and the metal, is applied. It is assumed that a high-resistivity

semiconductor contains not only shallow donors and accep- 2.1.Let us study the dynamics of the establishment of
tors, but also local impurity centers with a concentratign  the field and the current following the instantaneous removal
and an energy;=E,—E., which obey the Shockley-Read of the light illuminating a high-resistivity CdTe structure of
recombination model. The mathematical formulation of thewidth d=0.22 cm under a voltage =400 V. We take the
problem nearly coincides with the one considered in Refs. 183ame parameters for CdTeTt 300 K as in Ref. 10. We set
and 14. The electrom{ and hole ) concentrations and the the equilibrium hole concentration in the bulk equal to
field profile E(x) are found from the solution of the system p, =6x10° cm 3, the tunneling transmission coefficient of
of continuity equations, the Poisson equation, and an equahe interfaces equal 0, ,=3X 103, and the height of the
tion which describes the kinetics of the filling of the impurity Schottky barrier equal topg =0.98 eV. In this case
levels. The carrier fluxes|, , are written in the diffusion- Pey=9x 10° cm 3, and the inequalitiespS%>ntYy and
drift approximation. The expressions for the rates of thermap <p, are satisfied. According to Ref. 12, the latter inequal-
generation and recombination of electrons and hBlgand  jty ensures that the dark field decreases near the anode. The
R, take into account their trapping on a deep impurity levelsyrface recombination rates asg=s,=10° cm/s. We as-

and emission into the corresponding band of thesymed thatN,=10 cm™2 and &,=0.78 eV, and that the
SemiCOﬂdUCtO}?The emission and surface recombination Oftrapping cross sections at the deep level are equa] to

carriers are taken into account on the semiconductor-metg}, =103 cn? and op,=10"15 cn? for electrons and holes,
interfaces atx=0 and x=d. The recombination fluxes respective|y_ The choice of the numerical Va|ues@n'

(As)n,p are calculated on the basis of the model of a singler ' andN, enables us to obtain a theoretical dark distribu-

surface level: tion of the electric field that is close to the experimentally
an(0)=—VI[no—nSexp —eVP/kT)]—gsn(0), (1) measured profile with respect to the values Bf and
(dE/dX)o.6 However, the variation of any of them over a
0Up(0)= =V o[ Po—P§ expeVY/kT)]—dsp(0), (2)  fairly broad range is not critical for reproducing the “field
surge” investigated in the present wofee point 4.
An(d) =Vpe[ng—ng" exp(e\/?/kT)]Jrqsn(d), (3) As the initial condition for the field, the electron and
T _ neq AV hole concentrations, and the occupancy of the impurity level,
G5(0) = Vo Pa— P exp —eVIKT) ]+ agg(d). (@) we use the steady-state distributionsEgk), n(x), ar?dp(i)
Heren®dand p®® are the equilibrium electron and hole con- obtained by integrating the original system of equations with
centrations at the interfaces, which depend on the height cfpplication of a voltage and then with illumination at an
the Schottky barrier<an; and vl,pzvn,an,p denotes the intensityl,=10"%cm 2-s 1.
rates of carrier exchange through an interface, which are pro- 2.2. The values of the characteristic times that specify
portional to the rates of thermal emission into the metalthe qualitative picture of the process for the parameters as-
Vi p=(14),, and to the tunneling transmission coeffi- signed are as follows: the hole drift time of flight
cients (tunneling probabilities of the interfacesT,, ,. The  ti=d/u,Ec=2.4 us, whereE,=V/d; the Maxwell relax-
latter take into account the decrease in the rates of carri@tion timety =e/4meu,p, =20 us; the electron and hole
exchange through an interface due to the presence of tH#etimes at an impurity in the bulk of the structure
insulating layers and depend exponentially on a functionr,=[an(n;+n,)] =4.4s andr,=[ap(p1+ p,)] 1=6.9
containing the thickness of each insulating lagethe height ms, where a, ,= 0, pv,p; the impurity ionization time
of the barrier to tunneling, the potential drop across the layers,= (7, *+ r;l)*lw 7o, and the trapping time of holes on
and other parameters. Due to a lack of reliable informatioran impurity at equilibrium occupancy of the impurity
on these quantities, the dependencd of on the film char- tcz[apNtf*]*:G.S ms. The considerable difference is be-
acteristics is not specified in detail, and the tunneling transtween the characteristic time scales calls for division of the
mission coefficient is assigned as an input parameter. Theelaxation process into several stages. The first stage includes
exponential terms appearing (h)—(4) take into account the a fast part, which takes place on the scale of the drift time
variation of the equilibrium carrier concentrations at the in-t5., during which the photogenerated carriers present in the
terfaces in response to the variation of the barrier height dustructure at the time of removal of the illumination are sepa-
to the potential drop at the insulatblrio'd= E;(0,d) 5, where rated by the field and accumulate at the electrodes of oppo-
E; is the electric field in the insulator. Inclusion of this effect site sign. The slow part of the first stage is specified by the
is the only difference from the model considered in Refs. 13rapping and release of holes from the deep level. The sepa-
and 14. The details of the numerical method were describethtion of the free carriers is illustrated by Figs. 1 and 2,
in Ref. 14. We only note that the choice of the spatial andwhich show the evolution of the electron and hole profiles
temporal steps ensured the absence of a dependence of thear the anode. After a small delay lasting about!p.®
total current density on the coordinate to a high accuracy 0.5}, which is associated with the presence of a large por-
and the closeness of the numerical values of tion of the photogenerated holes in a region of weak negative
. fields, the maximum of the hole distribution begins to shift
J=(e/4m) IR/ ot+e(dp—dn), toward the cathode and decreases rapidly. After the titfle 2
which were calculated using difference formulas and ob-has elapsed, the hole concentration in the semiconductor be-
tained by integration over the width of the structure. comes much smaller than the equilibrium value in the bulk
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FIG. 1. Distributions of the hole concentratiagiy(X)=p/p, —1 near the
anode é(fx/d.) in'the.stage. of carrier separation calculated at various times|G. 3. Distribution of the electric fiel@(X)=E(X)/E, (X=x/d) in the
after the illumination is switched off/tf,: 1 — 0,2 —0.1,3—0.2,4—  structure at various times after the illumination is switchedtttff,: 1 — 0,

055—1. 2—2;tr,: 3— 1,4— 50,5 — 150. Values of the field at the ano@ig;
1—0.96,2 — 1.96.

p, . The number of holes in the diffusion layer at the cath- h b luti f the field file i
ode also decreases appreciably. The photoelectrons, which e subsequent evolution of the field profile is com-

are found in a layer of the order of the absorption Iengthpleter determined by the thermal generation of holes
- 1~10"% cm at the moment the illumination is switched throughout the structure and by the variation of the charge of

off, are pressed against the anode by the field. The Iimitingg:e impurity. The occupancy of the deep level, which was

concentrationn, is established after a time<tf, and in- f u_ch /smallrer ”lagfsthleo_iqu#'b”um \Tal_ue "; t:\hed t.’f?lk
creases very gently at<2tf . The escape of holes and the ’t*_plb(pl_ pt*)_ d X” @ er_cor;pet;(_)nto © ”h
drift of photoelectrons causes the accumulation of negativé age, begins to gradually incred$ag. 4), at first approach-

space charge of increased density at the anode and in a la § tf.’t‘) ?nd thfetr;] SL;rplzssmt% Gaéti(o'f?zﬁ)' Ats atresu;t; the
with a thickness of ordeb,~2kT/eE,. As a result, the iStribution ot the hield in the bulk ot the structure & 7,

field at the anod& and the field on the outer boundary of :)hecct))mlis r;]early homog.en%ous. ;’Een the de_rivattEHleixri]n
this layerE(6,) at once begin to increase rapidly. These e bulk changes sigFig. 3, andE(x) acquires the char-

processes can be seen in Fig. 3, which presents the variati(‘?l‘fterIStIC features OT the d.ark profile, viz., a decrease near the
anode and slow variation in the cathodic part of the structure.

of the distribution ofE(x) = E(x)/E. with time. At t>27, thermal generation results in an increase in the

1 1
. a .25 0.50 a.76 1
10°X X

79 " L 1

FIG. 2. Distributions of the electron concentration(X)=n/n, —1 near FIG. 4. Distribution of the occupancy of a deep impurftfX=x/d) at
the anode X=x/d) calculated at various times after the illumination is various times after the illumination is switched off: 1— 0,2 — 1,3 —
switched offt/th:1—0.1,2—1,3—2; T=t/7,: 4— 1,5—5. 5,4 — 10,5 — 50,6 — 150.
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FIG. 5. Time dependence of the limiting values of the electric figld: E,, FIG. 7. Time dependence of the occupancy of the deep impurity at the
2 —E,. Dashed lines — calculation with consideration of the lowering of anodef,: 1 — without consideration of the lowering of the barrieps—
the barriers §=40 A). The timet is in units of 7, . with consideration of the lowering of the barriers&t 40 A. The timet is
in units of 7, .

hole concentration in the bulk of the structure. A region with

a hole concentration close m, , which expands toward the 5 hat the stage of the decreaseBp is the longest and is
anode, forms near the cathode. Two regions having the Val:‘omparable to the largest time scalg. A comparison of
uesf=fo_~p,/(Potpy) andf=fc~f, , which are sepa- Eigs 5 and 7, which show the time dependence of the occu-
rated_by a transition layer, Whelfed_ecre_ases fronf, to f; pancy of the deep impurity near the andge shows that an
form in the structurdcurves3 and4 in Fig. 4). Then, when  555reciable decrease in the field at the anode occurs fyhen
electrons begin to be released, the transition layer is obliterjocreases by two orders of magnitude. Thus, the sluggish-
ated, and (x) decreases monotonically from the anode to theess of the release of the photoelectrons from the impurity is
cathode(curves). In the final stage of the relaxation process regponsible for the nonmonotonic variation of the field dis-

(t>7p) the impurity is freed of electrons, so that the nega-yiphytion with time and determines the time scale of the field
tive space charge of the impurity in the anodic part of the,g|axation process.

structure diminishes in absolute value, and the distribution of |+ is also seen from Fig. 5 that the value Bf, in the

E(x) monotonically approaches the dark profile from above“field surge” stage greatly exceeds the mean fidig.

The diversity of scales for the different stages of thewhen the mean field is sufficiently strong, some fundamen-
evolution of E(x) is clearly seen in Figs. 5 and 6, which tally new effects are introduced into the discussion. In par-
presents the time dependences ®&,=E,/E, and ticular, as was shown in Refs. 9 and 16, the alteration of
E,=E4/E, and of the current density It follows from Fig. tunneling conditions by the space and surface gharge fields

near an insulator-semiconductor interface is equivalent to al-
teration of the height of the Schottky barriers for electrons

- and holes, an increase in the tunneling transmission coeffi-
cient of the insulator layer, and additional carrier injection at
200F the interface. It follows from the calculations performed that
the nonmonotonic dependence of the field distribution can be
~ 100 H simulated without postulating additional injection. Consider-
w° ation of this effect gives the additional flow of holes from the
§ sab anodeAq, =V pe exp@V/kT) [see Eq.(2)], which accel-
X erates the release of electrons from the impurity I€kej. 7,
‘i f curve 2) and, as can be seen from Figs. 5 andsée the
~ 20H dashed lines and cun®, increases the current appreciably,
hal restricts the increase in the field at the anode, and markedly
1wl shortens the relaxation time of the field and the current.
2.3. To conclusively test the conclusion that the non-
! 1 1 Y monotonicity of the variation of the field is associated with
g 0.05 010 t0.15 0.20 0.325 the longer time for freeing the traps of electrons than for

freeing them of holes, we calculated the relaxation of the
FIG. 6. Time dependence of the current densityl — without consider- field in a structure with the opposite relationship between the

ation of the lowering of the barrier& — with consideration of the lowering  lifetimes Tp> Tn (the remaining pa_lrameters were retained
of the barriers ab=40 A. The timet is in units of 7, . The dark field profile was founghs in the preceding casas
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a result of calculations, beginning from the equilibrium statethe carrier concentrations in the bulk and the boundary lay-
after the supply of a voltage, and the stationary profiles obers. The characteristic value of the hole concentration is the
served after completion of the relaxation under illuminationvalue ofp,, for which the following estimaté is valid with-

with an intensityl; =10 cm™3. s were taken as the initial out the consideration of surface recombination:

distributions ofE(x), n(x), p(x), andf(x). Neither the dark
nor the initial profile at the moment the light was switched
off exhibited any differences from the preceding case. A cal-

T
culation of the relaxation of the field after removal of the Do=p& Vo WP = E (5)
illumination showed that the profile of the field in the bulk 0o Vi+ vh’ ar— Hp=o-

relaxes monotonically from the initial to the dark profile
when 7,> 7. The remaining qualitative features of the be-

havior of the distributions of the physical quantities shown in

Figs. 1-4 are repeated. This occurs because the main procé%% follows from Eq.(5), the value ofp, can be calculated if

influencing the space charge in the bulk is the thermal gent® field at the anodg, is known. Whenv,=6x 10° cm/s,

eration of holes. Nevertheless, the reversed relationship bd»=3%10"2%, andE,=5, we obtainpy/p, =0.04, and for
tween the characteristic times and some particular features of,=10""" cn? the value of the lifetime of a hole on an
the initial field distribution produce several special featuregmpurity is 7=[ a;p(p1+Po) 1~ *~15 s, which is fairly close

in the relaxation process, particularly near the anode. Thto the value obtained from a numerical solution.

earlier release of electrons from the impurity level causes the  Thus, the form of the relaxational dependence of the
time dependences of the field at the an&gethe occupancy electric field profile is fundamentally related to the relation-
of the deep level at the anodig, and the current densifyto  ship between the characteristic timgsand r,, and when
have a complex nonmonotonic character. In particular, the,<7,, the variation of the field is monotonic with time, as
thermal generation of electrons from the impurity leads to &an crystals with a small concentration of impurity levels.
decrease in the occupancy of the deep level and of the field at We thank P. G. Kasherininov for discussing the prob-
the anode, as well as to the appearance of an additional miniem.

mum on the plots of 3(t) andEy(t), after which these quan-

tities increase to the dark values. The negative space charge

layer of increased density at the anode exists upta, and

then disappears. Because of the nonmonotonic variation of

the field and the hole concentration at the an@ge the  im. p. Petrov, S. I. Stepanov, and A. V. Khomenkehotosensitive

current maintains a stationary value after passing through aElectro-optic Media in Holography and Optical Information Processing

minimum and a maximum. [in Russian, Nauka, Leningrad1983.

2 .
- . L. S. Berman and A. A. LebedeWapacitance Spectroscopy of Deep
The present calculation revealed one more curious fea Centers in Semiconductof Russiad, Nauka, Leningrad1983.
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An increase in the dark curreflty 2—3 orders of magnituglen GaAs/ALGa, _,As multilayer
quantum-well structures witk=0.4 is observed after illumination of the structures with

optical light \<1.3 um). This increase is sustained for an extended timere than 18s) at

low temperatures. It then decreases to its initial value upon heating of the sample. A

model of the barrier with local sag of the conduction band facilitating tunneling is proposed. The
conduction band sag and the magnitude of the current grow due to optical ionization of
uncontrolled deep level clusters present in the barrier and decrease due to subsequent capture of
electrons from the conduction band by the deep levels upon heatind.998 American

Institute of Physicg.S1063-782608)01802-X

INTRODUCTION 0.43, grown by molecular-beam epitaxy on the setups

GaAs/AlGaAs-based, multilayer, quantum-well struc- Katun’-S” and "RIBER 32P." The sample_s GaAs/
tures have recently been studied extensively, first of all if \GaAS were grown at substrate temperature in the range

connection with their potential use in multielement infrared Ts= 980600 °C, with a growth rate of 1 xm/h and with
photodetectors. As a rule, good agreement is observed bé- flux ratio ensuring the existence of surface structures:
tween the experimental and theoretical values of the dark2X4) As on GaAs, and (32) on AlGaAs. In addition,
current and photocurrent for such structures assuming rec80wth was interrupted at the stage of completion of growth
angular AlGaAs potential barriefs® At the same time, a of the GaAs well to smooth the surface. The width of the
number of studies have noted an asymmetry in the dark cuvell L,, varied from 43 to 48 A, and the barrier thickness
rent and photocurrent, depending on the polarity of the apls—from 300 to 500 A. The number of periotiswas 25 or
plied bias voltagé;*-®and also an excess tunneling currént, 50. The quantum dots were silicon-doped both uniformly and
which points to a deviation from an ideal rectangular barrierin the o pattern about their centers with sheet concentration
The reason for this behavior may be the well-known differ-I's=10"?cm™2. Then*-GaAs layers of thickness 0.5 um
ence of the two boundaries between the well and thavith silicon doping concentration 210 cm™3 served as
barriers® the asymmetric impurity distribution in the wefls, the upper and the lower contact layers of the structure. Mesa-
and the presence of defects in the barrlers. structures, square in shape with side length 3@0 were

In the present work we have detected a growth of theprepared by etching the multilayer quantum-well structures
dark current by 2—3 orders of magnitude after exposure taown to the lowen™ -layer. Ohmic contacts were attached to
light in the wavelength rangex<1.3um of the then™-layers by brazing in the sputtered-on layers of Ni—
GaAs/ALGa, _As multilayer quantum-well structures with Au—Ge. The Al contenk and the layer thicknessés, and
x=0.4, grown by molecular-beam epitaxy, which persistsL, were determined by x-ray diffraction arid situ from
for an extended time at reduced temperatures and which fajhtensity oscillations of the fast-electron-diffraction reflec-

back to its original value after heating. This effect is ex-tion pattern. The Hall mobility of the electrons in the plane
plained in the framework of the model of a barrier with local of the quantum wells, measured in the mu|ti|ayer guantum-

conduction band sag that facilitates electron tunneling. Th@ve” structures grown Wi":houtnJr contact |ayerS, was
degree of sag and the magnitude of the current grow upon. 2000 cnf/(V-s) at 77 K.
photoionization of the local clusters of uncontrolled deep  \easurements of the dark current temperature depen-
levels present in the barrier and decrease as conduction bagdnce were made at a bias voltage=0.2 V in the tempera-
electrons are captured at these levels upon heating. ture rangeT = 77—300 K. The rate of heating or cooling was
0.5 deg/s with the possibility of stopping the heating or cool-
ing process at a preset temperature. lllumination of the
As samples we used GaAsi8a_,As multilayer samples was provided by a GaAs light-emitting didaexi-
qguantum-well structures with Al contertin the range 0.26— mum emission ah=1 um) from the side of the substrate

1. EXPERIMENT
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. . . . FIG. 2. Capacitance—voltage characteristics of the Schottky barrier in the
FIG. 1. Experimentalpoints and theoreticalsolid curve$ temperature multilayer quantum-well structure GaAsyS As with x=0.385. mea-
dependence of the dark current in the multilayer quantum-well structure yera &x L

. . L sured at 3 kHz af =77 K, successivelyl—before illumination,2—after
GaAs/ALGa _,As with x=0.385: l1—after illumination; 2,3,4—after ; o ? ) - . ’
warming to 110, 130, and above 170 K, respectively. The theoretical Curvelllumlnatlon, 3—after heating the previously illuminated sample to 170 K at

5 and 6 correspond to the current components in the regions without and b="15V; 4 (coincides withl)—after heating to 170 K &¥,=0.35 V.

with conduction band sag. The inset plots the temperature dependence of the
dark current in the multilayer quantum-well structure GaAgB¥d, ,As

with x=0.29. For all curved/,=0.2 V. . . . .
ergy corresponding to dependericén Fig. 1 is~0.024 eV

near 77 K, which is roughly three times less than for the
reference dependenck and grows as the temperature is

with an intensity of=10'" photons/cri-s for 10-20 s. Mea- raised. When the sample is heated above 170 K, the current
surements of the spectral dependence showed that the pHollows the reference curvd. Subsequent cooling in dark-
toelectric memory effect discussed in this paper is observedess again gives the reference cufve
at wavelengths. <1.3 pm. If after illumination at 77 K the sample is heated to some

