The American Institute of Physics joins its
Russian colleagues in celebration of the 70th
Birthday of Academician Boris Petrovich
Zakharchenya. We wish Boris Petrovich the
best of health, happiness, and great success
in his scientific endeavors. We are proud

to Know him for many years as a talented
Physicist, dedicated Editor, and as our dear
friend. We value our collaboration with Boris
Petrovich, and we hope it will continue for
many years to come.
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Fiz. Tekh. Poluprovodr32, 759—-760(June 1998
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Boris Petrovich Zakharchenya, member of the editorial
board of the journal “Semiconductors,” Academician of the
Russian Academy of Sciences, Director of the Division of
Solid-State Physics at the A. F. loffe Physicotechnical Insti-
tute of the Russian Academy of Sciences, and a scientist who
has made an outstanding contribution to the development of]
semiconductor physics, celebrated his 70th birthday on May
1, 1998.

B. P. Zakharchenya was born in the city of Orsha in
Byelorussia. He attended secondary school and university in
Leningrad. In 1952 he graduated from the Department of
Physics at Leningrad State University and entered the A. F.
loffe Physicotechnical Institute, where he has been ever
since.

The main direction of B. P. Zakharchenya's scientific
research — optical spectroscopy and magnetooptics of semi
conductors — was set while he was still a graduate student af
the Physicotechnical Institute under the guidance of his
teacher Corresponding Member of the Soviet Academy of
Sciences E. F. Gross. B. P. Zakharchenya participated ex
tremely productively in the pioneering investigations of the
optical spectra of the exciton, a quasiparticle which was pre-
dicted by Ya. I. Frenkel’ and whose hydrogen-like optical
spectrum in cuprous oxide crystals was discovered shortly
before(in 195]) by E. F. Gross and N. A. Karryev. The first
observation of the Zeeman and Stark effects, the discovery of
giant diamagnetic shifts of the energy levels of large-radius
excitonic states, the observation of the main magnetooptic
effect — magnetoabsorption oscillations associated with
Landau levels — in the cuprous oxide spectrum, the obser-
vation (made independently and simultaneously by Thomas
and Hopfield of magnetic field reversal in the excitonic
spectrum of cadmium sulfide is an incomplete list of the
fundamental results obtained by B. P. Zakharchenya during
the first ten years of his career. These results have made a
large contribution to the development of the exciton physicdestations of multiquantum nuclear resonances and optical
and semiconductor magnetooptics. In 1966 B. P. Zakharcherientation of holes. In the late 1970s B. P. Zakharchenya
enya, together with other scientists, was awarded the Lenitogether with D. N. Mirlin conducted an extensive series of
Prize of the USSR for research on excitons. studies on the optics of hot carriers in semiconductors: They

In the beginning of the 1970s a remarkable series ofliscovered the luminescence of hot photoelectrons and their
investigations of the optical orientation of the spins of cur-momentum alignment under linearly polarized optical pump-
rent carriers and atomic nuclei in semiconductors was coning. It was shown experimentally and theoreticalhy M. I.
ducted at the initiative and with the participation of B. P. D'yakonov and V. |. Pere) that ultrafastfemtosecongdy-
Zakharchenya at the A. F. loffe Physicotechnical Institutenamics of hot carriers and the particular features of the struc-
This work was awarded the 1976 State Prize of the USSR. Bure of semiconductors can be studied by investigating the
P. Zakharchenya together with V. G. Eber were the first hot luminescence of semiconductors and its behavior in a
to achieve deegdown to 10°® K) optical cooling of a sys- magnetic field. Importantfrom the standpoint of applica-
tem of nuclear spins and they discovered the optical manitions) investigations in the spectroscopy of semiconductors
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doped with rare-earth elemen{®. B. Gusev and M. S. cotechnical Institute B. P. Zakharchenya is a successful ad-
Bresle) as well as investigations of semiconductor nano-ministrator, and as a professor at St. Petersburg State Elec-
structures have recently been successfully conducted in Zarical Engineering University he is devoting a great deal of
kharchenya’s laboratory. energy and talent to pedagogical work. He is also devoting a
Zakharchenya's service in the development of opticalyreat deal of attention to the journal “Physics of the Solid
spectroscopy and magnetooptics of semiconductors has beefgte” as chief editor.
recognized by electing him Corresponding Member of the  \ve wish Boris Petrovich good health and great success
Soviet Academy of Sciencgd976 and active member of i, further scientific work.

the Russian Academy of Sciencek992 and by presenting Editorial Board of the journal “Semiconductors”
him the 1996 P. N. Lebedev Bolshoi Gold Medal. As head of

the Division of Solid-State Physics at the A. F. loffe Physi- Translated by M. E. Alferieff
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ATOMIC STRUCTURE AND NON-ELECTRONIC PROPERTIES OF SEMICONDUCTORS

The role of macrodefects in electronic and ionic processes in wide-band I1-VI
semiconductors

B. R. Dzhumaev

Institute of Semiconductor Physics, Ukrainian Academy of Sciences, 252028 Kiev, Ukraine
(Submitted October 13, 1997; accepted for publication October 26,) 1997
Fiz. Tekh. Poluprovodn32, 641-645(June 1998

This paper discusses the electrical, photoelectric, and photoluminescence characteristics and the
ESR spectra of CdS crystals with various dislocation densitjes1(0’—1C cm ?). Itis

found that the presence of mobile donors and of dislocations with depsity0°~10* cm™2 has

a number of specific effects: anisotropy of the electric-field-induced conductivity, athermal
diffusion of donors under the action of ultrasound, distortion of the shape of the edge-
luminescence spectrum, and photostimulated degradation of the photosensitivity and
photoluminescence. The dependence of the type of macrodefects and the optical strength of the
crystals on the fabrication process is studied. 1@98 American Institute of Physics.
[S1063-782628)00106-9

The creation of LEDs and lasers based on wide-bandapor pressures by the method described in Ref. 4. Such
[I-VI semiconductors makes the problem of their degradacrystals are often used as the working elements of electroni-
tion extremely crucial. An essential factor in the degradatiorcally pumped lasers.
is the presence of dislocation-generating heteroboundaries
that penetrate the active layeAnother important factor, as
we established earlier, is the presence of highly mobile

2 1. EFFECTS ASSOCIATED WITH THE PRESENCE OF
defects—shallow donors—for example ;CdA significant
X . . . . DISLOCATIONS
role (in particular, in the degradation processes of lasers with
electronic pumping can also be played by other types of  The following specific effects associated with the pres-
macrodefects: inclusions and grain boundaries. ence of decorated dislocations were observed:

This paper uses CdS as model crystals to study the in- 1) electric-field-induced conductivity anisotropy,
teraction of a developed system of dislocations and mobile  2) athermal diffusion of donors under the action of ul-

defects. The dislocation densityin these crystals varied in trasound,

the range y=10°-1C° cm 2. Donors that are mobile at 3) distortion of the shape of the edge-luminescence spec-
room temperature were present in them at the same time. trum,

Next follows a description of a series of specific effects that  4) photostimulated degradation of the photocurrent and
result from the indicated interaction. The limiting dislocation the luminescence.