For samples withx<<0.3 the dark curreni corresponds intermediate temperatuig,<170 K (e.g., to 110 or 130 K
to the rectangular barrier modkits temperature dependence and then, after cooling it down to 77 K, the temperature
corresponds to an activation energy equal to the barriedependence of the current is measured as the sample is
height reckoned from the Fermi level, and the dark currenheated againat a rate of~0.5 deg/$, we obtain depen-
does not vary after illumination in the indicated regime. Todences lying between curves and 4 (correspondingly,
illustrate this point, the inset in Fig. 1 plots the temperaturecurves2 and 3 in Fig. 1). In this case, for temperatures
dependence for one of our samples with0.29,L,,=43 A, T<T, the dependence} T) remain essentially unchanged
L,=500 A, I'g=8.6x10" cm 2, andN=50. over the course of several minutes and are independent of the

As x is increased above 0.3, the temperature dependenabrection of temperature change of the sample.
of the dark current and its reaction to illumination are radi- Measurements of the current in square-shaped samples
cally altered. Figure 1 plots experimental data obtained for avith side length between 75 and 12Q8m showed that
multilayer quantum-well  structure  with x=0.385, within some scatter the mean current density does not de-
L,=43 A, L,=400 A, I'5;=10'2cm™2 (5-doped about the pend on the area of the sample. This allows us to assert that
center of the we)l, andN=25. Curve4, which is the refer- the noted peculiarities are inherent to the bulk of the sample,
ence curve, corresponds to the sample cooled in darknessd not to its surface about the perimeter of #hstructure.
from room temperature. In contrast to the sample with  In order to obtain additional information about the influ-
x=0.29, the dark-current activation energy is not constantence of illumination on multilayer quantum-well structures,
but decreases from roughly 0.2 eV at temperatiired70 K we measured the capacitance—voltage characteristics of the
to roughly 0.08 eV at temperaturds<100 K. Schottky barriers in these samples. Accordingly, on part of

When the sample is illuminated at temperatures belowthe as-grown wafer, after stripping away the uppérGaAs
170 K, the current flowing through the samples increases anidyer electrolytically a gold/titanium Schottky barrier of cir-
then remains essentially constant after the illumination iscular shape with an area of 1.280 3cn? was sputtered on
switched off. Thus, at 80 K the current grows almost three-without etching out the mesa-structures. An ohmic contact to
fold when the sample is illuminated and relaxes after theall the quantum wells and the lower" -layer was prepared
illumination is switched off, by roughly 10% after 1000 s. by melting in a layer of indium about the perimeter of a
The corresponding curvé in Fig. 1 was obtained by mea- sample with dimensions-5X5 mn¥ cut from the wafer.
suring the current immediately after switching off the illumi- Figure 2 shows typical capacitance—voltage characteris-
nation at each temperature. Essentially the same dependertges for a multilayer quantum-well structure with=0.385,
was obtained when the sample was heated in darkness aft@reasured in darkness before illuminatithe sample was
being illuminated at 77 K. The dark-current activation en-cooled from room temperature in darkness with the bias volt-
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low temperatures. Upon subsequent heating to some tem-
N\ peratureT, the electrons overcome the energy barrier and
return to the deep levels, neutralizing their positive charge.
The sag of the conduction band decreases and the depen-
denceJ(T) approaches its original values.
Let us discuss in more detail the assumptions we have

made about locality of the regions which contain the uncon-
£ N 0 z ) X
'ETE . . Z_r_—; trolled deep levels and about the mechanism of neutraliza-
! N o ﬁ g tion of the ionized deep levels via capture of free electrons
. . from the conduction band.

2.1. Locality of regions of conduction band sa
FIG. 3. Energy-level diagram of one period of a multilayer quantum-well y 9 9

structure for positively charged centers present in the barrier [Byesfirst As will become clear from the calculation in Sec. 3, the
guantum level,E.—Fermi level of the left quantum well. Points—deep yoqyired change in the concentration of positive chartye
levels, shallow donors, not shown. The remaining notation is explained in . .
the text. In the barrier layer of the multilayer quantum-well structure

after illumination should be equal to x2.0'7 cm ™3 if they

are uniformly distributed over the thickness of the barrier
age on the Schottky barrié&f,=0.35 V) and after(curvesl  layer. Thus, as follows from the condition of charge balance
and?2), and also after heating to 170 K at two different biasof the sample, the equilibrium free electron concentration in
voltages (curves 3 and 4). During the recording of the the quantum welld", for uniform distribution of the deep
capacitance—voltage characteristics no relaxation of the cdevels in the barriers over the area of the structure should
pacitance was noted. Segments with flat sldpkateauy increase by the amouN*L,=4.8x 10" cm™2, which is
arising on the capacitance—voltage curves relative to theoughly half the initial doping concentration of the quantum
Schottky barrier voltag®/,,, correspond to depletion of the wells, I's=10">cm 2. Consequently, illumination of the
next quantum well. The ordinal numbers of the quantumsample should lead to an increaseb$0% of the width of
wells, counted from the surface of the sample, are indicatethe plateaus on the capacitance—voltage curves shown in Fig.
by the numbers with arrows along the corresponding pla2. This, however, does not happen. The actual illumination-
teaus of curvel in Fig. 2. The segments with steeper slopeinduced increase in the equilibrium electron concentration in
correspond to transitions from one completely depletedhe quantum well§", did not exceed 1% cm™2 (i.e., 10%,

quantum well to the nex!! as was determined by integrating the capacitance—voltage
curves between the inflection points of neighboring transi-
2. MODEL OF PHOTOELECTRIC MEMORY tional segments. This fact allows us to assert that the deep

levels responsible for the indicated change in the positive
&harge concentratioAN™ in the barrier layers upon illumi-
nation are concentrated in local regions occupying a small
fraction (not more than 20%of the entire area of the struc-

The observed effedtig. 1) is reminiscent of the well-
known phenomenon of persistent photoconductivity in dope
Al,Ga _,As with x>0.22 (Ref. 12, which is associated
with the existence oDX centers in this material, arising
when it is doped with silicon and also some other impurities.

We assume, therefore, that in the multilayer quantum- _ )
well structures that we have investigated there are local rg> 'ntéraction of deep levels with allowed bands
gions that run through the entire structure, and within the  The transitional segment of the capacitance—voltage
limits of these regions the barrier layers contain uncontrolleccurves between thgh and ( + 1)-th plateaus corresponds to
donor levels—in general, both shallow, with concentrationthe exponential tail of the capacitance of the deplgtid
Ny, and deep, with concentratidty . In addition, we will let  quantum welf%'? Its width for an ideal multilayer
the latter, similarly to théd X centers, be characterized by a quantum-well  structure can be estimated as
relatively high capture barrier for free electrons from the AV ;,,=4(kT/q)C,/C;, 1, wherek is the Boltzmann con-
valley of the conduction band. stant,q is the absolute value of the electron char@g,is the

Under equilibrium conditiongbefore illumination at  capacitance of one period of the multilayer quantum-well
least the shallow levels are ionized. This leads to the formastructure, andC; is the capacitance in the center of tjta
tion of an internal electric field and to “sagging” of the plateau on the capacitance—voltage curve. For the sample
conduction bandFig. 3). As a result, thermally assisted elec- shown in Fig. 2, the quantityV 4 should be~80 mV, but
tron tunneling from the quantum wells into the conductionits experimental value is equal t8500 mV. We associate
band of the barrier layers through the relatively narrow po-his increase oAV ;. ; with nonuniformity over the area of
tential barriers leads to an increased dark current and a lowehe structure of the electron concentratignin the jth quan-
value of its effective activation energgee curved in Fig.  tum well, and this nonuniformity grows somewhat after illu-
1). lonization of deep levels upon illumination of the samplemination of the nonuniformly distributed deep levels.
increases the sag of the conduction band, which leads to a Next, curve3 in Fig. 2 was obtained after heating the
further increase of the dark current. The presence of a higpre-illuminated sample to 170 K for the bias voltage
capture barrier for electrons to the deep levels ensures stovs,= —1.5 V. At this bias voltage the second and third quan-
age of the new state after the illumination is switched off attum wells (and the adjacent barrigrare elevated relative to
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their equilibrium positions by~600 and~30 mV, respec- also uniformly distributed over the thickness of the barrier
tively. It can be seen that after the indicated heating the slop@nd the energy of the edge of the conduction band, reckoned
of the transitional segmex(8,4) grows while its widthAV, , ~ from its lowest point, is given by

decreases and essentially coincides with its value for the ini- w— Ax|2

tial curve 1. At the same time, the indicated heating has no AEC(X)ZQVS( _) . 2)
effect onAV, 3 (Fig. 2, curve3). Lu/2

In the correspondlng_ case for the bias voltageqe V= (kT/q)(Lp/2)%/(2Lg)? is the magnitude of the
V,=0.35 V, when the positions of all the quantum wells are.;qction band sag for=0, Ax=L,(V/8V,) is the posi-
near their equilibrium values, the measured capacitanCefyy of the minimum of the conduction band.
voltage curve(Fig. 2, curved) essentially coincides with its Ly=(kTe/292N*)¥2 is the Debye screening length, is
initial dependence. Thus we may conclude that neutralizatiof,e gielectric constant of the barrier, ahd* is the total

of photoionized deep levels takes place near the quantuy,ncentration of positively charged shallow and deep levels.

wells not elevated above the Fermi level and does not takginceLW<Lb, we have disregarded the voltage drop across
place near quantum wells elevated far above it. This supportg,o quantum well.

the assumption that the neutralization of photoionized deep |, intermediate cases, the deep levels are partly filled as

levels is due to capture of conduction band electrons and N} oq it of heating the sample to some temperaTyrésee
to dumping of holes to the valence band. In the latter case thg, .. 1, the charge on the deep levels will be distributed
wells elevated~600 mV above the Fermi level would not o hiformly since the electrons will be captured in first

influence the recharging of the deep levels upon heating. qrqer by deep levels, which are located near the middle of
the barrier layer and which have the lowest energy barrier for

3. CALCULATION OF THE TEMPERATURE DEPENDENCE Elefctronri:aptur(;. prel;/er,(jfor SI!’anICIty .\l/)vedabssurr]ne thatl; als
OF THE CURRENT IN MULTILAYER QUANTUM-WELL efore, the conduction band sag Is described by the parabolic

STRUCTURES dependencé2).
The energy of the lowest point of the conduction band of

The current density in the regions of a multilayer the barrier layelE,,, reckoned from the Fermi level in the
quantum-well structure without conduction band sag at loweft quantum well, is given byE,=E,—AE., where
bias voltages is determined primarily by electrons thermallye, =E,,— AE— AE,, AE; andAE, are the changes B¢
emitted above the conduction band edge of the barrier and igndE, in the local regions wittV>0 caused by the appear-
given by the standard expresstdn ance of additional free electrons in the quantum well and

- _ “warping” of the potential in the quantum we(kee Fig. 3,

Jo=arnF(Nzp /Lp)kT exp(—Eqo/kT). @ andAE ., =AE.(—L,/2). To first order we seAE; equal to
Hereu, is the electron mobility in AIGaAsE- is the electric  N*L, /N,y and neglecAE; . In addition, we introduce the
field intensity, Nop =m} /%2 is the two-dimensional den- quantites AE.,=AE.(Lp/2), w;=Lp/2+Ax, and
sity of statesmy, is the effective mass of the electron in the y, =L, /2— Ax.
quantum well is Planck’s constant,, is the period of the Let us consider tunneling of electrons with energies
structure,E,o=Epw— E1—Ef is the current activation en- aphovek,,. The probabilities of tunneling from the left quan-
ergy, Ep,, is the discontinuity in the conduction band be- tym well (D,) and from the right D,) quantum well into the

tween GaAs and AlGaA<, is the energy of the first level gjlowed region of the barrier, calculated in the quasiclassical
in the quantum well, an&r is the Fermi energy reckoned approximationt* are given by

from E;. The theoretical dependeng€r) for a sample with
x=0.29 (see the inset in Fig.)was calculated according to D1 AEy) =exd — Sy pp(E/AE:1 )], 3
Eq. (1) for E,=0.14 eV andu,=500 cnf/(V -s). .

The curraent in the regionns with conduction band sag iswhere E; is the electron energy reckoned from the lowest

determined primarily by successive tunneling of electron§()'r‘_t 2°f Ag'e co/r}lductlor? rllaanc:f O,f the b?rrrl]er,
between the quantum wells and the conduction band of thgL2~ V2MbAEc1 Wio/%, my is the effective mass of the

barrier layers through relatively narrow potential barriers. Toelectron ' the barrier, and

n
calculate it, we consider one period of the structure in the¢(z): v_l—z—z Ir£(1+ 1-2)1\z]. .

region of conduction band sag, to which the voltage Noting _thatV~kT/q and that _the barrierd E; and
V=kT/q has been applietsee Fig. 3 Let the lowest point AE,, are thick and have low tunneling transparency, we may

of the conduction band of the barrier layer in the sag regiorﬁssume that the electrons iq the conduction band of the bar-
be located above the equilibrium Fermi levigr V=0). The  'er layer between the barrieiSE;; and AEc, are com-
charge of the free electrons in the barrier is therefore smalf/etely thermalized, and that their energy distribution is de-
and does not influence the course of the potential in th&CiPed by the single Fermi quasilewi&t, , which is located,

barrier layers. For simplicity, we assume that the shallow and! 9€neral, tilet\NAe\ﬁn the ]Ic:em;]i levels Olf th]f’dleft _ded bri?ht
deep levels are uniformly distributed over local regions,duantum wells. Allowing for the principle of detailed bal-

whose dimensions exceed the barrier thickness so that tf#c€ W€ calculate the current density in the batkiB,,
spatial dependence of the potential can be assumed uniform §1= 10 €XP(— En /K[ 1— exp(Egp /kD)], (4)
and the same for all the local regions. In the case of com-

pletely filled or completely ionized deep levels the charge isvhere
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% cannot be explained by either one of these components

j20=AN2p th exp(—E/kT)Dy(E)dE, (5 alone. Noting that the agreement of theory with the reference

° experimental dependendén Fig. 1 requires the initial value

and the Fermi level of the electrons in the left quantum wellV;=0.097 eV, it must be admitted that the barriers in the
Er is taken to be equal to zero. The quantitydenotes the above-mentioned local regions contain constantly ionized
effective frequency of collisions of an electron in the quan-levels with concentration 3:610'" cm™2 (e.qg., shallow do-
tum well with defectqpolar optical phonons, ionized impu- nors. lllumination of the sampléFig. 1, curvel) increases
rities, and roughness of the quantum wédlading to com- N7 to 4.7 10" cm 2 and, consequently, the concentration
plete conversion of the energy of motion of the electronof recharging deep levels in the local regions is
along the quantum well into transverse energy, with which1.2x 107 cm ™3,
the electron tunnels into the allowed band of the barfer. Note that during the recording of the dark current tem-
Integration to infinity in Eq(5) takes into account the elec- perature dependences at temperatures greater than the pre-
trons with energye, aboveAE,, for whichD,(E;)=1. The heating temperatur€,, for example,T;=110 K for depen-
currentj, through the barrieAE, is given by an expression dence? in Fig. 1,V decreases, resulting in a decrease in the
such as(4). Equating the currentg; andj,, we find the local current. However, this decrease brings the structure into
position of the Fermi quasilevély,, and for the total cur- the region of significant contribution of the uniform current
rentj, through the local regions of conduction band sag weto the total current and is therefore unimportant.
obtain the expression Looking at the total picture, we may conclude that the
proposed phenomenological model, despite its simplicity,

jlzexp( _Em J1d20 1—ex;{ — ﬂ) , (6)  Provides an adequate description of the observed phenom-
kt) jiotizo kt enon of photoelectric memory in multilayer quantum-well
wherej,, is given by Eq.(5) with D, replaced byD,. structures. L o
Tunneling of electrons with energies less thgpcan be We have not identified the nature and origin of the local
ignored since it proceeds directly from one quantum well toClusters of donor levels in the barrier layers. However, noting
another with small probabilith <D ,(0)D,(0). that the photoelectric memory effect is observed only in
The total current] through the sample is calculated as- C@AS/ALGa, _As multilayer quantum-well structures with
suming identicity of all the barriers. In this case x>0.3, we may assume that it is due to the enhanced defect
. _ content of such structures in comparison with multilayer
J=A(1-9)jot+Adj, (7)  quantum-well structures, where<0.3. In this case the local

clusters of shallow and deep donor levels can be either in-
érinsic defects of the barrier layers BxX centers formed as

a result of thermally favored silicon diffusion out of the
quantum wells via defects of the structure during its growth.

for V=V,/(N+1). HereA is the area of the sampléiis the
fraction of the area of the structure occupied by local region
with the indicated conduction band sag, ahds the number
of periods of the structure.
Curves of the theoretical temperature dependence of the
dark current(7) are shown in Fig. 1 by solid lines. We chose CONCLUSIONS
the quantitiesu,, Vs, and productsv, in such a way as to Growth of the dark current by 2—3 orders of magnitude
get the theoretical curves to coincide with the experimentain GaAs/ALGa, _,As multilayer quantum-well structures
curves1-4 [in the first term of expressiofV) we have ig- with x=0.4 has been observed after exposing them to light
nored the paramete$ since it was shown in Sec. 2.1 that (A<1.3 um). The increased current persists for an extended
6<1]. At increased temperatures the currggtpredomi- time at reduced temperatures and falls back to its initial
nates. The activation energy of the currgpt given byE value upon heating. The observed effect is explained in the
[see Eq(1)], was found, by an independent calculation fromframework of a barrier model with local conduction band sag
known parameters of multilayer quantum-well structdfe¥,  that facilitates electron tunneling. The degree of sag and the
to be equal to 0.194 eV. The electron mobility in the barriermagnitude of the current grow upon photoionization of local
wn Was taken to be equal to 1000 9V -s). clusters of uncontrolled deep levels present in the barrier and
At reduced temperatures the current of the local regionglecrease as conduction band electrons are captured by them
predominates. The magnitude of the conduction band/gag upon heating.
determines the activation energy of the local curigntand
the productdv; determines its magnitude. Taking advantage*e-mail: vnovsyuk@ispht.nsk.su; Faf383-2 35-17-71
of the coincidence of their temperature dependence in form
and magnitude, we determined the values of the quantijes !B. F. Levine, J. Appl. Phys74, R1(1993.
and 8v,. Good agreement with experiment is obtained for ?K. K. Choi, B. F. Levine, C. G. Bethea, J. Walker, and R. J. Malik, Appl.
5Mt=3><10.8 Hz andV; equal to 0.131, 0'122.’ 0'11.2’ 0.097 3gh);:S II__:\t/tlr?g Eéléflggt?{ea, G. Hasnain, V. O. Shen, E. Pelve, R. R.
V, respectively, for curvesl-4. Here N™ (in units of Abbott, and S. J. Hsieh, Appl. Phys. Lefi6, 851 (1990).
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and with sag of the conduction bardsj, . It can be seen  sx zussman, B. F. Levine, J. M. Kuo, J. de Jong, J. Appl. PRgs5101
that the experimental temperature dependence of the current1991.

193 Semiconductors 32 (2), February 1998 Ovsyuk et al. 193



’G. M. Williams, R. E. DeWames, C. W. Farley, and R. J. Anderson, Appl. *H. C. Liu, A. G. Steele, M. Buchanan, and Z. R. Wasilewski, J. Appl.
8Phys. ‘Lett.60| 1324(1992. Phys.73, 2029(1993.
L. Pfeiffer, E. F. Schubert, K. W. West, and C. W. Magee, Appl. Phys. 14| p | andau and E. M. LifshitzQuantum Mechanickn Russiad, Ch. 7,
9Lett. 58_' 2258(19931 ) Sec. 50(Nauka, Moscow, 1989[English translation of earlier edition:
H. C. Liu, Z. R. Wasilewski, M. Buchanan, and H. Chu, Appl. Phys. Lett. Quantum Mechanic&ergamon Press, Oxford, 1974

63, 761(1993. 15 i
0p, N. Brounkov, S. G. Konnikov, T. Benyattou, and G. Guillot, Phys. S. V. Meshkov, Zh. Esp. Teor. Fiz91, 2252(198§ [Sov. Phys. JETB4,

Low-Dimens. Semicond. Struct0/11, 197 (1995. 161337(198{6]-

1y, Ya. Aleshkin, B. N. Zvonkov, E. R. Lin’kova, A. V. Murel’, and Yu. S. Adachi, J. Appl. Phys58, R1(1985.
A. Romanov, Fiz. Tekh. Poluprovod®7, 931 (1993 [Semiconductors ~*'B. R. Nag and S. Mukhopadhyay, Phys. Status Solidi7B, 103(1993.
27, 504 (1993].