concentration, where these effects are no longer observed, is o o _
determined. Optical breakdown mechanisms of crystals usef!- Eléctric-field-induced conductivity anisotropy
as the active elements of electronically pumped lasers are When an electric fieldE above some threshold value
also studied. (Eqy=10-1G V/cm) is applied at 300 K, an increase of sev-
eral orders of magnitude in the dark current and the photo-
current with time was observed in a number of crystals with
EXPERIMENT AND DISCUSSION y>10° cm™2. In other words, a conductive channel appeared
along a direction parallel t&. However, the conductivity of
High-resistance CdS crystals with a resistivity of the crystal in a direction perpendicular to the applied field
p>10® O -cm were obtained by free growth from the vapor showed virtually no changéhe measurements were made
phase. The dislocation density was determined from etch pitgy turning on the field for a short timeThus, the conduc-
on the(000J) plane. The method described in Ref.3 was usedivity showed induced anisotropy. The ratig /o, of the
to obtain samples with smail. conductivities in the two directions could reach®1@he
Crystals doped with Cu in a concentration rangeeffect was independent of the crystallographic direction, and
10*-10" cm™ 2 with y<10° cm 2 were used to study pho- the channel could be formed either along the symmetry axis
tostimulated degradation of the photocurrent and the photce or perpendicular to it. After the field was switched off, the
luminescencéPL). Optical breakdown processes were stud-state with increased conductivity decayed with time. Both
ied in crystals grown under various ratios of the S and Cdprocesses—the formation and the breakdown of the conduc-
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ohmic, while the contact with the second electrgtlee an-
ode must be a blocking contact capable of injecting hdles.
w'hk The field applied to the sample must be fairly large in this
case, so that the time of flight of the hole between the elec-
trodes is shorter than its lifetime in the valence band. In our
case, the role of the electrodes is played by the low-
resistance regions. The low-resistance region adjacent to the
high-resistance interval on the cathode side serves as the
ohmic electrode. The blocking contact is formed in the near-
anode region of the high-resistance interval by the formation
in it of a thin insulating layer where mobile donors drift in
the electric fiel When a static electric field is applied, posi-
tively charged donors migrate toward the cathode but do not
0k come from the anode. Therefore, a high-resistance layer is
1 formed close to the anode, the electric field in the sample is
redistributed, its value at the anode increases until hole in-
jection begins, and double injection appears in the sample,
which stabilizes the situation. The current in this case is lim-
- ited by the resistance of the low-resistance regions: the linear
L 7 L L section of the 1-V characteristic in the state with a conduc-
0 1‘[7/ v 10 tive channelFig. 1, curve2). This mechanism of forming a
’ blocking contact is confirmed by the coincidencesgfand
FIG. 1. The |-V characteristics of a sample bef¢i¢ and after(2) the £ diff -
formation of condugtive_ chann_els in the darl_(. The dasheq line shows the  The Conductivity in the state with a conductive channel
growth of current with time during the formation of conductive channels. depends on the dislocation density in the crystal, decreasing
as y decreases. The effect is not observed in crystals with
tive channel—were thermally active, with a activation en-y<10® cm™?, but appears when 1610° cm™ additional
ergy ofga that Virtua”y coincides with the diffusion activa- dislocations are introduced. Thus, it can be assumed that the
tion energye 4 of the mobile donors. low-resistance regions are dislocations decorated by donors.

A characteristic feature of crystals in which the forma-
tion of a conductive channel is observed is that they area.2. Athermal donor diffusion under the action of
initially inhomogeneous. This is evidenced by the form of ultrasound
the current-voltage characteristics of the dark current and the
photocurrent (Fig. 1), as well as by the form of the
amplitude—frequency characteristidd=Cs) of the photocur-
rent. To eliminate the effect of the contacts, the |-V charac
teristics were measured by a probe method. At small volt
agesU (E<Ey), they are nonlinear, and their slope=2-6
in the coordinates of Fig. Icurve 1) is characteristic of
space-charge limited currentSCLC9, which are usually

-8

LA

Ny

A decrease of the steady-state photocurigptvas ob-
served in a humber of the test crystals as a result of irradia-
tion by ultrasound pulse@ulsewidth;=10"° seqd both at

300 K and at 77 K. In both cases, the process did not last
Tonger thanr; . An analysis of the thermally stimulated con-
ductivity andl , spectra before and after irradiation, as well
as of the lux—ampere characteristics, showed that the effect

: ' 5 is caused by a decrease in the concentration of shallow mo-
observed in CdS crystals at fields=10°vicm® Since bile donors. With time, the initial characteristics of the crys-

SCLCs are observed in the crystals studied here at fields QL 5o restored. The activation energy of the restoration pro-

1-10 Viem, it can be assumed that the crystals are mhomocfess is 0.4 eV, which coincides with the activation energy of

geneous and coptain Iow-resi'stance regiqns separated by trt'ﬂi diffusion® The effect is observed in crystals with a dis-
high-resistance intervals. This agrees with the form of thgq oo density ofy>10* cm 2. The necessary dislocation
photom:rrc?nt AF(.:t' \f{w'Chh. 'rs] chatractens_tu; Ofl Se(;'es'densities, along with a number of other factors, show that the
connected capacitorgthe high-resistance intervalsan effect is caused by the accumulation of donors by disloca-

ohm:]:ctre&stancde(ir;g Iovx;}—ressrgncfe I’eglt;)h;] VE ch tions under the action of ultrasound, as occurs in CdS crys-
€r a conductive channel IS formed, the Changesiy s when they are processed for a long time by sinusoidal
slope and has a form characteristic of a IVC caused b

N . A X Xitrasound® A difference in the effect that we observed is the
doublejlnjectlon currentéFig. 1, purveZ). _Gregn Ium|r.1es-. xtremely short time that the process takes both at 300 K and
cence is then observed on the linear ;ecnon in the h|.gh-f|.el t 77 K, which allows it to be regarded as having a very low
::ea%gn atT<100 K, as usually occurs in CdS crystals in this activation barrieiQ, or even as athermal.

Thus, under the action of an electric field, a process oc- o _
curs in these crystals which creates the conditions for--3: Shape distortion of the green-luminescence edge
double-injection currents to appear. In order for a doubleSPectrum
injection current to appear in amtype semiconductor, the It is well known that a zero-phonon line and its phonon
contact with one of the electroddthe cathodg must be sidebands with an intensity, that increases as increases
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FIG. 3. Angular dependencedH(6). Ny=2x10" (1) and 16°-7
X 10 cm™2 (2).

width AH and theg factor. There are thus two types of

L A donors in the crystaldd; andD,. The fact that the crystals
051 052 053 05% are initially inhomogeneous is evidenced by the contradic-
A ,pm tion between their low dc conductivity, corresponding to a

carrier concentration ai<10° cm ™3, and the extremely low
FIG. 2: Green luminescence spediveof various CdS crystals. The absorp- Q of a microwave cavity, corresponding to a mean free-

tance increases fromto 4. carrier concentration af=10' cm3 at T>50 K, as well as

by the presence of the dark ESR signal from shallow donors

(n is the number of emitted phondnis observed in suffi- (at T<30K). It can thus be concluded that there are low-

ciently perfect CdS single crystals in the green-luminescencBeSiStance inclusions in the high-resistance crystals studied
edge spectrurf In the most perfect CdS crystals, the ratio is "€

W, /W,=0.81 A feature of the crystals studied hefeith It is well known that the shallow-donor concentration
y>10° cm 2) is that the intensityW, of the zero-phonon Can be judged from the angular dependeféd( 6).= In the

line is less than the intensit; of the first phonon sideband €St samples, the angular dependences of both components of
(Fig. 2). Appreciable absorption in the 0.51 to 0.5%A re- the ESR signal, measured in the dark, are described by the

gion is present in these crystals. The spectrum is distortetficreasing curvel in Fig. 3, ;’Vh'(ihg corresponds to a donor
more strongly, the greater is the absorption in this region angoncentration ofNy>2x 10" cm. After illumination at
the steeper is its spectral dependence. It can thus be coh=30 K, theD; component of the ESR signal increases; its
cluded that the effect is associated with attenuation of th@ngular dependenceH (¢) changes and is now described by
intensity of the emitted light because it is absorbed in theén® dec5reasmg gcurve In Fig. 3, which corresponds to
crystal. This is confirmed by the dependence of the shape Ma=10"-7x10'° cm™=." The intensity of theD, compo-
the spectrum on the path length of the emitted light in thehent of the ESR signal and its angular dependekEr )
crystal, which was deliberately varied in the experiments. ASSnOW virtually no change in this case. The dark signal is thus
shown by studies of the AFCs, crystals with a distorted shapg€termined by regions with a large concentratiorDgfand

of the PL spectra are inhomogeneous in resistance and coR2 donors, while the photo-ESR signal is determined by
tain low-resistance regions. Dislocations decorated by donofdgh-resistance regions with a low concentrationDgf do-

are apparently responsible for the absorption in the 0.51 t§°rs(but with a large number of thenand a very low con-
0.55-.m region. This assumption agrees with the results of £&ntration ofb; donors(no contribution ofD, donors from

measurement of the currents induced by the electron prob€ high-resistance regions is sgefhe D, donors are thus
which show that the crystal contains linear defects, neafoncentrated mainly in the low-resistance regions, which are
which a decreased recombination rate is observed. sinks for donors. After illumination af>30 K, the intensity

of the D, component of the ESR signal sharply falls, which
corresponds to a decrease of the donor concentration in the
low-resistance regions of the crystal. Thus, degradation
mainly occurs close to sinks for donors. In the crystals stud-

The action of visible and IR radiation on the CdS : Cujed here, the sinks are apparently Cu-decorated dislocations,
studied here af>300 K reduced the photocurrent and the since copper diffusion predominantly occurs along tHém.