2p_ M. Mooney, J. Appl. Phy$7, R1(1990. Translated by Paul F. Schippnick

194 Semiconductors 32 (2), February 1998 Ovsyuk et al. 194



Depletion of the inverse electron channel at the type-Il heterojunction in the system
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Magnetotransport and the electron channel parameters are investigge@ddamAsSbp-InAs
heterojunctions as functions of the acceptor doping level of the quatef@ainAsSh

layer. An abrupt decrease in the carrier mobility with increased doping level in these
heterojunctions is observed. This decrease can be attributed to the narrowing and depletion of the
channel near the interface and strong localization of electrons in potential wells at the

interface. © 1998 American Institute of Physid$S1063-78208)01902-4

Earlier we showeti®that in singlep-GalnAsSbp-InAs The parameters of the samplesTat 77 K are listed in
heterostructures with undoped layers of the quaternary solidfable I. As can be seen from the table, the sign of the Hall
solution with isolated type-Il heterojunctions there exists atvoltage forH=1 kOe in all of the samples with acceptor
the heterojuction an electron channel with high electron modoping(Zn, Ge, Sh points to the electronic character of the
bility wy=(5—7)Xx10* cn?/(V-s). The presence of such a conductivity (the only exception is the structures with maxi-
channel in type-ll heterojunctions is connected with spatiamum Zn doping level; see samplé. This, in our opinion,
separation of the electrons and holes and their localization ihas to do with the conductivity of the electron channel lo-
self-consistent wells on both sides of the heterojunction. cated at the heteroboundary in the isolated type-ll hetero-

In the present work we consider the effect of doping ofjunction on the InAs sid.The magnitude of the Hall mo-
the solid solution by acceptor impuritié2n, Ge, Shover a  bility u,=Ryo for light doping of the solid solution
wide concentration range on the properties of the electrofisamples 2, 6, and)8naintained the same high values as in
channel in p-Ga gdng 17AS 225 78/ P-INAs  heterostruc-  the structures with undoped laygsample 1 in Table)l For
tures. We investigated the Hall coefficidRy; , the electrical heavy doping of the solid solutiofsamples 4, 7, and)%n
conductivity o, and the mobilityu,, at temperatures from 77 abrupt drop in the mobility was observed along with a strong
to 200 K in magnetic fields from 1 to 20 kOe. We found that magnetic field dependence & and .
heavy doping of thg-GalnAsSb solid solution with an ac- Figure 1 plots the dependence Rf; on the magnetic
ceptor impurity leads to a rapid decrease of the mobility infield intensity afT =77 K. It can be seen that for the samples
the electron channel, which is attributable to a narrowing ofwhose solid-solution layer was undoped or lightly doped
the electron channel and an increasing role of scattering bwith acceptorgcurvesl and2) Ry<0 and is virtually inde-
the rough surface of the heterojunction. pendent ofH; i.e., the conductivity is determined by one

type of carrier(electrong. For a high level of acceptor dop-

ing (curves4 and9) Ry is observed to depend sharply bin
EXPERIMENTAL RESULTS up to change of sign of the Hall voltage. Such a dependence

is characteristic of a conductivity due to two types of current

The p-GalnAsSbp-InAs heterostructures were prepared carrier of different sign: In a weak field in this case the
by liquid-phase epitaxy at=600 °C. Epitaxial layers of the highly mobile electrons concentrated on the heteroboundary
solid solution p-Ga gdng17ASy .Sk 7s (Eg=0.63 eV at  play the dominant role, while in a strong field the hole con-
T=77 K) with different levels of doping with acceptor im- ductivity of the solid solution becomes noticeable. Of course,
puriies  (3X10 3<Zn=<1.2x10 ?at. %, 2.410 3 the conductivity of the solid-solution layer increases with
<Ge<2.7X10 2at. %, 4.5¢10 2<Sn<10 'at.% were growth of its acceptor doping level. In the sample with maxi-
grown on high-resistange-type InAs substrates with param- mum Zn conten{curve5) the sign of the Hall voltage cor-
eters (at 77 K 0=020"tcml, p=10%cm 2 responds to p-type conductivity in all magnetic fields. In
(E4=0.4 eV). The thickness of the layers was roughly 2this sample the Hall coefficient was found to remain constant
pm. Six indium contacts were deposited on samples of rectfor H>10 kOe. It may be assumed that the Hall coefficient
angular shape on the surface of the solid solution. At currents this field region completely reflects the properties of the
<100 uA, where Ohm’'s law applies, the voltage drop doped solid solutiopp-GalnAsShb, while the electron channel
across potential probeg, and the Hall voltagev,, were is manifested only in the decrease of the magnitude,ofor
measured in the temperature interval 77—-200akove 200 H<10 kOe.

K the substrate conductivity becomes noticealite mag- Let us consider the temperature dependenc®&pffor
netic fieldsH=1-20 kOe. From these data we calculatedsamples with different doping levels of the solid solution
the electrical conductivityr, the Hall coefficienR,, per unit ~ shown in Figs. 2 and 3. In sample(Big. 2, curvea), with
area, and the Hall mobility.y =Ry 0. lightly doped solid-solution layer, the Hall coefficieRy
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TABLE |. Parameters op-GalnAsSbp-InAs samples alT =77 K.

Impurity in solid solution Type of conductivity o 16 01 uy=Ryo, cn?/(V-s)
Sample No. type amount, at. % from the Hall voltage H=1kOe H=1 kOe H=20 kOe
1 - - n 9.6 —57000 —45000
2 Zn 3x10°° n 8.8 —49000 —35000
3 Zn 4x10°3 n 9 — 24400 —18000
4 Zn 8x10°3 n 10 —3500 +180
5 Zn 1.2<10°2 p 13 +20 +80
6 Ge 2.5¢10°3 n 10 —35000 —11000
7 Ge 2.75 10?2 n 14 —2800 +100
8 Sn 4.6<10°2 n 9 —55000 —42400
9 Sn 101 n 4.8 —11700 —480

falls gradually with increasing temperature in magnetic fieldsmainly by the electrons in the two-dimensional chahasla
in the range 1-20 kOe. In sample(Big. 2, curvest) with  function of the Zn concentration in the solid solution. It can
heavily doped solid-solution layeR,, is observed to in- be seen that the mobility in sample heterostructures with
crease with increasing temperature. This increase intensifidightly doped layers of solid solution (Za4x10 2 at. %) at
with increasing magnetic field intensity, while in strong mag-T=77 and 200 K(curvesl and?2) has the same high values
netic fields H=20 kOe) the Hall voltage changes sign at uy=(3-5)x 10" cn?/(V-9) as in the samples with undoped
T=130 K as the dominant current carrier changes over fronfayers. At heavy doping levels (Zmx10~2 at. %) the Hall
holes to electrons. In sampeg(Fig. 3), with the most heavily mobility in the channel falls abruptly both @t=77 K (curve
doped epitaxial layer, this change of sign was observed in all) and T=200 K (curve 2). The dependence qgi,, on the
magnetic fields, and it took place at lower valuesTaivith impurity concentration inp-GalnAsShp-InAs heterostruc-
decreasing value of the magnetic fi¢ld This indicates that
the contribution of the electrons to the total conductivity of
the structure increases as the temperature is raised. The tem-
perature dependence of the Hall mobility for these samples O\N\Q\
was similar to that of the resistan&&T). , 1+20
Figure 4 plots the Hall mobilityxy in a weak magnetic 10%}
field H=1 kOe(where the Hall coefficien®, is determined
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FIG. 1. The Hall coefficieniR, plotted as a function of magnetic field FIG. 2. The Hall coefficienR, as a function of temperature for different
intensity H in p-GalnAsSbp-InAs heterostructures at temperatuiigsK: magnetic field intensities for two samples from Table I: a—sample 2, b—
a—77, b—200. The numbers on the curves correspond to the numbers of tlmple 4. The solid and dashed curves have the same meaning as in Fig. 1.
samples in Table |. Solid curvesRgr<0, dashed curvesRy>0. The numbers beside the curves are the magnetic field intensity in kOe.
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FIG. 3. The Hall coefficienR, as a function of temperature for sample 5
for the magnetic field intensitiedn kOe) indicated beside the curves. The
solid and dashed curves have the same meaning as in Fig. 1.

100

solid solution hadp-type conductivity. The hole concentra-
tion and mobility at T=77 K in such layers were
p;= 10" cm2andu,=2000 cn?/(V-s). When these layers
were doped with acceptor impurities, the hole concentration
grew, the mobility decreased smoothly and at the concentra-
tion p>10' cm~3, at which degeneracy of the hole gas set
in, the mobility became nearly constapt; =200 cnf/(V -s).

An important result here is that the abrupt drop of the mo-
bility wy in p-GalnAsSbp-InAs heterostructures is ob-
served at precisely those concentrations of the Zn impurity at
which degeneracy of the hole gas sets in inph@alnAsSb
solid solutions and the mobility no longer depends on the
doping level.

DISCUSSION

The experimental dependence of the Hall coefficiegt
and mobility uy on the temperature and magnetic field in
p-GalnAsSbp-InAs heterostructures shows that the proper-
ties of the electron channel at the heterojunction depends on
the doping level of the solid solution, i.e., the position of the
Fermi level in the solid solution.

In samples with lightly doped epitaxial layers, in which
the Fermi level is located in the band gédar from the het-
erointerfacg the quantitiesR, and u,, as we saw earlier,
are determined by one type of charge carrier—electrons in
the channel at the heterojunction. The electron mobility in
the channel for light doping of the solid solution maintains
high values uy=(3—6)x10* cn?/(V-s) down to liquid-

tures obtained here differs substantially from the analogoubelium temperaturesyhich is characteristic of the semime-

dependence we obtained eaflitar an epitaxial layer of the
solid solution Ga ,In,As; ,Sh, with x=0.1-0.2 and

tallic state.
For high doping levels of the solid solution, for which

y=0.2, grown on a GaSb substrate. The undoped layers dhe Fermi level is located in the valence band of the epitaxial
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FIG. 4. The Hall mobilityx for H=1 kOe as a function of zinc doping
level of the solid solution1,2—for p-GalnAsSbp-InAs heterostructures;
3—for the solid solutiorp-GalnAsSh. Temperaturg, K: 1,3—77,2—200.
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layer (far from the heterojunctionthe temperature and mag-
netic field dependence &, and u indicate that both the
electrons in the channel at the heterointerface and the holes
in the solid solution participate in the conductivity, and also
that the role of the electrons in the channel grows with in-
crease of the temperature. The measured valud®,oand

My in all the samples with heavy doping of the solid solution
in weak magnetic fieldsH{<1-2 kOe) are described by the
formulas for the two-layer mod&With different signs of the
charge carriers in the layers:

Ry =(Ry0%b;— Ry03b,)/ b, (1)

= (uinibs— u3paby)/ab, )

whereb is the total thickness, the subscript 2 corresponds to
the epitaxial layer, and the subscript 1 corresponds to the
electron channel at the heteroboundary.

The contribution of the epitaxial layéthe term,u§p2b2
in Eg. (2)] to the total measured mobilityuy in
p-GalnAsSbp-InAs heterostructures for heavy doping of
the epitaxial layer should remain practically the same as in
the samples with undoped layers since, as was noted above,
an increase in the hole concentration by two orders of mag-
nitude is accompanied by a simultaneous decrease in the mo-
bility by one order of magnitude. This gives us grounds to
assert that the abrupt decrease of the measured mobility in
the samples with heavily doped epitaxial layers is due not to
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TABLE Il. Parameters of the solid solution and electron channel.

Solid solution Electron channel
E,—Egr, meV w1, cnP/(V-s) Ng, 10" cm™ d, A
Sample No. p,, 108 cm™3 o, CP/(V-S) 77K 200K 77K 200K 77K 200K 77K
2 0.1 2000 —14 -60 50000 40000 1 - 400
4 2 200 +16 -5 35000 5000 13 6.4 110
5 6 80 +23 +16 - 1000 - 80 -

greater influence of the epitaxial layer but to a decrease isible to determine the width of the electron chandidtom
the mobility in the electron channel, which may be due to athe formula
narrowing of the electron channel and the appearance of ad-
ditional scattering mechanisms. 3
Estimate of the solid solution and electron channel pa- d=“
rameters The temperature and magnetic field dependence of
the Hall coefficient and mobility allow us to estimate the
parameters of the solid solution and the electron channel athere N* = Nge,+ N (Ngepi is the residual impurity con-
the heterojunctioriTable 1). These estimates were made for centration in the depleted layeand ag is the Bohr radius.
heavily doped samples 4 and$e Table )l using the two- Values ofd so obtained are shown in Table II.
layer model, which takes account of contributions to the con-  The same calculation was performed for sample 4 with
ductivity of the electron channel and the quaternary solidower doping level,p,=2x10"® cm™3. For this hole con-
solution. centration the Fermi level B,—Ex=0.016 eV afT=77 K.
In sample 5 with heaviest doping of the epitaxial layer Change of sign of the Hall voltage is observed in this sample
the hole concentration in the solid solution can be estimatednly in strong fields =20 kOe) atT=130 K, while in a
from the values of the Hall coefficient in strong magneticweak field H=1 kOe) the measured mobility reflected
fields (H=20 kOe) atT=77 K (Fig. 1). For layer thickness the electron mobility in the channel at all temperatures.
b,=2 um the hole concentratiop,=6x10*® cm 3. Here = Knowing the values of the electron mobility and assuming
the Hall mobility ;=80 cnf/(V -s) reflects the hole mobil- thatp, andu, are independent of temperature, it is possible
ity in the solid solution. For the hole concentration to estimate the two-dimensional concentratidg and the
p,=6x 10 cm3 the solid solution is strongly degenerate, width of the electron channel at all temperatutsse Table
the Fermi level is located in the valence band, and its posiH).
tion atT=77 K corresponds t&,— E-=0.023 eV. For this For samples with undoped and weakly doped epitaxial
position of the Fermi level the electron channel at the hetlayers of p-GalnAsSb we estimated the parameters of the
erojunction is hardly noticeable. Its influence shows up onlyelectron channel in our previous pap&éom measurements
in a decrease of the Hall coefficient in weak fieldsof the Shubnikov—de Haas oscillations at low temperatures:
(H<10 kOe; see Fig. )1 As the temperature is increased, the two-dimensional carrier concentration
the Fermi level rises to the top of the valence band and th&l;=1.0x 10" cm 2 and width of the electron channel
degree of degeneracy of the hole gas decreases. Under these 400 A (sample 2 in Table )l
conditions, a change in sign of the Hall voltage is observed From the obtained data it follows that in
in the temperature dependenceRy (see Fig. 3, i.e., the p-GalnAsSbp-InAs structures with heavy doping of the ep-
electrons in the electron channel begin to play a major roleitaxial layer the electron concentration in the channel grows
which increases with increasing temperature and decreasirand this growth is accompanied by a narrowing of the chan-
magnetic field. At T=200 K, when the Fermi level neland an abrupt decrease of the mobility. The mobility
E,—Er=0.016 eV, the dependen&H) (Fig. 1) becomes in the electron channel decreasesl\lg‘so'5 (see Fig. 5, solid
the same as in more lightly doped sample &at77 K. At line) andd? (dashed ling Analogous results were obtained
the inversion point of the Hall coefficie®®,=0, according in Refs. 8—10, which investigated type-Il superlattices with
to Egs.(1) and(2) the contributions of the electron channel isolated bandsbroken gap with quantum wells of different
and the solid solution are equal; i.e)u,fplbf,u%nzbz. widths. Such an abrupt fall of the mobility in superlattices
From this condition, assuming that the concentration andvith thin layers was explained by the appearance of scatter-
mobility in the epitaxial layer(Table 1) in the case of de- ing by potential fluctuations and roughness of the heter-
generacy remain nearly constant with increasing temperasboundaries. A transition was observed here from the semi-
ture, and that the mobility,; for H=1 kOe reflects the mo- metallic to the semiconducting state.
bility in the electron channe{w,=1000 cn¥/(V-9)), it is The abrupt decrease of the mobility at high doping levels
possible to estimate the two-dimensional carrier concentrasf the solid solution in thg-GalnAsSbp-InAs heterostruc-
tion in the electron chann®lg=n;b;=8x10? cm 2. Em- tures investigated by us may also be linked with a narrowing
ploying concepts of the two-dimensional modét,is pos-  of the electron channel and the appearance of the additional

2 1/3
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d A mum of the valence band of the solid solution. A break is
k] . .
5 50 100 400 formed between the valence band of the solid solution and
10 7 ' the InAs conduction band. This break is estimated to be
A=x,—x1—Eg1=70 meV (in the solid solution the elec-
tron affinity y;=4.2eV, E;=0.63eV, and in InAs
X2=4.9 eV, E;,=0.41 eV atT=77 K). When these two
semiconductors are brought together, electrons overflow out
of the valence band of the solid solution into the InAs con-
duction band and bends are formed in the bands at the het-
erojunction. Potential wells for the electrons and holes are
formed in this case on both sides of the heterojunction. The
Fermi level of the structure intersects the heteroboundary
inside the band discontinuity and divides it in proportion to
the ratio of the effective masses of the holes in the solid
solution and the electrons in the InAs layer. If the solid so-
I 107 5 107 !ution is undoped or weakly_ dope(_j with acc_eptor impurities,
Ny , cm-2 i.e.,p<10'” cm 3, the Fermi level is located in the band gap
of the solid solution. An electron channel of depth
FIG. 5. The electron mobilitys,; in the channel plotted as a function of the A =60 meV and widthd=400 A is formed at the hetero-
two-dimensional electron concentratidfy . The dashed line plots the de- ; ; ; ; ; e ; _
pendence of the mobilitye; on the width of the electron channel junction ('.:.Ig' .63 with Sem.lm.(atalllc. pro_pgrtles. a hlgh elec
tron mobility is observed in it, which is independent of the
temperaturé.

mechanisms of scattering by potential fluctuations and . 1':(())12 Cgﬁi“’{hedggﬁ Iesfel itsh?ouig“i?w tﬁ:'\t’g% I;,cemkl)gir(]j
roughness of the heterojunction. P '

Comparison with the band diagram of the heterojunc-Of the solid solution, the magnitude of the discontinuity at

on Th resuscotaned agree wih th energy digram cf ® PESUNCIET s presened: and e Fen level 1 e
an isolated type-ll heterojunction, shown in Fig. 6. In ' 9

p-GalnAsSbp-InAs heterostructures the minimum of the go_n (_F'g' (?&b) -Ic—it]:ie ch?nnel narrows tho a width of )
conduction band is located lower in energy than the maxi- =50-150 A. .A |t|ona. scattering mechanisms appear:
from the potential fluctuations and from the roughness of the
heterojunction. As the temperature is raised, the Fermi level
in the solid solution rises to the top of the valence band, and
following it the Fermi level rises in the electron channel. As
a result, the width of the channel at the Fermi level increases

as does the electron mobility in (see Table I\

P-Gops Iy ASy 2258y P~ INAS
a

630 CONCLUSIONS
Thus, the properties of the electron channel in

p-Ga gdNg.17ASy 255k 78/ P-INAs structures for different lev-

els of doping of the solid solution with acceptor impurities
depends substantially on the position in it of the Fermi level:
in a lightly doped solid solution, there is an electron channel
with a high electron mobility and semimetallic properties;
heavy doping of the solid solution leads to an abrupt de-
b crease of the mobility, which is associated with a narrowing
of the electron channel and with the appearance of additional
scattering mechanisms at the potential fluctuations and at the
irregularities of the heterojunction.
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Interband absorption of long-wavelength radiation in o-doped superlattices based
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A new type of superlattice formed in a single-crystal nondegenerate, wide-gap semiconductor by
a sequence of pairs of closely spacéejoped donor and acceptor layers is proposed. It is

shown that because of the superstrong electric fields generated between-ttogsed layers, the
electroabsorption of long-wavelength radiation is determined by tunneling optical transitions

of electrons from the heavy-hole bafid contrast to the case of moderately strong fields when the
electroabsorption is determined by light hgleBhe magnitude of the electroabsorption is

close to the interband absorption for light and is virtually independent of the photon energy up to
the far-infrared region. It was found that in the proposed InSbh-based superlattice the

absorption in superstrong fields can exceedl d@ * up to radiation wavelengths approximately
equal to 50—10Q«m. It is noted that because of the spatial separation of the photogenerated
electrons and holes, their lifetime and the long-wavelength sensitivity of such a superlattice have
giant values. ©1998 American Institute of Physids$1063-78208)02002-X

1. INTRODUCTION result of spatial separation of the photogenerated electrons
and holes. However, long-wavelength IR radiation is ab-
One of the most pressing problems of photoelectronics isorbed weakly in classical doped superlattices based on
the production, on the basis of wide-gap semiconductors, ofiide-gap semiconductof8-2 This stems from the fact that
photodetectors and large-format staring arrays for middlehe absorption of such IR radiation is determined by the
and far infrared(IR) radiation. A promising direction in the Franz—Keldysh effeé?*°in the space-charge regions of the
solution of this problem is the development of IR photode-p—n junctions, where the maximum electric field intensity is
tectors based on different types of quantum wells and supetimited by a value of the order of 20//cm. Stronger electric
lattice and, first and foremost, quantum-well GaAs/AlGaAsfields can in principle be produced m-n junctions by in-
(Ref. 1 and Si/SiGe(Ref. 2 heterostructures. The progress creasing the dopant density, but then the tunneling current of
achieved in semiconductor technology in recent years hathe p—n junctions increases and therefore the effective
made it possible to produce the so-calleftdoped nonequilibrium-carrier lifetime in such superlattices and the
structures, which D¢hler proposed and studied theoretically photosensitivity of IR photodetectors based on them decrease
back in the 19708° During growth of such structures sharply.
5-doped regions with dopant density of the order of®10 In the present paper we examine a new typ&-afoped
cm 3 and thickness of the order of one period of the crystalsuperlattice based on single-crystal wide-gap semiconduc-
lattice are produced in a single-crystal semicondutfdsn-  tors, which possesses a high photosensitivity in the long-
til now, &-dopedp—n junctions and multilayer superlattices wavelength IR range and which does not have the above-
have been produced on the basis of different semiconductorapted drawbacks inherent in previously proposed different
including Si/® GaAs> '3 and InSbt*~1" In particular, saw- quantum and classical superlattices.
tooth 5-doped quantum-well superlattices, in which the ab-
sorption of long-wavelength radiation is determined by tran-
sitions between minibands formed in the sawtooth potentia
well of such structures, have been developed on the basis of The proposed superlattice consists of pairwise alternat-
Si, GaAs, and InSB>'* However, photodetectors based oning 5-doped donor- and acceptor-type layers, grown in a
guantum-well structures possess two substantial drawbackendegenerate single-crystalline semiconductor. For defi-
— radiation incident in a direction along the normal is ab-niteness, we assume that a nondegenguatgpe semicon-
sorbed weakly®°181%nd the photocarrier lifetime and the ductor with acceptor densitjN, is present between the
photosensitivity are extremely smaft?! S-doped acceptor layers and a nondegenenatygpe semi-
Classical doped superlattices of the-i—p—i type, conductor with donor densiti, is present in other regions
which were proposed at the beginning of the 1980s and studf the lattice. A period. of the superlattice consists of two
ied theoretically by Neustroev and Osipov, do not have thespairs of 5-doped acceptor- and donor-type lay€Figs. 13,
drawback$?=?° In such superlattices, the photocarrier life- and the energy diagram of one period of the superlattice has
time and the photosensitivity can reach enormous values asthe form shown in Fig. 1b.

. SUPERLATTICE STRUCTURE
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a 10, Ga 61 superlattice foN4< 10 cm™3 andN,<10'® cm™3 because
Na Ne r of the smallness of the thicknesdgsandl 4. (Estimates for
L_Ne | i Nz I, andly are presented belo.
. S l,,g" la | 6¢L S, In tf;le present (sjuperlattri]ce the absorpIJ(;ionhof fpfhotons Evith
g energyfiw<E, is due to the Franz—Keldysh effect in the
: r—.: I 0 regions of a gtrong electric field. We underscore that the
] electric field in layers of the superlattice with thickndgs

(Fig. 1) is uniform and its intensity can be more than an
order of magnitude higher than the maximum intensity of the
field of a nondegeneratg—n junction and can reach
enormous magnitudesEE10° Viem with o=10"% cm™3
ande =15).

3. CHARACTERISTIC FEATURES OF IR ABSORPTION IN
REGIONS OF A SUPERSTRONG ELECTRIC FIELD

The general expression for the IR absorptignin semi-
conductors with a parabolic dispersion law in a constant
electric field has the forfi—33

FIG. 1. Structure of a-doped superlatticea — doping profile b — band ag=mR \/hwEf Ai2(x)dx, (D)
diagram. The heavy linetb) show the indirect(in real spacginterband B

optical transitions accompanying absorption of a photon with energy ~

fw<Eg. The notation used in the figure is explained in the text. where R= (2,u/ﬁ2)3’2(2q2P§V)/(m20 Nw), wg=(qE) 213

(2uh)*3, B=(Ey—tiw)/(fiwg),n is the refractive index of
the semiconductor, AK) is an Airy function,P, is an in-
Let us now discuss the requirements for the parametengrband matrix element of the momentum operatois the
of such a superlattice, first and foremost the surface densitiespeed of light in vacuumm is the electron massy, is the
o4 and o, of impurity atoms in thes-doped donor and ac- effective electron massn, is the effective hole mass, and
ceptor layers, as well as for the distandgs |4, andl,q ,u‘lzmc‘1+ m;l is the reduced effective mass.
between these layer$ig. 1). For simplicity, we shall as- We emphasize that expressiéh was derived for the
sume thato,=oy4= o and thatl 4 is small. Then, all elec- case of an extended uniform semiconductor, and that it holds
trons will move from the donor atoms in thedoped layers for relatively weak electric fields which change only slightly
to the acceptor atoms in neighboridgdoped layers and all the energy spectra of the electrons and holes in the semicon-
donor- and acceptor-typé-doped layers will consist of a ductor. In superstrong electric fields the probability of direct
sequence of oppositely charged planes with built-in surfaceunneling transitions increases sharply. As a result, the elec-
charge density+ qo and —qo (q is the electron charge tron and hole states mix strongly and for this reagbnis
respectively. As a result, a constant electric fieldinapplicable for extended semiconductors. A different situa-
E=4mqo/e, wheree is the permittivity of the semiconduc- tion materializes in our case: It is evident from Fig. 1b that in
tor, arises between each pair &doped donor and acceptor contrast to the case of an extended uniform semiconductor,
layers (oppositely charged planeswWhenqEl,q=qV,<E, direct tunneling transitions are impossible in our superlattice
(Eq is the band gap in the semiconductor, avig is the  and therefore for such a superlattice the expresdipoan be
potential difference between the oppositely chargetbped  used for arbitrarily strong electric fields provided that the
layerg, direct tunneling transitions between the conductionthicknesses, andl are so large that the energy spectrum of
and valence bands will not occur in the superlattice undethe electrons and holes in the corresponding potential wells
study. Letl,4 and the densitiedl, and Ny also satisfy the can be regarded as quasicontinugsse below It is also
conditionqEl,q=qVy=F,—F,<Egy, whereF, andF, are  evident from Fig. 1b that the absorption of radiation wita
the Fermi levels in the- and p-type semiconductors with <Eg4 can occur only in a portion of the strong-field layer in
donor densityNy and acceptor densitiN,, respectively. the superlattice. The thickness of this absorbing region is
When the above conditions are satisfied, there will be nd.4=(%w—Ey+qV,)/qE<Il,q. Hence it follows that the
space-charge regions in the and p-type layers and the absorption of long-wavelength radiation in the strong-field
band diagram of the superlattice will have the form shown inlayer of the superlattice is
Fig. 1b. We note that the latter is valid for much weaker
requirements foNy andN,, which should not be too high.
These requirements essentially reduce to the conditionshereag is given by Eq.(1), andqV,=4mq%0l 44/ ¢.
l¢<Lpn andl,<Lp,, whereLp, and L, are the Debye In most direct-gap IlI-V semiconductors the interband
screening lengths for electrons and holes inrthandp-type  matrix elementsP., of the momentum operator for optical
layers, respectively, since in this case the change in the pdransitions from light- and heavy-hole bands are equal to one
tential in then- and p-type regions is small and can be ne- another* and the light- and heavy-hole effective masses are
glected. We note that these conditions hold for our InSksubstantially different ify,,>m,,). Therefore,u=m.2 for

a=aE|eﬁ/|ad= aE(ﬁw—Eg-i—qu)/qu, (2)
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optical transitions from the light-hole band apd=m, for 104
optical transitions from the heavy-hole band. It is known that
the absorption of a photon withw<E, in weak electric
fields is determined by tunneling of electrons and light holes,
and the corresponding absorption is exponentially small
compared with the interband absorptidri®3At the same
time, in the absence of an electric field the interband absorp-
tion of radiation is determined mainly by transitions of elec-
trons from the heavy-hole band as a result of the high density
of states of this bandf: For the same reason, in our superlat-
tice the absorption of long-wavelength photons wit
<Eg in regions of superstrong electric fields is determined
not by light holes but rather by heavy holes.

To prove this point, we shall examine superstrong elec-
tric fields, for which the condition 11

5 10 15 20 25
E>(ah) "X (2u) YA Eg— )32 3 A, pm

holds in thin regions of thicknedg, for the light and heavy FIG. 2. Spectral dependence of the IR absorption in regions of a superstrong
holes, even fofiw=Ey4/2. As an example, we present the electric field in as-doped InSb superlattice: Solid curves — optical transi-
superlattice parameters, for which the inequaly can be tions of electrons from a heavy-hole band; dashed curves — from a
assumed to hold for heavy holes in InSb with=0.223 ey,  lighthole band. 1 — 0=5%10% cm? 1,,=33 A 2 —
which corresponds td =77 K. It is easy to show that for ¢~ 107 ¢m * la=165 A.
0=5%x10 cm ? the intensity of the built-in field
E=5x10" V/cm, 8<0.5 for A\<10 um, and the condition
qVp=<E,4 holds forl,4<40 A. The condition(3) signifies different effective band gap. The calculations show that the
that <1 and the overlap integral of the envelopes of theabsorption is indeed determined by optical transitions of
electron and hole wave functions in E@) is virtually iden-  electrons from the heavy-hole band into the conduction band,
tical for light and heavy holes. The overlap integral is and that it remains large enough right upe 25 wm and
JoAIZ(x)dx=3Y1T2(2/3)/47, whereT'(x) is the gamma even up to\ =100 xm, depending on the superlattice param-
function. In this case we obtain the following expressioneters. It is also seen from Fig. 3 that changing the thickness
from Egs.(1) and(2): l.q by 7 A, i.e., by an amount of the order of the lattice
constant in InSb, shifts the long-wavelength absorption edge

a=3UTA2IRVAwe(ho—EgtqVy)AmaVy.  (4) (Aeo) from 25 to 100um. At the same time, for such a

Since, according to Eql), ag~ u*?, it follows from
Eqg. (4) that the absorption is indeed more than two times
greater than that for light holes. It is also evident from Eqgs.
(2) and(4) that in contrast to the case of weak electric fields,
a in the regions of superstrong electric fields in our super-
lattice, where the conditio3) holds, is close to the inter-
band absorption and is virtually independent of the photon
energy up tdhw=Eg—qV,, where it vanishes.

Radiation withAiw<Ey—qV, is not observed, and the
quantityEq—qV,, plays the role of an effective optical band
gap in our superlattice. We emphasize tBgt-qV,, can be
made as small as desired by varying the superlattice param-
eters. In another words, far-IR radiation can be absorbed in
the superlattice sufficiently strongly up to wavelengths of
approximately 50—10@.m.

These results are confirmed by numerical calculations
which we performed using the general form# for InSb e L
with Eq=0.223 eV(Figs. 2 and B Figure 2 shows the spec- 5 15 25 35 "i 5 m“ 75 85 95
tral dependence of the absorption in the strong-field region J o
(with thicknessl,q) for optical transitions from the heavy- FIG. 3. Spectral dependence of the IR absorption of optical transitions of
and light-hole bands in superlattices with the same effectiveiectrons from a heavy-hole band ddoped InSb superlattices: The solid
band gap but different built-in charge densities in thecurves determine the absorption in the regions of a superstrong electric field,
5-doped layers. Figure 3 shows the spectral dependence B @ (?alculated according to Ed2); Fhe dashed curves determin}(:e\ the
the absorption for far-IR radiation determined by opticfalibjigp;'%rjcf::goa'\{ffiflg\(’)e;:q;pgr'l(:iZfotr/;"Iiipggstgﬂ‘:i:zgg A
transitions from the heavy-hole band for superlattices withy —50 um; 3 — 1,=42 A 1,=233 A, 1,,=33 A, A=25 um.
the same built-in charge density in tl#edoped layers but o=5x102cm 2.

S, L \,
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change in the thicknedgy the absorption coefficient for IR Egs.(4) and(7) that the long-wavelength absorption coeffi-
radiation in the wavelength range<15 um remains prac- cient averaged over a period of the superlattice is approxi-
tically unchanged. mately

As we have already mentioned, the derivation of &g.
assumed that the dispersion law was parabolic for both elec-  “¢ff™ 3VA(21YRVh we(hw—EqtaVp)/2mqEly. ®
trons and holes. However, in InSb-type semiconductors the
dispersion law for electrons and light holes is substantially ~\We see from Eq(8) that the effective IR absorption
different from a parabolic law. Specifically, in semiconduc- coefficient in the superlattice is much smaller thanHow-
tors with a Kane dispersion law the effective electron andeVer, its value remains high in a wide range of wavelengths
light-hole masses depend on the enetgyf the electrons Up to 50—10Qum (Fig. 3. This property is clearly an advan-
and holes and doubles &t=Ey/2 (Ref. 33. However, this tage of the above-proposed superlattice for use in photode-
fact cannot change the basic results, since by assumption factors for IR spectrophotometers.
superstrong electric fields the conditié®) holds even for
heavy holes, whose mass,;>m,, m; for Z<E,. 5. CONCLUSIONS

We note that the superlattice studied above will have
4, EFFECTIVE IR ABSORPTION IN THE SUPERLATTICE long photocarrier lifetimes and superhigh photosensitivity up

We shall now formulate the requirements for the thick—t0 the far-IR range. The photoelectrons and phptoholes pro-
. .~ duced when IR radiation is absorbed in the regions between
nessedy and |, of the quasineutral layers. These require-

ments follow from the condition that the energy spectrum 01‘0p|oOSIter charged-doped layers will be pulled apart by the

: . Jield into the potential wells of thea- and p-type layers,

electrons and heavy holes in the potential wells correspond- . : . .
) . . respectively, in a manner similar to the way this process
ing to these layers be quasicontinuous.|pandl, decrease, . : Q&5
the electron and hole energy levels are displaced from thac o> " classical doped superlattices.” As a result of

. 9y dispiac ﬁweir spatial separation, the lifetime of the photocarriers can
corresponding wells and the red absorption limit of the Su_be several orders of magnitude longer than the volume life-
perlattice shifts into a shorter-wavelength region. The energ

: . ime in n- and p-type semiconductors. Estimates show that
spectrum of the electrons and holes in the potential wells “@he effective lifetime in the InSb-based superlattice can be of
be regarded as quasicontinuous when the energy &§ap

between the lowest energy level and the bottom of the cort-he order of 10Qus. The superlattice which we have studied

responding potential well does not exce®g-qV,, (the ef- therefore has a promising future for use as a photosensitive

: . . S element in a focal IR array.
fective optical band gap in the superlatliceSince |,, . . .
. L This superlattice also holds promise as a source of long-
[4>1,4, we can assume that to a first approximation the

potential wells of the superlattice are square wells. Thenwavelength IR radiation, which is generated in it as a result

assumingsZ=E,—qV,, we find thatl, and|, must satisfy of !ndlrect (in real spac_)amtt_arband optlcal transmons,_ln
) 9 g which all §-dopedp—n junctions forming the superlattice
approximately the inequalities

are biased in the forward direction.
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Lateral traveling wave as a type of transient process in a resonant-tunneling structure
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The temporal evolution of an initially laterally nonuniform state of resonant-tunneling structure is
investigated. It is shown that a transition of the electronic system from one stable state into
another is possible in the region of vertical voltages at which a hysteresis loop is observed in the
current-voltage characteristic of the structure. In this case the transient process is realized in

the form of a traveling wave, where one stable phase is absorbed by another. The velocity of this
wave is determined. It is shown that there exists a voltage at which the velocity equals zero

and stable coexistence of two phases is possible.1998 American Institute of Physics.
[S1063-782608)02102-4

1. INTRODUCTION vestigation of the conditions under which the two pha&es
and B arise simultaneously in a real structure falls outside
the scope of the present paper and can be a subject of a
eparate investigation.

Since resonant-tunneling structur€RTSg were first
proposed and obtained experimentaffythey have been un-
der constant investigation by theorists and experimentalist§, . :
first, because of their wide potential technical application The structure of this paper is as follows. In Sec. 2 a

s .y . T
and, second, because of the physical effects that appear. ﬂ?scrlpnon of the model is given and the approximations

connection with the possible application of RTSs as Iogicqnder wh|_ch the problem 'S.SONed are indicated. An equa-
jion describing the propagation of a lateral wave of electron

elements in digital computers, the question of the internad o in th ion bet the barri . tod. |
bistability in such devices is of great interésf.This effect, ~9€NSIY In the region between the barriers IS presented. In
ec. 3 a solution of the problem is presented in the high-

which is associated with electron accumulation in the regio S . . .
emperature limit and in Sec. 4 the problem is solved in the

between the potential barriers, leads to a current-voltag ' twre limit. B f thei lexit f
characteristi¢lVC) with a hysteresis loop. The general form ow-temperature imit. because of their complexity, Some o
fthe terms in the basic equation are determined in the Appen-

of such an IVC is shown in Fig. 1, where the high values o
the current in the statd are due to the high electron density IX.
in the interbarrier region of the RTS. In the other stable state
of the system — statB, there are no electrons in the region
between the barriers.

In the present paper the dynamical characteristics of At present, the electron density in two-dimensional sys-
RTSs with a transition from statd into stateB (or the tems(including also in a lateral direction in quantum wells
opposite transitionare determined in the case where theis now often determined on the basis of classical mdt@ls.
RTS is initially in a nonuniform state in the lateral direction: In Ref. 8, collective excitations of a two-dimensional elec-
Part of the structure is in the stadeand part is in the stat®.  tronic system with quantum antidots were investigated on the
The vertical voltage in this case is assumed to be constantbasis of classical electrodynamics neglecting nonlocal effects
in the entire device and remains constant in time. and retardation. In Ref. 9 the flow of electrons between two

In principle, such a state can be realized, for example, aadjacent quantum wells and the associated change in the lat-
follows. The voltage on the heterostructure is usually detereral current in each well were likewise investigated in a clas-
mined by the potential difference between the substrate ansical theory. In the present paper the lateral flux density will
the clamping contactLet us assume that two clamping con- likewise be described in a classidaiffusion-drift) approxi-
tacts, instead one over, is present on the struckice 2). If mation, and the electron flow in the vertical direction will be
a potential difference is briefly produced on the contacts saletermined from the Schdinger equation.
that the vertical voltage in the region of the first contact is ~ The resonant-tunneling structure consists of five layers:
less than the voltagd, at which the hysteresis region starts an emitter, an emitter barrier, a quantum well, a collector
(see Fig. 1 and the voltage in the region of the second con-barrier, and a collectaiFig. 3). We assume that the electron
tact is higher tharU, of the right-hand limit of hysteresis, distribution does not depend on the spatial variableThe
then the heterostructure in the region of the first contact willvariablesX and Y are denoted below as the vertical and
be in the staté\ and the heterostructure in the region of thelateral coordinates, respectively.
second contact will be in the staBe If the voltage on both To determine the structural parameters that most
contacts then changes to a certain valldU;<U<U,), strongly influence the transient process in a RTS and to sim-
then we obtain a situation where the two phagesnd B, plify the solution of the problem, we replace the real poten-
coexist in the presence of a constant vertical volteigen  tial well of the conduction-band bottom by the model well
the structure. Such a state can be regarded as an initial, laghown in Fig. 4. In so doing, the following approximations
erally nonuniform state of the system. A more detailed in-are made.