PL intensity(it caused photodegradatiprbecause it coagu-

lated the mobile donors and consequently formed fast-

recombination center€. Two thermally stimulated conduc- 2. DEPENDENCE OF THE OPTICAL STRENGTH OF THE

tivity peaks caused by shallow donors were observed in OUVEFY’S-ILAFI’_EEOS’;J:ESRQSISH\?; CT;:(E)V?#::‘FUR AND CADMIUM
crystals: atT;=30-35K and afl,=45-50 K, along with

two components of the ESR signal,Tat230 K (D, andD>) It is well known'® that one of the main causes of the
both in the dark and under illumination, differing in the half- degradation of high-power, electronically pumped lasers

L [ 1

1.4. Photostimulated degradation of the photocurrent and
photoluminescence
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10 crease ofPy, for «>1.6 correlates with the increase of the

number of block boundaries. It can therefore be assumed that

the breakdown of crystals grown with<<1.6 is caused by

the absorption of optical radiation by Cd inclusions, while

- the breakdown of crystals obtained widh> 1.6 is caused by

absorption at block boundaries. This conclusion is confirmed

by the different ways in which the optical breakdown of

- crystals occurs withk<<1.6 anda>1.6. In the former case,

it takes the form of spots that apparently are melted at the Cd

inclusion sites, whereas the breakdown in the latter case cor-

responds to block boundaries. A similar picture appears

when the working elements of lasers break down. Note that

dislocations apparently do not play a substantial role in the

12° optical breakdown processes of the crystals studied here, but
the optimum crystal ¢=1.6) is the one that contains the
fewest inclusions with the minimum number of block bound-

PN SO S NN S NS S SR S aries.

0 05 10 4 2.0 25 A substantial role in the degradation processes of light-

emitting devices is thus played not only by dislocations but

FIG. 4. Threshold power density of the optical breakdown of CdS singlealso by other types of macrodefects.
crystals grown with various ratio@= Pg/Pcys Of the vapor pressures.

T T

2
th, W/om/

LI B B

. ) CONCLUSIONS
based on II-VI semiconductors is that they break down un-

der the action of their own radiation. The threshold of this  As follows from the results presented above, the pres-
breakdown depends on the processing conditions for obtairence of a developed system of dislocations and donors that
ing the crystals. In particular, crystals with a rather high op-are mobile at room temperature has a number of specific
tical strength(11-13 MW/cnf)* and the low dislocation den- effects. This is associated with the formation of low-
sity of (0.6—1)x 10* cm 2 can be obtained at some optimum resistance regions close to dislocations as a consequence of
ratio of the sulfur and cadmium vapor pressuresdecoration processes and the possibility of redistributing the
a=Pg/Pcys=1.6. At the same time, it is well known that it donors under the action of various external factgight,

is possible to obtain an optical breakdown threshold that suldltrasound, electric fie)d The last factor destabilizes the
stantially exceeds the indicated values in crystals with aharacteristics of semiconductor materials. The effect with
similar dislocation density.Therefore, to explain the causes the greatest sensitivity to the dislocation density was the in-
of the breakdown of crystals obtained with various ratios ofduced anisotropy of the conductivity. It was observed even
the sulfur and cadmium vapor pressures, we measured ther y>10> cm~2 Shape distortion of the green band and the
threshold optical breakdown powers and compared therpresence of athermal diffusion is recorded only when
with the results of a study of the macrodefects. y>10* cm™2.