2. DESCRIPTION OF THE MODEL
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FIG. 3. Resonant-tunneling structute— emitter, Il — interbarrier region,
Il — collector, IV — potential barriers. The regions in which the electron
distribution is uniform in theY direction are hatched; the region with no
hatching is the transitional region.

: —
U, U, U,

Volt
aLtege 4. The are&s of the barriers is large enough so that the

FIG. 1. Current-voltage characteristic of a resonant-tunneling strudiyre. €lectron flow inX direction passes only through a narrow
— voltage of stationary coexistence of phageandB; U,, U, —limitsof  quasiresonance level. For this reason the characteristic
the hysteresis region. lengths of the front of the transient process in the lateral

1. The real potential barriers, which have a finite width E
and heightU,, in the RTS are replaced by barriers in the
form of S-functions. The integral of the barriers over the
vertical variableX is S=Uya, which adequately describes )\
the case of high and narrow barriéPsA similar substitution S&(X) S8(X-L)
is valid in the case where the enerByand wave numbek
of the electrons satisfy the conditioBs<U, andka>1.

2. The potential is assumed to be constant in the region
of the contacts | and ll{see Fig. 3

3. It is assumed that the potential in the region Il be- 1 b ur
tween the barriers does not depend on the coordidaed
is determined by the external applied voltdgeand the self-
consistent Coulomb potential of the electrons in this region.

£
T =2~
X Contact 1 Contact 2 A
U<, U>U, 0 L X
-u/2+ 5{1
J vf-——-
pa E,
1
|4 V="

Substrate

FIG. 4. Potential well of the conduction band bottom of the RXS+—
position of the quasiresonance leviel,— electron Fermi level in the emit-
FIG. 2. Fragment of the substrate with the resonant-tunneling structure. ter, U — applied voltagelL. — width of the interbarrier region.
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directionY between regions with phas@sandB (see Fig. 3
are much larger than the electron mean free path in this di
rection.

If the length of the front of the transient process in the
direction is sufficiently long, the electron density can be de-
scribed in the diffusion approximation

|

where P(Y,t) is the electron density in the welD is the
diffusion in theY direction,t is the time,T is the tempera-
ture, F(P) is the intensity of the electron flow through the
barrier into the well in theX direction, and¢(Y) is the
potential well of the conduction band bottom in the region of
the well.

The possibility of describing the change in the electron
density in the lateral direction by the diffusion equatidn
arises in the case where the electron mean free path is muc
shorter than the characteristic distance over which the elec
tron density varies in this direction. The characteristic value
of the electron mean free path in GaAs can be estimatel!G. 5. F versus electron density in region l:— Exact functionF with
from the characteristic electron velocity and relaxation time’°!ta9eV=0.11 eV;2 — piecewise-linear approximation of the functign

13 . . with voltageU=0.11 eV;3 — exact functionF with voltageU=0.1167
(=10 s; see Ref. 13 and is of the order of 100 nm for eV; 4 — piecewise-linear approximation of the function with voltage
the structural parameters chosen in this paper. U=0.1167 eV.

In the case where the interbarrier distaricds much
greater than the electron mean free path, the fundtiamill
have the form of a second derivative with respect to th
variable X (transition from ballistic to diffusion regime, de-
scribed, for example, in Ref. 1land Eq.(1) will take the
form of the classical two-dimensional diffusion equation. In
the case at hand we have the opposite situation, and the
electron flux through the barrier is described by a quantum
problem if the variation of the electron density in the lateral3- HIGH-TEMPERATURE LIMIT
direction _is slovv_ enough_. The e_Iect.ron densiFy dependence of et us consider a temperatufie such thatap,/T<1,

F an<_j¢ in the interbarrier region is determined in the Ap- \yhere o is determined in the Appendix. In this case the
pendix. second term in E¢2) can be neglected. The equation trans-

We seek the SOIU“OP(Y{}Z) in the form of a traveling  formed in this manner can be solved analytically for a spe-
wave P(Y,t)=p(&), §=Y/D"*—Vt. Using Eq.(A4) (see  (ja form of the functionF(p). We replace the function

Appendiy, we can then write Eq(1) in the form F(p), determined by the expressidA5), by a piecewise-
linear form(see Appendix

PP D 4

IY?

d¢
Pov

T oY @

P
+R(P)=—r,

6

¥
p, 10 *nm?

heightU,=0.4 eV, and effective mass* =0.07nm,. Such
g b e
parameters can be realized with a GaAgl3d, ,As struc-
ture.

#p a d| dp ap
&—§2+ T8 Pag —va—§+|:(p)=o. 2 —ap, 0<p<(U/2—E,)/a,
_ N F(p)=1{ a[b(E;—E,+U/2 (4)
We supplement Eq2) with the boundary conditions —ap)—p] (UI2—E,) a<p
H r )
Ple=—=P1, Pleg=+2=P2, 3 where
wherep; andp, are stable, stationary, homogeneous solu- I'(p=0) \/E_rﬁ om* | ¥?
tions of Eq.(2) [F(p1), F(p2) =0]. We note that according a=—F, = 2 =4 P .

to Eq. (A5) p;=0.
Nonlinear problems of the typ€2) and (3) are well Such a substitution is often used to describe nonlinear
known in physics. They describe the propagation of nonequiwaves(see, for example, Ref. 18 We shall now assess the
librium superconducting phases, growth of magnetic do-admissability of this approximation in our case. The function
mains, combustion waves, and so(see, for example, Refs. F(p), which corresponds to the expressiohs), and the
12-15). The system(2) and (3) determines the translation- corresponding quantity, which is determined by the expres-

invariant solutionp(£) and the velocityv.

We chose for study a heterostructure with the following
parameters: Fermi enerds;=0.1 eV, width of the interbar-
rier region L=10 nm, barrier areé&5=2 nm-eV, barrier
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sion (4) for two values of the voltagll, are shown in Fig. 5.

The expressior{4) makes it possible to solve analyti-
cally the problem(2) and (3) in the high-temperature limit.
This solution is
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FIG. 7. Wave velocity versus voltagd: 1 — corresponds to the exact

FIG. 6. Structure of the wave front with voltage=0.11 eV:1 — corre-  functionF, 2 — piecewise-linear approximation of the functién

sponds to the structure of the wave front with the exact funciiorz —
piecewise-linear approximation of the functién The arrow indicates the
direction of wave propagation.

Uo —E. 4+ ab Ef
2 7" [1vab+1’
ox —V+V +4a§ £<0 In this case the RTS is in a position of neutral equilib-
X 2 ' ' rium and there is no transient process. With a departure from

p= V- V2t 4a(1t ab) the vglue_Uo, the_ velocityV becomes_ zero. Fdo>U, the
§+(X—§)9XF{ 5 g, €>0, velocity is positive and the state with a small nhumber of
electrons in the well propagates through the entire sample.
(5) For U<Uj the velocity is negative and the sample switches
where into a state characterized by the poktin Fig. 1 (the elec-
tron density in the well equals,). The voltage dependence
_ U2—E, _ b(E;—E,+U/2) of the velocity of the wave is given in Fig. 7: The curtes
X a 1+ab ' determined by solving Eq6) and the curve is obtained by

. . . . solving numerically the problen2) and (3) with the func-
The velocityV is determined from the condition that the tion F(p) determined by Eq(A5).

function p(&) be continuous at the matching poift0:

-V+\V?+4a

2

It is easy to see from the expressi@) that the velocity
[—V— N2+ 4a(1+ ab) of the wave becomes infinite at the limits of the voltage
5 .

range where hysteresis existd €U, andU=U,). It fol-
®) lows from Eq.(5) that the length of the front also diverges,
but the transit time of the wave front, equal to the ratio of
Since the solutiori5) and(6) is monotonic and bounded, these quantities, remains constant and is of the order of the
it can be proved that it is stable against small perturbationsescape time of excess electrons from the \itekk reciprocal
Figure 6 shows the structure obtained for the wave fronbf the width of a quasiresonance lexelThe divergence of
from the Eq.(5) with U=0.115 eV, and the analogous de- the velocity at the limits of the hysteresis region is due to a
pendence corresponding to the expressidB) (curve 2).  singularity of the functionF(p). Indeed, in the case where
We see that these curves are qualitatively the same. the functionF(p) is continuous[see Ref. 16 , where the
The limits of the voltage range where hysteresis of thefunctionF(p) is given by a cubic polynomi&], the velocity
I-V characteristic occur$the three zeros of the function of the wave is bounded inside the entire region of hysteresis.
F(p)] are as follows:U;<U<U,, U,;=2E,, U,=2E, At voltages near the left-hand limit of hysterekls=U,
+2abE; (see Fig. 1L We shall investigate the behavior of the square-root singularity of the exact functié(p) is de-
the velocityV as a function otJ in this interval. It is easy to  scribed well by the discontinuity of the approximate function
show from the expressiof®) that inside this interval there (lines 1 and?2 in Fig. 5. Conversely, at voltages near the
exists a voltag&J, at which the propagation velocity of the upper limit of hysteresidU=U, a qualitatively different
wave equals zero. The quantityy is determined by the ex- character of the convergence of the zepgsand p; of the
pression exact and approximate functidf(p) toward one another is

X =(x—9
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FIG. 8. Structure of the wave front with external voltade=0.11 eV and various temperaturds. K: a — 10000, b — 100, ¢ — 1.

observedlines 3 and4 in Fig. 5. The velocity of the wave An equation with a similar structure describes a wave of
as a function of voltagll behaves correspondingly. Near the combustion in a material with a nonlinear thermal
lower limit of hysteresis the velocity determined accordingconductivity™
to both the exact and approximate functidagp)diverges The numerical solution of the probleif?) and (3) is
(see Fig. 8 Near the upper limit of hysteresis the behavior shown in Fig. 8a. A fundamental distinguishing feature of
of the exactly and approximately determined velocity is fun-this solution is the kink on the leading edge of the wave front
damentally different — the exactly determined velocity is and the absence of even a small perturbation of the electronic
bounded and the approximate velocity diverges. system in front of the wave front of the traveling wave. The
It can be concluded from these results that theformation of a kink on the wave front upon transition to the
piecewise-linear approximation, which is convenient for anayow-temperature limit is shown in Figs. 8b and 8c by curves
lytical investigation, of the functiorF(p) adequately de- iqined by solving the general problé&) and(3) numeri-
scribes this process only in the region of negative VelOCitieScally. It is evident from the curves presented that, as a result
of the decrease in the electron mobility, the perturbation of
4. LOW-TEMPERATURE LIMIT the electronic system ahead of the wave front becomes van-
ishingly small as the temperature decreases.
It should also be noted that such a kink is observed for
a d (p&p) p both positive and negative velocities: In the first case the

For ap,/T>1 Eq.(2) becomes

9

—_ — — 4 =0. . .
T 9¢ v F(p)=0 ™ system passes into a nonstationary state from an unperturbed

23
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state and in the second case it goes in a finite time to amuch lower than the Fermi ener@y the electron density at
equilibrium state without the characteristic exponential the center of the well can be determined according to the
time) relaxation observed with an electron distribution that isformula
uniform in theY direction’
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I 2N+ U
5. APPENDIX T rmrFSA(1-U/Up)?

O(N+U),

A Stationary electron density dIStI’Ibutloﬁ, which is the quant|tyS is the product of the he|ghﬂb and width of
uniform in the Y direction, in the potential well shown in the barrierA =E,— U/2+ ¢, and®(\) is the Heaviside unit
Fig. 4 is determined from the electron wave functig{X),  step function. In calculating this quantity it was assumed that

which are described by the Schlinger equation the barriers are quite higtsee approximation 1 in Sec),2
52 g2 the quantity| ¢ (L/2)|? as a function of energy ne&, has
- —— +Vo(X) | 4(X) = Egh(X) (A1) one Lorentzian peak, and the vertical voltageis high
2m* dx? enough so that the quasiresonance level lies above the elec-
and the corresponding boundary condittins tron Fermi energy in the collector, and the fact that the elec-

tron density in the interbarrier region is produced only by the
particles incident on the structure from the emiiteee Fig.
3) was also taken into account.

The relation between the self-consistent electron poten-
where tial ¢ and the electron density in the interbarrier region is

2m*E 2m*E(E+U) determined by the Poisson equation
k: y k(): - 5
h? h?

2 2 2
ﬂ ﬂ:_mrep’ A3)
m* T E—E IX?  gY? &
A= 5 In l+ex;< T )

mh wheree is the electron charge, andis the permittivity of
is the amplitude of the electron flux from the emitter* is  the medium. The second term on the left-hand side of this
the electron effective masassumed to be constant over the formula can be ignored, since the characteristic distance over
structure, E is the electron energy, andy(X) is the poten-  Which the potential changes in the lateral direction is much

tial well of the conduction band bottom, altered by an exter-greater than the vertical size of the system — the interbarrier

nal applied voltagd) and the self-consistent Coulomb po- distance(see approximation 4 in Sec).2
tential ¢ (see Fig. 4, As a result of the strong screening effetiee approxi-

_ mation 2, outside the region Il the potentigl of the uncom-
Sa(X), X<0, pensated charge is assumed to be zero, which determines the
Vo(X)=4 —U/2+ ¢, 0<X<L, form of the boundary conditions:

—U+S8(X—L), L<X,
. Blx=0=¢[x=L=0.
where S;=S(1—-U/Uy). The term in parentheses deter-
mines the effective change produced in the collector barrier The quantity¢ determined by Eq(A3) depends on the

1 diy

1 diy
ik ax

—2A BT ax

X=-0

X=L+0

by the applied electric fieltf variableX, but in the approximations used in the mo¢sde
The electron densit?(X) in the structure is determined approximation 3 we replace it by the following effective
from the electron wave functions by the expression constant quantity:
i 2 Ame?  £2
— we
P00= [ lmoofak M) | "
€ 2m*E,

After the electron wave functiogh, is determined from the
Schralinger equation/Al) and substituted into the expres- By analogy with Ref4 , weassume that the fluk(p) of
sion (A2) in the limit of high barriers and at a temperature excess electrons out of the region of the well is proportional
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to the widthI" of the quasiresonance level and the deviationeral direction. In contrast to this result, in Ref. 5 it is asserted
of the density of these particles from the equilibrium valuethat two of the three solutions are unstable. The discrepancy

Ps: stems from the fact that in Ref. 5 the temporal evolution of
T'(p) the system is simulated by an iteration process, which gives
F(p)=— Tp[p_ P«(p)]. (A5)  results which are different from Eq1).

Jus_t as in Ref. 4, t_he functida(p) has one zero outS|_de *IE-mail: mel@supercon.mephi.ru
the region of hystereS|§ and three zeros inside the region Ofin Ref. 16 the functiorF (p) is defined so that its norm diverges near the
hysteresis. The small difference between the expressibn limits of hysteresis. To compare the velocities the equation in Ref. 16 that
and the similar expression in Ref. 4 stems from the fact thatis analogous to Eq2) must first be renormalized.
we have taken into account the dependence of the transmit-________
tance on the energy of the incident particles. _ 1 R. Tsu and L. Esaki, Appl. Phys. Le@2, 562 (1973.

To study the behavior of the electron density analytically 2L, L. Chang, L. Esaki, and R. Tsu, Appl. Phys. Le2t, 593 (1974).
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AMORPHOUS, GLASSY, AND POROUS SEMICONDUCTORS

The structure of porous gallium phosphide
T. N. Zavaritskaya, A. V. Kvit, and N. N. Mel'nik

P. N. Lebedev Physical Institute, Russian Academy of Sciences, 117924 Moscow, Russia

V. A. Karavanskil

Institute of General Physics, Russian Academy of Sciences, 117924 Moscow, Russia
(Submitted September 24 1996; accepted for publication January 22), 1997
Fiz. Tekh. Poluprovodr32, 235—-240(February 1998

Free films of porous GaP have been obtained for the first time and their microstructure has been
investigated by transmission electron microsc¢pgM) and Raman scatteringRS). The

TEM results showed that the microstructure of the porous-GaP films has a complicated spatial
structure, but the local crystallographic orientation is preserved and corresponds to the

initial substrate. Narrowing of the half-width and a simultaneous low-frequency shift df@he
phonon peak were observed in the RS spectrum. This behavior can be satisfactorily

explained in terms of the change in the plasmon—phonon interaction as a result of a decrease in
the carrier density. A shift in the frequency of surface phonons of porous GaP as a function

of the local void formation conditions was also observed. It is shown that in principle porous layers
can be obtained without the void surfaces being covered appreciably with oxides or other
products of an electrochemical reaction. 1®98 American Institute of Physics.
[S1063-782608)02202-9

In addition to porous Si, investigators have been attional study of the electrochemical processes on IlI-V com-
tracted in the last few years to other porous semiconduttorspounds showeétthat a HF-based electrolyte is suboptimal,
The possibility of using single-crystal substrates with knownsince it is possible that insoluble reaction produgtsetal
properties, the relative simplicity of the fabrication technol-fluorideg, which likewise could contribute to the photolumi-
ogy, and the unusudfor the initial material properties of nescence, will form on the void surfaces.
porous layers have sparked numerous investigations, espe- Inthe present paper we report the results of transmission
cially of porous Si. However, the example of porous siliconelectron microscopyTEM) and Raman scatterin@®S) stud-
also showed that an unambiguous interpretation of the propes of the structure of layers of porous GaP, which was ob-
erties of nanodispersed semiconductors requires a detaildgdined by electrochemical etching in an orthophosphoric-
investigation of the structure of the frame which remainsacid-based electrolyte. It is shown that free films of porous
after etching, of the initial bulk material, and the state of theGaP can be obtained when orthophosphoric acid is used.
surface, including the composition and structure of theNarrowing of theLO-phonon peak, together with a simulta-
adsorbate$:® The properties of porous GaP are interestingneous low-frequency shift of this peak, was observed in the
in that the initial material, just as in the case of Si, is anRaman scattering spectra from porous GaP. This behavior is
indirect-gap material and the band structure is similar to thagatisfactorily explained by the change in the plasmon-
in Si, which makes it possible to use a general approach ijphonon interaction and agrees with the proposed mechanism
the interpretation of the intense photoluminescerieg) of electrochemical etching. A shift of_the vibrational fre—_
characteristic of porous semiconductors. At the same timeJuency of the surface mode as a function of the local condi-
GaP is an inert material, oxidizes in air only slightly, and tions of void formation was also observed.
virtually does not interact with acids. Therefore, it should be
expected that the porous layers based on it will be moré: SAMPLE PREPARATION AND EXPERIMENTAL
stable and less subject to the action of the surrounding me-ECHNIQUE
dium than porous Si. Porous GaP and the processes leading We chose orthophosphoric acid as the basis for the elec-
to its formation are likewise of interest in themselves fromtrolyte. In Ref. 7 it is pointed out that orthophosphoric acid
the standpoint of materials engineering and electrochemicalan be used as a chemical etchant for revealing the structure
processes occurring on the surfaces of 1lI-V compounds. of defects without the formation of insoluble deposits. Al-

It was shown in previous studit3that the application of though initiation of a reaction requires temperatures above
the electrolyte HF49%):C,HsOH in a 1:1 proportioriwhich 450 °C, we assumed that application of an electric field will
is used for producing porous )Sior GaP gives a positive lower this temperature to room temperature. To improve the
result in the sense of the possibility of obtaining a poroussolubility of the reaction products, acetic acid was adged
layer, whose luminescence properties differ substantiallya complexing agent A solution of orthophosphic acid, ace-
from the properties of the initial substrate. However, addi-tic acid, and ethyl alcohol in the volume ratio 1:1:2 and a
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fixed current density regime were used. The process was
conducted in a two-chamber electrochemical fluoroplastic
cell with a working anodization surface area of 1%amd
platinum electrodes. The current density 2—10 mA/enas
chosen. Mirror-smooth porous layers of GaP were obtained
on n-GaP crystalline substratédoped with Te to density of
the order of 3k 101" cm™3) with (100 and(111) orientation, 3
both in the form of the layers on the substrate surface and in
the form of free films. To separate the films from the sub- %
strate, just as in the case of porous ®ie anodization cur- """
rent density was increased in steps. The free films ranged ir &
thickness from 8 to 15um. After etching the samples were
first washed in ethyl alcohol and then dried in a stream of air.
Prior to the measurements, the samples were allowed to ag:
under natural condition§n air at room temperatuyefrom
several days to one month in order to stabilize the properties.
The Raman scattering spectra were recorded on a
microscope-equipped U-1000 Jobin-Yvon spectrometer in a
microsample investigation mode. This made it possible taG. 1. Photomicrograph of a free porous-GaP film. The image was ob-
choose uniform sections of the sample surface under studyined in a Philips CM30TEM/STEM microscopemagnification 4.8 10%).
and to check for the absence of any effects due to a thermal
action of the laser beam on the sample. Argon laser radiation
with a wavelength of 488 nm was used for excitation. The

radiation was focused into a spot with diameder40 pm. fions (without an amorphous impurity phasén which the
The resolution of the apparatus in the investigations of the withou phous Impurity pnasen wh

RS spectra was equal to 0.5 ch To increase the accuracy crystal_lographic orientat_ion char_act_eristic_ of the initigl sub-
of the measurements of the positions of the peaks, the Iine_%trate IS pre_serye(ihe m|groscop|c dlffragtlon pat‘t‘ern In ’t,he
of a neon lamp, which were located next to ffi@ andLO  'maged region is shown in the inset in Fig. Zhe “petals
peaks which were investigated, were recorded at the sanj tur also consist of smaller, 50200 A, objedég. 3).
time. This made it possible to introduce a correction for the ~ 1h€ RS spectra of different porous-GaP samples and, for
thermal drift of the apparatus in the process of each subs@omparison, the RS spectra of the initial single-crystal GaP
guent measurement and to determine the position of. e are shown in Figs. 4—6. The well-known spectra for the ini-
and TO phonon peaks with an accuracy no worse than 0.3ial GaP single crystaicontain one or two peak867 and
cm 1. 403 cm 1), depending on the orientation of the surface and
In addition to the RS spectroscopy, transmission microsthe corresponding to transver6eO) and longitudinal(LO)
copy (Philips CM30TEM/STEM microscope, 300 kev, phonons. The RS spectra of porous GaP have a number of
equipped with an energy-dispersion x-ray microanalyzercharacteristic features.
was used to investigate the structure. Small pieces of free 1. Irrespective of the initial orientation of the substrate
porous-GaP films were used in a region which was pretonednd the scattering geomettfpr example, when the selection
with an Ar ion beam(5.5 keV) and in sections without ion rules permit onlyLO or TO phonong, both LO and TO
etching(in sections along the fracture edges of the samplesphonons are always present simultaneously in the porous-
Raman scattering was used to investigate samples of twGaP spectraFig. 4).
types — free porous-GaP films secured on diaphragms for 2. A band corresponding to surface vibrations at the
electron-diffraction measurements and plates, where sectiofundary of single-crystal GaP is clearly seen in the RS
of the initial single crystal were present together with a po-spectra of porous GaP. In addition, the position of this band
rous layer. This made it possible in the first case to comparg not strictly fixed and was found to depend on the local
the RS and TEM results and in the second case to recorgonditions of formation. A narrow strip of a transitional layer
systematically the RS spectrum of porous GaP and the initigkom single crystal to porous section was present along the
crystal in a single geometry and under virtually identical perimeter of the porous section. This strip corresponds to the

conditions. region where the edges are clamped to the substrate, where
the contact with the electrolyte and therefore the local con-
2. EXPERIMENTAL RESULTS ditions of anodization most likely differ from the average

Figures 1-3 show TEM photomicrographs of freeover the remaining surface of the porous layer. Figure 5
porous-GaP films. We see that the object investigated poshows the RS spectra of different points of porous GaP with
sesses a multilevel structure: The film consists of elements ithe excitation spot moving from the single-crystal substrate
the form of “inflorescences” consisting of spherical glob- to a uniform section of porous GaP through the above-
ules formed by radially directed “petals.” In addition, de- indicated transitional layer.
spite the large variance in the angles of orientation of the 3. The longitudional phonon band becomes narrower and
“petals” of the globules, they are distinct crystalline forma- shifts into the low-frequency region of the spectr(fig. 6).
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FIG. 3. Photomicrograph in the region of one of the petaiagnification
5.7x 10°).

where wtg is the transverse phonon frequeney, and ¢

are the high-frequency and static dielectric constants of the
semiconductor, and,, is the dielectric constant of the me-
dium adjacent to the semiconductor. Using Eb, we can
estimate the value of, for the bordering medium on the
void surfaces in the transitional layéFig. 5). The arrows in

the figure indicate the computed positions of the frequencies
of the surface vibrations for two types of interfaces: GaP-air

FIG. 2. Image of a “globule” with “petals” (magnification 6.& 1C°). . .
Inset: Microdiffraction pattern in this region. (1) and GaP-mediun(2) with 8,=2.25 (n21'5)' On the

basis of the result obtained in Ref. 11 — that the frequency
ws is independent of the size of the rough spots, it can be
3. DISCUSSION concluded that in the first case we have a porous film, in
which the surface of the voids consists of a clean air—

weIITl?neox:gr::eisagijssulgici/(\jnwt?\:}[t{c?\gsscglg(r:)tlisgsnrlﬂlee Ssrezlrﬁcrystalline GaPinterface. In the second case the RS spectra
Lo . . correspond to a crystalline-GaP surface with a transitional
down in microstructures, where neither phonons nor light are ver or insulating coating with refractive index=1.5. The

described by plane waves, which results in the appearance ¢ . .
. : . . ; results obtained do not answer the question of whether or not
selection-rule-forbidden vibrations in the spectra. The spec; . L
- : : : these results are attributable to additional roughness of the

trum of the surface oscillations in GaP was first obtained on

a thin GaP platé20 xm).2° Earlier, it was shown in a study void surfaces or to adsorption or oxidatigihe surface vi-

of the effect of roughness on the RS spedithat a “shoul- brations in principle make it possible to observe fractions of

S . a monolayer coating). However, microanalysis of the el-
der” due to surface vibrations of a GaP single crystal ap- Y : .Hd). . analy .

. 2 emental composition in electron-diffraction analysis does not
pears on the low-frequency side of the longitudinal phonon

. » Y show the presence of compounds other than GaP. In any
band in the RS spectra from a “rough” surfageugh spots , N
on the order of 0.3 min The frequency of this band did not case, it can be concluded that an orthophosphoric-acid-based

.y . electrolyte can in principle be used to obtain porous layers
depend explicitly on the size of the rough spots. . . . .
: L without an appreciable coating of oxides or other products of
The maximum frequency of a surface vibration for a . .
lar semiconductor is described well by the expression an electrochemical reaction.
polar semiconductor s described well by the expressio We devoted more attention than was done in Ref. 4 to
ws=[(gqtec)(extec)] w10, (1)  the position and shifts of th&0 and LO phonon bands be-
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a b
w
e FIG. 4. Comparative Raman scattering spectra of
§ 2 the initial GaP substratél, 3) and porous GaR2,
< 4 4) in different scattering geometries and with dif-
§ ferent orientations of the substrate: a x{y2)x,
. [100-LO, b —y'(z'Z")y’, [110]-TO.
~
! 3
1 L L 'l 1 1 L L
350 J75 400 425 J50 J75 400 425
P, em™?

cause of the possibility of calibrating each measured speand narrowing were observed. The latter cannot be explained
trum. We found that to within the accuracy of the measureby disordering or breakdown of the wave-vector selection

ments there was no shift in the position of th®© lines, rules in nanocrystals.
while for theLO peaks a shift into the low-frequency region It seems to us that this effect can be explained by the fact

FIG. 5. Raman scattering spectra obtained from
different sections of the transitional layer of po-
rous GaR1, 2 and the GaP substrate with a tran-
sition from the substrate to a uniform region of the
porous layer.

I, ard. wnits

p—— 0\
Om—

1 1
360 380 400
v, em-?
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In summary, it has been shown that an electrolyte based
on orthophosphoric aci@instead of HF is optimal for ob-
taining porous-GaP layers. Free porous-GaP films were ob-
tained for the first time and their microstructure was investi-
gated. Narrowing of the.O-phonon peak, together with a
simultaneous low-frequency shift of the peak, was observed
in the Raman scattering spectra from porous GaP. A shift in
the frequency of the surface mode, depending on the state of
the surface of the pores, was also observed. It was shown
that the proposed electrolyte in principle can be used to ob-
tain porous layers without an appreciable coating of the sur-
1 face of the voids with oxides or other products of an electro-

chemical reaction. Analysis of the Raman scattering spectra
and the results of transmission electron microscopy shows

I, ardb. units

2 that the observed effects can be satisfactorily explained in

] L s | terms of the change in the plasmon—phonon interaction as a
J50 35 400 425 result of a decrease in the carrier density. This explanation
v, em-7 agrees with the mechanism of electrochemical etching,

which presumes that the defects are removed from the single

FIG. 6. Narrowing and low-frequency shift of th&®-phonon. Raman scat- ] . 8
tering spectral — GaP single crystaR — porous GaP. crystal during the etching process. The microstructure of the

porous-GaP films has a complex spatial structure, but the
local crystallographic orientation characteristic of the initial

that the carrier density in the initial single crystal is different Substrate remains. _ o
from that in the porous material. Indeed, when carriers are  This work was supported in part by the Interdisciplinary

present in the semiconductor, plasma-phonons are formdgrogram “Physics of solid-state nanostructure@”rojects

with frequencies determined by the expression 1-010 and 1-04R the Russian Fund for Fundamental Re-
) s 2 22 5 5 search(Grants 95-02-04510 and 95-02-04458nd the State
ot ={(op+wio) X [(w;—wio) +iwy(wio Science and Technology Program “Fundamental spectros-
—wio)1¥312, (2 P

wherew, is the plasma frequency for carriers with density

and effective mase*. For comparatively low carrier den-

sities the frequencyw, is somewhat higher tham . If
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INAsSbP double-heterostructure lasers for the spectral range 2.7-3.0 pm (T=77 K)

T. N. Danilova, A. P. Danilova, O. G. Ershov, A. N. Imenkov, M. V. Stepanov,
V. V. Sherstnev, and Yu. P. Yakovlev?

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 5 1997; accepted June 10 1997
Fiz. Tekh. Poluprovodr2, 241—-244(February 1998

We have produced, by using liquid-phase epitaxy, 2.7 toud0tasers based on InAsSbP double-
heterostructures with different phosphorus contents in the active and wide-gap regions. The
lasers possess threshold current densify:8 kA/cn? at 77 K and operate in the pulsed mode up
to ~124 K with maximum threshold current density 10—12 kAfcifihe lasers have a low

series resistance 0.45(Q). © 1998 American Institute of Physids$$1063-7828)02302-3

1. Sources of radiation in the spectral region 2.748® 400 mA and threshold current density5.7 kA/cn? were
are promising for hygrometry and gas analysis, since strongptained.

absorption lines of molecules such agdi CG,, H,S and In the present study we report the results of an ongoing

others lie in this spectral region. experimental study of the development of 2.7 tp.8t lasers
The fabrication of lasers for the wavelength range 2.7

> . eli¥® 2-fand also the development of lasers with low threshold cur-
—-3.0 um encounters definite technological difficulties. onis.
Pulsed, room-temperature, 26n lasers based on 2. The lasers, fabricated by the LPE method, consist of a
GalnAsSb/AIGaAsSb double heterostructu@siSs with a 4, hje heterostructure based on the solid solution INAsSbP
G%:74§_n0_253Aso_23§b)_770actl\l/e region have been fabricated j, w0 4ctive and wide-gap regions. The phosphorus content
by liquid-phase ep!taxyl_PE). Longer-waye!ength rad|§1t|9n is Xx=0.08-0.12 in the active region ame-0.25—0.28 in the
poulgl no.t.be obtamed.becaus_e of proximity to the limit of confinement regions. According to the calculations, the band
immiscibility of the solid solutions GaSbh—In&sHowever,

room-temperature 2.78m lasers have been fabricated by gap Eq ranges in the interval 0.42-0.47 eV in the active
- y : ) i .55-0.58 eV in the wide- [ 77 K.
molecular beam epitaxyMBE).2 The active region of the region and 0.55-0.58 eV in the wide-gap regions at

. . ... The structures possess a type-Il heterojunction at the bound-
lasers contains four quantum wells with the composition

58,78ty 0 el arirs vy i com: 7" 7 O 1 Ve 1eons i ooructon
position Ay :Ga) 75748005 0g, @nd confinement regions :

with the composition A G&, 1ASy oSk g2, and the lasers spectively. . . . . .

operate in a pulse mode up to temperature 60 °C. The lasers The gctlve region, W|f[hout %ny ?280'5" d"p”?g’ was of
do not operate in the continuous-wave regime at room temrJ'type W|th'electron density- 1.01 cm”*". The conflnement.
perature. A substantial drawback of these lasers is that thefr)'type region was doped with Zn and had hole density

~(1— 8 -3 ! ) :
supply voltage is high because of the high residual resis- (1-2)x10°° cm * The confinementN-type region

tance. With a direct current of 0.1 A, the bias voltage in thegi%lgggﬁg with Sn and had electron densiy(5-7)

forward direction equals 4.8 V at 78 K and 2.2 V at 300 K. ) , . g
Attempts have been made to produce diode lasers b The active and confinement regions were Spum

LPE on the basis of the solid solution InAsShRvhich is higk. The compgted refractivg-index difference between the
isoperiodic to the substrate InAs, with different phosphorugctive and confinement regions was equal to 0.03-0.04
content in the active and confinement regiéfsdowever, (@t T=300 K). _ o
because of the low phosphorus content in the confinement Mesastripe structures with-25 um stripe width were
regions —x=0.1 obtained in Ref. 4 and=0.2 obtained in fabricated from epitaxial laser structures by photolithogra-
Ref. 5, the lasers emitting at3m (Ref. 4 operated only in Phy. Lasers with a 225 to 30@m-long cavity were fabri-
the pulsed mode at 77 K with threshold current density ated by cleaving.
kA/cm? and a maximum working temperature of 145 K. La- The emission spectra, directional patterns, and integral
sers emitting at 2.5—-2.Zzm (Ref. 5) operated only in the intensity of the laser radiation were investigated. The lasers
pulsed mode up to a temperature of 55 K with thresholdoperated at liquid-nitrogen temperature in a quasi-cw regime
current density~29 kA/cn?. and were powered by a train of alternatifmeander-type

In a previous worRk we reported the fabrication of diode square-shaped current pulses with a repetition frequency of
lasers by the LPE method on the basis of the solid solutio®0 Hz. The temperature dependence of the threshold current
INAsSSbR,, isoperiodic to the substrate InAs, with different density was determined with the lasers powered by 100-ns
phosphorus content in the wide-gap and active regions. Isurrent pulses with a repetition frequency of 19z.
the wide-gap regiong=0.35, and in the narrow-gap region 3. The lasers possessed threshold currépts 70—80
x varied from 0.02 to 0.10. The thickness of the active regiormA at liquid-nitrogen temperature. This corresponded to
in them was equal to 0.xm. Lasers lasing at wavelength threshold current density-0.8 kA/cn?. The lasers have a
2.7-3um in a pulsed mode at 77 K with threshold currentlow supply voltage. With a direct curreht=0.1 A flowing
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FIG. 1. Spectral characteristics of the lasers. The ftig/2F; of the intensity of the maximum mode to the sum of the intensities of all modes versus current
| (a) for laser S-197 No. 21) and for laser S-197 No. ). The spectrum of coherent radiatilaser S-197 No. Rin the maximum unimodal regimé).

through the laser diode the voltage dropUs=0.67 V and  the plane of thep—n junction (curve1) A® has a minimum

the residual resistance is 0.4b _ value ~11° at near-threshold currents. At currents above
The lasers emitted in the spectral region 2.7+8, and 125, A® increases with current and reaches 19.5° for

the wavelength of the radiation depended on the compositiop~2| . In a plane perpendicular to the plane of then

of the active region. The laser radiation had good coherence

properties. The mode composition and spatial distribution of

the radiation were investigated. The mode composition of the /1

radiation spectrum depended on the pump current. The inter- 0.5 1.0 “‘1_5 2.0
mode spacing was equal to 35—-40 A. A single-mode lasing 80 ' T ' '
regime was observed in a definite current interval. A numeri- a
cal estimate of the radiation intensity in the predominant 6ot 4

mode as a fractioffr,,,, of the total radiation intensity F;
for all modes in the spectrum is shown in Fig. la for two

. [~ -
lasers as a function of current. As one can see, for both lasers & 401 2
this dependence has two maxima at currents.9,, and e
~2.6l,. The maximum corresponding to lower currents for < 20F 1 -

one of the laser$S-197 No. 2 is higher(curve 1) and the
maximum corresponding to the lower currents for the other
laser(S-197 No. 1 is lower (curve 2). The largest value is 0 : : : ; : :
Fmax/2Fi=0.8. For the laser corresponding to cuivéoth
maxima of the functiorf ., /=F;(l) correspond to the same
predominant mode, and at the currents between the maxima
of the curves the neighboring mode with a longer wavelength 120t
became the dominant mode. For the laser Wth,,/=F(1),
represented by curvg different maxima correspond to dif-

ferent predominant modes, which are separated from one an- "é
other by two intermode intervals. The intermediate modes & 80 7
have a small advantage at near-threshold currents. Figure 1b &
shows the coherent radiation spectr(laser S-197 No. Rin S
the maximum unimodal regime with the wavelength of the «& sk i

predominant moda ~2.792 um.

Investigation of the spatial distribution of the radiation
of the lasers showed that it corresponds to a single longitu-
dinal mode. The current dependence of the spatial distribu- 0
tion and intensity of the integrated radiation are presented in
Fig. 2 (laser S-197 N.O')lThe spatia! diSt.ri.bUtion Is chara_lc- FIG. 2. WidthA® (a) of the directivity pattern at half-maximum in the
te_nzed by the half-widthA© of _the dlreCtIVIty pattern. This plane of thep—n junction (1) and in the plane perpendicular to the plane of
width corresponds to the width of the pattern at half-yhep_n junction (2) versus the bias curreit(a) and intensity of the inte-
maximum. As one can see, for the spatial m@éig. 29 in grated radiatiorFy versus the bias curremt(b) for laser S-197 No. 1.

A 1 1 ] [
20 4 60 80 100 120 7140 160 180
I, mA
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77 K, reported in Ref. 7. One reason for this could be that in
them the refractive-index differencen between the narrow-
and wide-gap regions, which determines optical confine-
ment, is approximately half as large. The small valué\of

can be explained by the fact that when the dominant mode
hops into a different position, a small spatial broadening of
the radiation flux occurs in a plane perpendicular to the plane
of the p—n junction. The broadening of the radiation flux
results in narrowing of the directivity pattern as a result of a
decrease in the diffraction losses. The penetration of the ra-
diation flux into the wide-gap regions is accompanied by a
decrease in the integral intensity of the radiatibig. 2b) as

a result of an increase in the absorption by free carriers.

Raising the temperature sharply increases the threshold
current density of the lasers investigated and disrupts lasing
at the low maximum working temperature and at compara-
tively low current densitiegFig. 3). We shall examine the
possible reasons for such a temperature dependence of the
threshold current density.

The lasers investigated by us are based on type-Il het-
erostructures. According to the theory of recombination of
FIG. 3. Threshold current density versus temperature. nonequilibrium carriers in a type-Il heterostructfrauger

recombination processes in such structures are effectively
suppressed. As a result, the threshold current density should
junction (Fig. 2a, curve2) A®=40° on the average. For show a weak temperature dependence. According to this
some currents, corresponding to mode hops to a differerfheory, the Auger recombination rate has a minimum for
predominant mode in the radiation spectrum, small minimefefinite values of the parameters of the heterostrudine
are present in the curves®(1). These minima correspond ratio AE,/AE.~3). For the lasers produced in our work
to inflections in the curve of the integral radiatibr versus AE,=15 meV, AE;=100 meV, andAE,/AE.=0.15.
current(Fig. 2b. The mismatch between the currents at theTherefore, the energy diagram of these lasers does not permit
indicated characteristic points of the curves is about 10% o#ising the advantages of the type-Il heterostructure in the
the current, which is good enough for independent measuréense of suppressing Auger recombination processes. More-
ments. over, the very small valence-band off$&b me\), which is

The threshold current density increases rapidly withcomparable to kT, can serve as the reason why even at low
temperaturéFig. 3); the characteristic temperaturelig~ 27 temperatures and low current densities disruption of lasing
K in the range 80—100 K andi,~19 K in the range 100— occurs as a result of vanishing of the electronic confinement
120 K. Then the threshold current density increases evefor holes.
more rapidly, and lasing stops at a temperature-d4 K Another reason for the low maximum working tempera-
and current densities in the range 10—12 kAcm ture at quite low maximum threshold currents could be dis-

4. Let us discuss the results which we obtained. Theuption of lasing as a result of vanishing of the optical con-
threshold currents and threshold current densities of the |dinement with increasing temperature. Rapid growth of the
sers presented in this paper are approximately five timethreshold current density with temperature results in a higher
lower than reported in our previous work for the similar free-carrier densityN in the active region. As a result, the
lasers® The threshold current densities at 77 K for the laserdndex of refraction there decreadesd, consequently, opti-
developed correspond to the average threshold currents ol confinement decreases. Despite the fact that the refractive
our InAsSb/InAsSbP based lasers emitting in the spectrahdex itself increases with temperature and for 1lI-V semi-
region 3.2-3.9um but their temperature dependence isconductors the change in the refractive index with carrier
sharper. The coherence properties reported by us for the rdensity depends inversely on the temperature
diation of the lasers, which were investigated at 77 K, alsod~dn/dN~—1/T,1° the estimates show that for an
correspond to the coherence properties of our mid-range ldnAsSbR-based heterostructure with different phosphorus
sers emitting in the spectral region 3.2—3.81. Thus, one of contents—dn/dN can cause the optical confinement to van-
two or three neighboring modes predominates in the spectriah at sufficiently low temperatures.
of the lasers developed by us and investigated in the entire We also note that the thicker the active region, the less
current interval froml, up to 3y ; here the ratid= ., /2F; radiation penetrates into the confinement layers and the sub-
reaches a maximum value of O(Big. 1). The spatial distri- strate and the less radiation is absorbed by free carriers. The
bution of the radiation in the plane of thpe-n junction isin  lasers which we investigated have much better parameters
one longitudinal mode. than those reported in Ref. 6. This is apparently attributable

Our lasers do not attain parameters better than those o the more than three times larger thickness of the active
the lasers emitting in the spectral region 3.2—af at layer.
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As a result, it has been shown that lasers emitting in th@Telephone: (812 247-9956; Fax: (812 247-0006; e-mail:
region 2.7-3.0um and having threshold current densities yak@iroptl.ioffe.rssi.ru
~0.8 kA/cn? at 77 K and~ 10— 12 kA/cn? at the maximum
working temperature-~ 12,4 K have been produced by _the 1A, N. Baranov, E. A. Grebenshchikova, B. E. Dzhurtanov, T. N. Danilova,
LPE method on the basis of InAsSpReterostructures with . N. Imenkov, and Yu. P. Yakovlev, Pisma zh. Tekh. Fiz4, 1839
different phosphorus contents in the active and wide-gap re- (1988 [Sov. Tech. Phys. Letl4, 798 (1988].

. . 2 R
gions. In some range of currents the lasers operate in a one#: N. Baranov, A. A. Gusmov, A. M. Litvak, A. A. Popov, N. A
Charykov, V. V. Sherstnev, and Yu. P. Yakovlev, Pis’'ma Zh. Tekh. Fiz.

mode regime and have a spat_|§1l dlstr|b_ut|on in the form .of 16, 33 (1990 [Sov. Tech. Phys. Letll6, 177 (1990].
one longitudinal mode. A positive quality of the lasers is 3H. Lee, P. K. York, R. J. Monna, R. U. Martinelli, D. Z. Garbuzov, S. Y.
their low series resistance 0.45(}. It should be noted that 4Narayan. and J. C. Connoly, Appl. Phys. L&8, 1942(1995.

; i i *N. Kobayashi and Y. Horikoshi, Jpn. J. Appl. Phy®, 4641(1990.
the c_;on;trucuon of the Ias_ers C?'n be optlmlzed for SpECI.fICSS. Akiba, Y. Matsushima, T. Iketani, and M. Usami, Electron. L24,
applications. The lasers investigated by us have a stripeyg9(1989.
width ~25 um. To improve the coherence properties of the ¢T. N. Danilova, O. G. Ershov, A. N. Imenkov, I. N. Timchenko, V. V.
lasers, the stripe width must be decreaS@d. obtain lower [Sheﬁmer\]/, and Yu. P. rakO\gTV’ Pis'ma zh. Tekh. R0, 87 (1994

it ; ; in_ [Tech. Phys. Lett20, 172(1994].
current den5|_t|es the. stripe W!dth and Iength must be in "T. N. Danilova, A. P. Danilova, O. G. Ershov, A. N. Imenkov, M. V.
creased. A S_llgh'ily higher maximum temperature can there- siepanov, V. v. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprovodn.
fore be obtained? 31, 1392(1997 [Semiconductor$1, 1200(1997)].

However, to significantly increase the maximum work- 88- (E3 ZeTgr:ya ag‘i} Asg-s/;g?izz\gfh-kﬁp- Teor. Fiz.109 615(1996
; : : : . Exp. Theor. Phys32, .
ing temp.erature,.sohd solutpns with a larger bqnd gap must;” 5 Paskov, Solid State Comm@2, 739 (1992
be used in the wide-gap regions and the heterojunctions presp, G, gjiseev and A. P. Bogatov, Tr. FIAMGG, 15 (1986.
viding electronic confinement must be of type-Il with the *T. N. Danilova, O. G. Ershov, A. N. Imenkov, M. V. Stepanov, V. V.
largest possible valence-band offset. Sherstnev, and Yu. P. Yakovlev, Fiz. Tekh. Poluprov@h.1265(1999
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Gamma-induced metastable states of doped, amorphous, hydrated silicon
M. S. Ablova, G. S. Kulikov, and S. K. Persheev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 6 1997; accepted June 10 1997
Fiz. Tekh. Poluprovodr32, 245—-248(February 1998

The temperature dependence of the electrical conductivity of B- and P-depedl films before
and after irradiation withy rays from a®®Co source has been investigated. The irradiation
dose was 18-10® photons/crA. The behavior of then-type films was observed to be
substantially different from that of thpe-type films. The electrical conductivity of the

p-type films increases slightlgby a factor of 2—3 and that of then-type films decreased sharply
(by 2-3 orders of magnitudleThe observed difference is explained by the different

character of they-irradiation-induced charge redistribution on the broken silicon bontsiid
D~. Comparing the results with the published data shows thay ttegys induce metastable
states ofa-Si:H which are due to the motion of bound hydrogen. 1898 American Institute of
Physics[S1063-782808)02402-9

1. INTRODUCTION p-type samples before and after irradiation. As follows from
the results which we obtained, the irradiatedand p-type
films exhibit substantially different behavior. While the elec-
tric conductivity of thep-type films in the temperature range
n20—100 °C increases only slightigpproximately by a fac-
tor of 2—3, the electric conductivity of the-type films in
the same temperature interval and with the same irradiation
doses drops sharplapproximately by three orders of mag-

0 nitudg. After irradiation the films retain the starting type of
duce new broken bonds tas happens, for example, under conductivity. As the irradiation dose increases, the conduc-

irradiation with visible lighy, but rather they give rise to a . L .
redistribution of charges on the broken bonds with unoccuIlon activation energy decreases from 0.22 to 0.14 eV in

pied states D predominating. Since only undoped material p-type films and Increases from 0.2 to 0.36 eMype films.
. . . ; . We note that activation energi€s,>1 eV are observed for
was investigated in Ref. 1, we investigated the effect of : . . o
. . : : n-type films in the temperature interval 72—127 °C. These
y-irradiation on the electric properties of P- and B-doped_ 7"". . . . )
activation energies are, in general, atypical for dopesi:H.

The study of the effect of-irradiation on the properties
of amorphous hydrated silicora{Si:H) yields valuable in-
formation about defects in material saturated with broke
bonds. Thus, O. Imagawet al! usedy-irradiation to study
the main defects in intrinsia-Si:H: broken silicon bonds in
three electronic states —') D°, and D. It was established
that, passing through the Si:H film, the y rays do not pro-

a-StH. The changes observed in the electric conductivity after
v-irradiation are reversible, since the electric conductivity of

2. INVESTIGATION METHOD AND EXPERIMENTAL the films was restored to its initial values by heating the

RESULTS irradiatedn- andp-type films to 200 °Qin the course of the

The films for the investigations were prepared by de-measurements of the electric conductiviagnd also by stor-
composing a mixture of monosilane (S)Hand phosphine ing the films at room temperature for 40-60 days.
(PH,) or diborane(B,Hs) gases in a high-frequency glow We note that similar dlff_erences in the dark conductivity
discharge with a quartz substrate temperature of 290 °C. Thef n-zand p-type dopeda-Si:H were observed by Kurova
ratio of the gaseous components during film deposition wa§t al.” with prolonged irradiation with intense white light.
[B,Hel/[SiH,]=2% 1072 and [PHs)[SiH,]=3%x102 Ac- They showed that the dark conductivity pftype films in-
cording to IR spectroscopy data, the hydrogen content in théreases, and that of-type films decreases. In other words,
films was 10—12%. The thickness of the films was equal tghe sign of the Stabler—Wronski effect is different for
0.2-0.5.m. samples doped with B and P.

Irradiation was conducted in room-temperature air with
a y-ray flux 7.7<10" photonsfcn?xs) from the ®Co
source. The irradiation doses were equal toX718"" and 3 pbiSCUSSION
1.6x 10'® photons/cri. Since the penetration depth of
y-rays was greater than the film thickness, it could be as- The effect of y-irradiation on an amorphous semicon-
sumed that the defects are produced uniformly over the erductor can be divided into two parts: electronic excitations
tire film volume. The temperature dependence of the darland structural damage, leading to the formation of multicom-
conductivity was determined before and afteirradiation.  ponent complexes.

The room-temperature thermoelectric power was also mea- As we have already mentioned, the main type of elec-
sured to determine the sign of the carriers. tronic charged defects ia-Si:H, which determine its electri-

The main results of the measurements are presented oal conductivity, are broken silicon bonds in three states:
Figs. 1a and 1b: the typical curves log-f(1/T) for n-and D™, D° and D . Neutral broken bonds Dyive rise to deep
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FIG. 1. Effect of y-irradiation on the temperature dependence of the electrical conduetivfydoped amorphous hydrated silicon samples: a-Si:H(B),
b — a-Si:H(P). Measurements were performéd— before irradiation2 — after irradiation with a dose of 7:810'" photons/cr, and3 — after irradiation
with a dose of 1.6 10'® photons/cr. The open circles show the results of the measuremants 40days after irradiationb — after heating to 200 °C in
the course of measurements of the electrical conductivity. The numbers on the curves are the activation(inexgies

traps(near the center of the band gdpr electrons and holes convert the conductivity in a film intp-type the irradiation-

via the reactions induced D' bond density must be at least &30 cm™ 3.
D%+ esD- 1) However, according to the data of Ref. 1, the total number of
’ defects in undoped-Si:H after irradiation with ay-ray dose
D°+h—D". (2)  of 10' photons/criis 2[ D°]+[D*]+[D " ]=4%x 10 cm 3.

A comparison shows that even the total number of defects is
two orders of magnitude smaller than required to change the
sign of the conductivity in our irradiated film. Therefore,
v-irradiation could not have changed the sign of the conduc-
tivity in the n-type film which we studied.

As noted above, fon-type samples an unusually large
D™ +2h—D", (3 activation energyE,>1 eV for dopeda-Si:H was observed

which determines deep traps for holes, predominates ifn the curve logr=f(1/T) in the temperature range 72

n-type films, while double trapping of Dstates via the re- —127 °C(Fig. 1b. At higher temperature€27—-200 °G the
action curves g(T) for irradiated and nonirradiated samples are

N B identical just as in the case of cooling from 200 °C to room

D" +2e-D", temperature and below. Therefore, annealing eliminates high
which determines deep traps for electrons, is characteristic ofalues of the activation energy.
p-type films. The character of the curves lag=f(1/T), which is

Assuming that the results of Ref. 1 are valid for dopedsimilar to that of the curve8 in Fig. 1b, has been noted
a-Si:H films, we assume that-rays do not produce new’D repeatedly and investigated in the literatbr€ It has been
broken bonds in our films, but rather they give rise to adetermined that this character of the curves corresponds to
redistribution of charge over existing broken bonds, wherdlifferent metastable states afSi:H. It is now thought that
unoccupied D states are formed predominately. Then thethe electronic properties of dopedSi:H are described well
processes described by the react{@h are directed in the on the basis of a model of metastable thermodynamic equi-
same direction as the action ofrays, and the processes librium. Figure 2, where our results are compared with the
occurring via the reactio®) compensate for the effect of the data from Ref. 6, shows the spectrum of possible metastable
v-rays. Therefore, it can be expected that irradiation willstates ofa-Si:H which are obtained with different external
have a substantially different effect im andp-type films. actions. The temperatufig: corresponding to the kink in the

Let us now examine on this basis our resultsrfetype  curves 1-4 can be viewed as the temperature at which ther-
a-Si:H films. The irradiateah-type film (Fig. 1b had a phos- modynamic equilibrium is established. Metastable states due
phorus atom densitie=8x 10?° cm™ 2, which corresponds to the motion of bound hydrogen along defects, in accor-
to donor densityNp=6.34x10'® cm 3, and negatively dance with the “hydrogen glass” model proposed by Stfeet,
charged broken bond density B-6.30<10'® cm 2.> To  are present at temperatures belbw. At temperatures above

When a dopant is introduced, a peak of the density of D
states fom-type films and a D peak forp-type films appear
in the band gap instead of’Bstates’ In this connection, the
basic reactiongl) and(2) also change. According to the data
in Ref. 4 , double trapping of D states via the reaction
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10% 1, K! conduction activation energy which were observed in the
20 22 24 26 28 30 32 34 36 experiment.
107 A Structural formations in a Si-matrix can also be expected
to appear imp-films undery-irradiation. The B atoms doping
the film are strong acceptors. Having an energetically un-
stable electronic configuration $22p*), such an atom in an

—y, ) Te120-127 %

T&, 107% e amorphous matrix can hold a large number of binding elec-

R 19 % trons around itself. It will strive to undergo a transition to a

e v+ more stablesp*-hybridization state (8-2p?) or it can even

o G assume the configuratiors?p®. As shown in Refs. 11 and
1073} \J 12, boron manifests great versatility in bond formation,

1073 changing “when necessary” the coordination number from 3
to 4—6 and even up to 9. Boron atoms can form bridge bonds
with one another or with Si via hydrogen. On this basis it can
be expected that-Si:H(B) films are heterogeneous from the
moment they are preparddn account of complexes based

FIG. 2. Temperature dependence of the electrical conductiviity n-type on B, Si, and H _atoms As a'SI:H,paslse,S into a different

a-Si:H samples:1 — rapidly cooled samplé400 K/min: 2 — slowly ~ Metastable state in the process of irradiation, the B atoms can

cooled samplgl K/min); 3 — after exposure to white light4 — after  then rapidly bring about structural adaptation and heal a por-
y-irradiation with a dose of 1610 photons/cri. Curves:1-3 — from  ion of the defects that are formed. This process returns the

Eg;: g’gre_slci)grr]t?yats?iflt:;; ;?onr‘]'; st aTe""lk'ng comparisons, the data oy 1o into a metastable state close to the initial state, which

accounts for the weak effect gfirradiation on the electrical

conductivity of p-type films, as we observed.

Te hydrogen is “freed” to a large degree and its motion no

longer influences the chemical bonds in the silicon matrix. ol K vasud 4 A, Yoshida, J. Appl. P18 4719(1989

Accordingly, the curved and2 in Fig. 2 are determined by 2, A.r&igﬁij.' Né?\;lJelzlsﬁrlzo, D XS l\/lla?:ha'lovr;‘? énd N.. N. Ormoni, in

the motion of hydrogen along weak Si—Si bonds, which are apstracts of the All-Union Conference on Photoelectric Phenomena in

broken on heating; curvd is determined by the motion of 3Semiconductoréin Russiaf}, FAN, Tashkent, 1989.

hydrogen along the same bonds broken by light. Cutve 42- /:- Ssttrr?e?t' JJ- '\é‘;’;gyztr-]dsﬁ/'l'f/ﬁolrélggr?-A . Phys. L672

constructed according to our data apparently characterizes(l'gsé_ T ’ n pson, Appl. Fhys. Ak

one of the possible-irradiation-induced metastable states of 5m. s. Ablova, U. Zh. Abdumanapov, K. P. Abdurakhmanov, G. S. Ku-

a-Si:H. In view of the simi|arity in the form of the curves likov, D. P. Utkin-Ein, and K. Kh. Khodzhaev, Fiz. Tekh. Poluprovodn.

1-4 and the closeness of the temperatufes(Te= 120 °C 622' CZOA(lgfv?aES‘é‘;'”Pl\hﬂftérsesrzi'fg”ggé (11%&1;83]'

for curves 1-3 and Te=127°C for curved), we have 7R.. A: S?reet, J Kalélios, C C. Téai, and T. M Hayes, Phys. Re85B

grounds for believing that the processes determining the 1316(1987.

character of these curves apparently can be explained frorfA. A. Andreev, M. S. Ablova, T. A. Sidorova, E. A. Kazakova, A. G.

the standpoint of a single physical model of hydrogen gIassgg"aéo"AlzgﬂeTré;‘:;%:”OS‘” g‘egfék'\tf;ga\?og(lsg%ov K. V. Koughia
However, it is difficult for us to imagine that the high 5 Pevtsov, and V.’N..Sollovyov, im'ra’nsp;ort,. Correlation and Struc- |

activation energy ¥1 eV) which we observed can be pro- tural Defects edited by H. Fritzsche, N. Y., 1990.

duced only by a redistribution of charge on the broken'°H. Iiritzsche[Ed.], Amorphous Silicon and Related MateriaWorld Sci-

bonds. At high irradiation doses, most likely, the formationll(e)m'/&IC giﬁkoi??f\ssﬁlérk?ﬁs@“ON"’ ;/'JS e'\\/'losl\jo",\vﬂ' 13221&1 i DN

of complexes of the typeiSP—H, which is stimulated by the  widin, 1. v. Nelson, E N. Tkalenko, and T. Khamidov, ioron: Pro-

motion of bound hydrogen, starts to play a role in the duction, Structure, and Properti¢s Russiai, Mitsniereba, Thilisi, 1974.

y-induced metastable state @fSi:H. The decomposition of ~'*P- V. Samsonov, T. I. Serebryakova, and V. A. Neronoviarides(in

these complexes in the temperature range 72—127 °C could?uSSialh Atomizdat, Moscow, 1975.

be an additional factor determining the high values of theTranslated by M. E. Alferieff

224 Semiconductors 32 (2), February 1998 Ablova et al. 224



THE PHYSICS OF SEMICONDUCTOR DEVICES

Subthreshold characteristics of electrostatically controlled transistors and thyristors.
1. Shallow planar gate

A. S. Kyuregyan* and S. N. Yurkov

V. I. Lenin All-Russia Electrical Engineering Institute, 111250 Moscow, Russia
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A rigorous analytic theory of the blocking state of electrostatically contolled thyristors and
transistors and a shallow planar gate of arbitrary width is constructed in the model with a
completely depleted base. Formulas are obtained for the subthreshold currents and blocking
factorg as functions of the electrode potentials and device parameters: source and gate widths and
thickness and doping of the base. It is shown that sufficiently heavy doping not only

influences the parameters of the current-voltage characteristics and thegfdmibit also

changes the qualitative form of the current-voltage characteristic near threshold.

© 1998 American Institute of PhysidsS1063-782808)03101-9

1. INTRODUCTION since the blocking capability of most ECTs is determined not
by impact ionization in the SCR but rather by the law gov-
o : oo ~>erning the increase in the electron injection current dedsity
(ECT9 are the most promising devices for switching high yrq,gh the barrier at the saddle point of the two-dimensional
powers in the frequency range 10 kHz—1 MHEhe operat- potential well ¢(x,y) produced by the interaction of the

ing principles of such devices are described in detail in Refgq4s generated by the gate, sink, and volume charge of the
2 at the qualitative level, but the analytic theory required forimpurities.l'z As shown rigorously in Ref. 3, in the diffusion

a clear understanding of the physics of the devices and foépproximation

calculating the parameters is still in a state of infancy. This is

also true of the theory of the blocking state of ECTs, which _
is described completely by the dependences of the drain cur- 3= qND, & exp( B M)
rently, gate currenty, and source currerit, on the drain s s—n kT )’
voltageU,y and gate voltagé),. A simple analysis of cur-
rent balance in ECTs shows that, 14, andl are related as

Electrostatically controlled transistors and thyristors

()

whereq is the electron chargé\, is the electron density at
lg=lg+ls, the source-SCR boundary,, is the electron diffusion coef-
Ig:deg+2A‘]§g+lngv (1) ficient, k is I_30Itzmann’s gqnstgnt, anf is the temperatqre.
| =AJ—2AJS The remaining two quantities in ~Et§8) completely describe
s sg’ the barrier near the saddle poitdip| is the minimum height
whereS is the device area, anl is the total source length. . Po e . _
The drain-gate surface leakage curréf and the linear of the barrier and§=(—wz/ 2 is the relative

source-gate leakage current dendify depend mainly on the  “sjope” in the directionsy (along the channgbndx (across
quality of the treatment and the shielding of the electrodethe channel Therefore, to determine the subthreshold char-
free surface of the device, so that their analysis is not part octeristics of ECTs it is sufficieron the basis of the stipu-
our problem. The current densify is determined by ther- |ations made aboveto find the dependence of these two

mal generation in the space-charge regiBER. In thyris-  guantities onUy, U, and the device parameters. In turn,

tors it also depends on hole injection from the drain this requires knowing the functior(x,y), to calculate
o _ — which analytically great efforts have been made. However,
My M+ BpMp—1)AJS/S (2 the authors of nearly all studies known to us either used
Jag 1_:8p'\7p ' “original” approximate methods, whose error is impossible

to estimate’~® or they actually solved the problem by ap-
where j is the thermal generation current density in theproximate numerical methods while claiming that they have
SCR, andg,, is the current gain of the composite transistor.developed an analytical theoty® As far as we know, the
Obviously, B8,=0 if the ECT is a transistor. The avalanche only exception is Ref. 11, where a mathematically correct
multiplication coefficientdM,,, M, andM+, averaged over solution fore(x,y) was obtained for a very simple model of
the area of the device and introduced in E2).to complete ECTs with a shallow, closely spaced, planar gate and source
the picture, must be calculated on the basis of a non-onesf the same width, but the solution was used only for calcu-
dimensional problem, which cannot be solved analyticallylating the blocking factor. One cell of this device is shown in
Ordinarily, however, there is no need for this procedureFig. 1.
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17}
. I lT a Ae(xy)=— %N(y) @

é 5: ::5:: ;P— in a strip with translationally symmetric boundary conditions
!

! ! x0) 0 for 2mL—I<x<2mL+lI, -

I eXU)=1 _ _

: I base Ug for 2mL+1<x<2(m+Il)L—-1,
'

: Js 75 : whereeeg is the permittivity of the semiconductoN(y) is

¢ b ! gate the total density of donors and acceptors in the SCR,

p— g
L P layer Ne=/" i layer S\e-/" p*layer 4 m=0,+1,+2,..., andw is the width of the SCR.

Igl I, u \ source For high drain potentials, when the SCR fills the entire

base of thicknessd and is bounded on the drain side by a

L U Us . + . . . e
g heavily dopech™ layer, the equalityv=d is satisfied. In the
b ¥y opposite caséwhenw<d), as is well known, the additional
condition
I L
] d ]
SR s | grad ¢(x,y)|y—w=0 0
| |
e - —— L must be used to determine the position of the boundary of the
:_____ _ _4' SCR; in addition, strictly speakingy=w(x) because of the
! T~ - I multidimensional nature of the problem. {k=d, then
F~ Al AN 1 ¢(X,y) can be represented as
! h N ’/ ¥ AN ,// !
D ST\t W ekt | P(X.Y) = on(Y) + @o(X.Y), (®)
=L -1 z L z

where oy (Y) is the solution of the one-dimensional Poisson
FIG. 1. Electrostatically controlled thyristor: a—Schematic diagram of aequatlon(_4) with zero bo%’”dar)’ _Condltlons' angh(x,y) 'S_
cross section of a thyristor with a shallow planar gate and source; in #he solution of the classical Dirichlet problem for a stfip
transistor there is np* layer at the drain. b—Model of a thyristor cell with  with the boundary condition§s) and (6). It can be shown
flat adjoining source and gate, used for calculating the potential distributionypy 5¢ taking into account the possible dependeN¢g) does
the dashed lines represent equipotential lines. . . Lo - .

not give a solution which is qualitatively different from the
typical caseN = const. Therefore, we shall restrict the discus-

sion here to describing the results for ECTs with a uniformly
In the present paper we extend the results of Ref. 11 t(eioped base. In this case

the case of an arbitrary gate-to-source width ratio and the
parameters in the relatiof8) are calculated taking into ac- y y
count the base doping, whose role is analyzed more accu- ‘PN(Y):Vda 1- d/’ ©)

rately than in Ref. 11.
whereV4=qNd?/2e¢,. The potentialgg(x,y) can be ob-

tained by using, for example, the Schwarz integral for a
2. POTENTIAL DISTRIBUTION strip.12 In our case, using the relatidf), this integral can be

To calculate the potential distributiog(x,y) in the put into the farm

SCR, following Ref. 11 we shall employ two basic assump- y
tions. eo(x,y)=Uag
1. Assuming that the current density in the blocking state
is low, we shall ignore, as is ordinarily doAe'! the volume sin(wy/d) [+= o(x",00dx’
charge of electrons and holes in the SCR. This assumptiorr — ., cosia(x—x")/d]—cod my/d) (10)
can even be regarded as valid by definition of the subthresh-
old operating regime. Substituting the expressiofd) into (10), we obtain an ex-

2. We shall assume that the distangeetween then™ pression foreg(x,y) in the form of a slowly converging
source and th@* gate and their thicknesses are sufficiently series. It is more convenient to use a Fourier series expansion
small, and that the doping is sufficiently heavy so that theyof ¢(x,0). Substituting this expansion into E(LO) gives,
can be regarded as flat equipotential adjoining electréelss  after integrating and combining it with E¢Q),

Fig. 1b. Since for our problem it is necessary to know

2
¢(x,y) only in a narrow strip along the axis of the channel, —U [M X_1+ |—+G 1 dx X) } VR
S can be disregarded, if it is much less than the widtloP exy)=Uq d L PAILL'L’L dg2
the source and the gate widthl2¢1). (13)
_ For this modekp(x,y) is a solution of the Poisson equa- UgtVg+Ug |
tion whereM =———— — —

U, L
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G, (v,7,21) casew<d is meaningful only for devices in which the base
. is doped with donorgi.e., N=Np>0) and the SCR is ad-
2 D sinffm7mn(1-t)] joining to the source. If the base is doped with accepibis
=7 & Tmsinamyg)  Sm(mmy)codmma). variant of a thyristor is discussed in, for example, Ref), 11
then only the casev=d is relevant to our problem, because
(12) in such devices the “main” SCR is adjoining to the central
The field intensityE, along they axis is obtained from Eq. p-n junction and forw<d the source and gate are located

(11) by differentiating: outside the SCR!
Ey(X,Y) Y M+G Ldxy Lov, Y (13
X,y)=—1|— — =, == =
y(xy d ElL'L'L d dg2 3. PARAMETERS OF THE SADDLE POINT
Ge(v,7n,7,t) The parameters of the saddle point, which lie on the
i (1-1)] channel axis near the source, can be easily found after the
cosh mmmn(1l— i ;
P L 7lm ) Sin( 7mp)cog 7m2). expressiong12) and(14) are put into the forrh
m=1 mh G (v,7n,01)
(14) - :
A ted, the field intensity in the=d plane as =— 2 arcta S 7y
S expected, e W P = exp(7|2m+t| ) —cos v

sumes its minimum value on the channel axis. Therefore, the

minimum value of the drain potenti&ly y,in, for whichw=d 1
and the formulas derived above are still valid, is determined ><sigr< m+ 3], (19
by the equalityE,(0,d)=0. We thus obtain
_ ! | d Ge(v,7.00) =7 SIh 7y (20)
Vamin=VatUgl i ~1+Ge| 7,01 } (19 S m<. coshm(2m+t)n]—cosmv’

However, even fol 4<Vy ;, there is no need to take into where for =2 the terms withm=0 are sufficient. Substi-

account the “non-one-dimensionality” of the additional tUting them into Eqs(11) and(13) yields the following for-

boundary conditior(7). Indeed,E,(0,d) depends orx only mulas, which are correct to within 2 expRnd/L), for

because of the presence of the te@n(I/L,d/L,x/L,1), ©(0¥) andE,(Oy):

which, as one can see from Ed4), is exponentially small y 2 wy y?

whend=2L. This inequality holds in all cases of practical ~ ¢(0y)=Ug M-~ —arctanM tanh 5|1 = Va 2.

interest. For this reason, to within the order of

4d/L exp(—d/L), the SCR boundary can be assumed flat (21)

even whenUy<Vy min,» @and the quantityw can be found Ey(0y)

from the equationE,(Ow)=0, which is equivalent to the U sin(#l/L)
" g

condition (7), to the same degree of accuracy—afterchd =T cosH my/L) —cos #1/L) —

in the expression foE, are replaced byv. Therefore, dis- ™y g

regarding in Eq(13) the termGg, we obtain (22

y

M +2Vd?,

Vg=Ug+Ug(1-1/L). (16)  whereMy=cot(m/2L). The coordinate of the saddle point
is a root of the equatiok,(0,y) =0. If in Egs.(21) and(22)
the last terms are neglected, then

1/2
] 17) ~:E ., [1—M/M,q
H y WLtanh —1+MM0’ (23

The quantityGg can be regarded as small and the SCR 5 T MM
boundary can be regarded as flatwi& 2L, or ’;:@(09‘): ZU.lM tanh LA / 0
g 1+MM,

: (18 " 1-M/M, 04
—arctan Mo \/ 3 |- (24)
whereV, =qNL%/2s¢,.

Estimates show thdGg(I/L , d/L,x/L,1)|<0.02 when ForN=0 these formulas holdvith the stipulations made at
Ug=V.y mn, and the deviation of the real SCR boundarythe beginning of Sec.)Zight up to vanishing of the barrier at
from the flat planey=w is of the order of 0.0&. For con- M=My. Near the threshold, where
sistency, we assume below that the thickness of the SCR M
equalsd, but if Vi min<Ug<Vgmin, then in all formulasd \/1-— M—< 1+Mg*, (25
must be replaced bw from Eq. (17). 0

We employed in Eqs(16)—(18) the symboINp instead Eg. (24) can be simplified by expanding the arctangent in a
of N to underscore that everything said above concerning theeries with respect to the small argument:

It thus follows (since nowVy=qNpw?/2e &) that

_[2880
qNp

Ugt Ug( 1- E

UdBVW minE4VL_Ug( 1- E
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~  4Ug Mg
M-T YMg+1

If N#0, then, as is easily verified, the last terms in EG4)
and(22) can be disregarded only if

Mo\/<M%+1>

Now, in order that a region of applicability of E(R6) exist,
the inequalitieg25) and(27) must hold simultaneously, and
hence. The following condition must be satisfied:

M 3/2 8r
- M_o) (26)

1- > (27) 4

Mo/~ U

M) Vi

Ug(Mg+1)>|V,|. (29

0*d(0,y)/v,

(]

Of course, for sufficiently smalM — M the inequality(27)

is not satisfied, buy becomes so small that the right side of
Eqg. (21) can be expanded in a series in the small parameter
yMy/d and the potential distribution near the source can be
obtained in the form

y 2 y2 y Ug 1 1 i )
e(0y)=Vir |z o7~ 7+ (M=Mg) o=/, (29 0 0.02 0.04 006  0.08
L3yl L V| /
y/
8 V. L .

where yo=— U MaOvZs 1) The coordinate of the FIG. 2. Potential distribution along the channel axis of an electrostatically

) 7T g of 0+_ ) . controlled thyristor—with a donor-doped basks2L, L=2l, U,=2Ug4,

saddle point is now determined by the equation and drain voltagetJ 4 /U,: 1—0.9987,2—1.0000,3—1.0012,4—1.0017,

Uy (M=My) 5—1.0025.
~ o~ —Mp
Y2 =¥yotyol i ——% —=0. (30

L

In devices with a nondoped base the paraméterl,

Substituting this equation into ER9), we obtain becausepy=0, and ¢, is a harmonic functiof.If N#0,

~__y V2 (fz_ ) a1 then
TN Ey, ) Po  Peo e Po _Pey __Va
N W gy M= =2
For M<Mg Eq. (30) has only one positive root:
so that

_ 1 , Ug
y=5 Yo+ yo+2yoLV_L(Mo_M)

. (32 Vv,
§= 1—2F

It can be shown that the expansion employed in the deriva-

tion of Eqgs.(29)—(32) is justified near threshold if the in- Far from threshold, when the inequali®7) holds, the sec-

equality (28) holds. Relationg(26) and (31) therefore are ond term in Eq(33) is small and, againé=1. In the oppo-

valid only for sufficiently high gate voltages. Here expres-site case, the expansion @f(0,y) employed in the deriva-

a%aa%}‘l

T (33

sion (26) transforms into expressioi3l) asU, increases. tion of EqQ.(29) can be used. We thus obtain

As one can see from Eq&1) and(32), y and¢ simul- y
taneously approach zero & — M, only whenyg,cN=<0. E=~/1—- 29 (39
However, if N>0, then asM— Mg, the barrier does not 2y

vanish, sincey —y, and the potential at the saddle point Thus, in the region of applicability of our modéle., for
approachespo= —Vay2/3d? (Fig. 2, curve2). The second M<My) the parameteg varies from 1 for smalM up to
root in Eq.(32) with M>M, becomes positive, and a local 1¥2 atM =M.

maximum appears on the curwg(0,y). This means that

there arises in the region between the source and the saddieg| ocKING FACTOR

point a potential well(Fig. 2, curve3) that must be filled ) )
with electrons from the source until the positive donor ~'Ne blocking factog, equal to the ratio of the threshold

charge is completely compensated, and the position of therain voltageUy, and gate voltagélqo, is one of the main
SCR boundary in direct proximity to the saddle point parameters of an ECTBut there are still no generally ac-

changes. For this reason, our initial model becomes inapplicePted values OUdrO] and %99' Inheng;]negrir}g practice it isl
cable forM>My, even if the barrietqa,| is stil high and  CUSIomary to use the condition that the drain current equals a

if the volume charge of the electrons injected into the SCRorescrlbed small valug:
can be ignored. l4(Ugo,Ugo)=1t-
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In application to an ECT, it is virtually equivaleféee Egs. the threshold onset conditioné5 and E,(0,0)=0 are

(1)-(3)] to the equality|g~o(udo,ugo)| =g, Which has been equivalent, to a high degree of accuracy, and @6) can be

used by many authors but with different values of theused to calculate the blocking factor.

“threshold” potential ¢, in the range from @Ref. 17 to 0.8 It follows from Eq.(36) that when the base is doped, the

V (Ref. 14. However, because of the strong dependenc®locking factor becomes dependent on not only the device

14(Ug,Ug) in the subthreshold region, these definitionsparameters, but also the gate voltage. This dependence

should all give threshold voltages which are identical withchanges wheit <V miy: Substituting in Eq(36) w for d

accuracy sufficient for practical purposes. For this reason, ignd using Egs(17), we obtain

the model of a completely depleted SCR we believe it is best U l |

to use the simplest and physically clearest threshold onset g= 4_\/g|_ COIZ(Z -1+ T (38

~ Donor doping of the base decreagesind acceptor doping
¢(Ugo,Ugo) =0. (39 increaseg. This effect was noted and explained in Ref. 11.
If N<0, then, as follows from the results of the preced-In the particular casé =2l Egs.(36)—(38) are identical to

ing section, the relatioi35) holds simultaneously with the the results obtained by us for the case of a uniformly doped

equationy =0 and hencé,(0,0)= 0. This makes it possible base.
to determineg for devices with nondoped and acceptor- We wish to thank A. V. Gorbatyuk and T. T. Mnatsa-

doped bases of arbitrary thickne;s. Indeed, in such d":'Viceksamov for many helpful discussions of the questions consid-
w=d always. Therefore, setting in E¢13) x=y=0 and ered in this paper.

Ey=0, we obtain Financial support of this work was provided by the Rus-
Vy sian Fund for Fundamental Reseaf&hoject 95-02-05767
9=go— Uy’ (36)  and INTAS (Project 94-041y,

condition

where the blocking factor of an ECT with a nondoped base isFax: (099362 5617; e-mail: kyureg@semlab.vei.msk.ru
DThis requires expanding coseett(i) in Egs.(12) and(14) in a series for

| d I d l large arguments, changing the order of summation, and using the
9o=GCe E ) E’O'O -1+ E ~ E Cco Z -1+ E (37) standardf formulas for sums of series with exponential and trigopnometric
functions.
The latter equality in Eq(37) holds to a high degree of
accuracy ford=L. 1J. I. Nishizava, Power conv. and intel. motioh3, 15 (1987).

+  2B. J. Baliga,Modern Power DevicesSingapore, 1987, p. 132.
= > - ) | ) 3
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threshold onset conditio(85) cannot be used. However, for S°R. K. Gupta, J. Appl. Phys3, 1754(1982.
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[for which the barrier vanishes in accordance with E§4) niki, No. 15, 131(1987.
and(32)], °A. Timotin and C. Zaharescu, Rev. Roum. Sci. Techn., Ser. Electrotechn.
et. Energ.33, 3 (1988.
U;—Ug 3Vgyo 3Yo L A, G. M. Strollo and P. Spirito, IEEE Trans. Electron DevideB-38,
- =——<— 1943(199).
Uo 8Uqd 8d dMy A, V. Gorbatyuk and 1. V. Grekhov, Fiz. Tekh. Poluprovodis, 1353

. . . . (1981 [Sov. Phys. Semicond.5, 781(1981)].
IS very small(see curved in Fig. 2)’ espeC|aIIy for ECTs 12M. A. Lavrent'ev and B. V. ShabaMethods of the Theory of Functions of

with a large blocking factorg~M,d/L>1. Secondly, the a Complex Variabldin Russiaf, Nauka, Moscow, 1987.
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