The threshold power densitlyy, for the optical break- It should be pointed out that some of the effects de-
down of the crystals was determined by irradiating them withscribed here were also observed in other 1I-VI crystals
light pulses from a ruby laser with nanosecond pulsewidth byCdSe and CdTje as well as in IlI-V crystalsGaP.
the technique described in Ref. 16. The results are shown in  The enumerated effects make it possible to obtain addi-
Fig. 4, from which it can be seen that the threshold dependsonal information on degradation and aging processes in
only slightly on « in the region of excess cadmium vapor [I-VI compounds. They can also be used as experimental
pressure. As the sulfur vapor pressure increases, the thresévidence that dislocations are present simultaneously with
old power density increases, reaches a maximum=a.6,  mobile donors in crystals and layers.
and then sharply decreases. One more degradation process of light-emitting devices,

It turned out that, in the region with excess Cd vapornamely of high-power lasers, is their breakdown by optical
pressure &¢=0.5-1, a significant number,N=(5-7) radiation. Other types of macrodefedimclusions, block
x10* cm™2, of Cd inclusions with a diameter ai=3-5  boundariescan play a substantial role in this case. As shown
um is observed in the crystals. As the S vapor pressure inby the results presented above, not only the concentration but
creases, the number of inclusions decreases and their siaéso the predominant type of macrodefects depends on the
increases, and, whem=1.6, N=500 cnm 2 andd=10um.  crystal-fabrication regimeén particular, the ratio of the va-

As the vapor pressure of S is increased further, the number gfor pressure of the component€admium inclusions are the
inclusions decreases further, until they completely disappeamacrodefects responsible for optical breakdown in the region
However, the crystal becomes blocky in this case, with theof excess cadmium vapor pressure, whereas block bound-
number of block boundaries increasing @sncreases. The aries are responsible in the region of excess sulfur vapor.
increase oPy, asa increases from 0.5 to 1.6 correlates with This determines the form of the breakdown of the working
the decrease of the number of Cd inclusions, while the deelements of lasers and their optical strength.
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One-dimensional structures formed by low-temperature slip of dislocations that act as
sources of dislocation absorption and emission in 11-VI semiconductor crystals

N. I. Tarbaev and G. A. Shepel'skit
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(Submitted July 28, 1997; accepted for publication November 17,)1997
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This paper presents and analyzes the results of measurements of characteristic narrow optical
absorption and emission lines caused by low-temperdair€=1.8—77 K slip of

dislocations in cadmium sulfide crystals. The optical absorption lines are characterized by giant
oscillator strengthsf(~1). A model which explains the entire set of experimental results

for cadmium sulfide and other 11-VI compounds is proposed and substantiated. The proposed
model associates the dislocation optical absorption and dislocation emission with the

formation of one-dimensional chains of associates of point defects accompanying the slip of
screw dislocations with jogs. The experimental data are used to calculate the linear density of jogs
and the volume density of point defects in the chains, and the oscillator strengths of the
corresponding optical transitions are also estimated.1988 American Institute of Physics.
[S1063-782808)00206-3

It was shown earlier that characteristic emission linessible to establish several features that are, in our opinion,
appear in the edge photoluminesceribé) spectra of cad- very important. It turned out that, even though macroscopic
mium sulfide crystals as a result of the low-temperatureplastic deformation is very small at low temperatures
movement and generation of dislocations(at (e<10 %), it qualitatively transforms the optical, photoelec-
T=1.8-77 K.13 These lines were subsequently called dis-tric, and radiative properties of the crystals. This is evidence
location emissionDE). Dislocation emission consists of a that the electrical and optical activity of the electron states
group of narrow lines, which are located close to the fundaintroduced when the dislocations move is extremely high.
mental absorption edge. Dislocation emission builds up as As is well known, the movement of dislocations in a
the degree of plastic deformation increases and, even famrystal lattice causes the generation of point defects. At high
rather small residual deformation, can dominate the emissiotemperature, dislocations and the point defects formed by the
spectrum of CdS. Another feature of DE was ‘“low- dislocations already intensely interact when plastic deforma-
temperature annealing:” The DE lines virtually disappeartion occurs. This does not makes it possible to separate the
from the PL spectrum after a crystal is held at room temperaeontributions of the dislocations themselves and the point
ture for even a few hours, even though they are maintainedefects to the variation of the physical properties of the crys-
for an indefinitely long time, for example, at 77 K. Thus, thetals. It is evident that reducing the plastic-deformation tem-
electronic states associated with DE should be considerggerature as low as possible suppresses the thermally acti-
metastable. vated interaction mechanisms of the dislocations and the

Dislocation emission was also characteristic of crystalgoint defects and gives a “frozen” or primary picture of the
of other 11I-VI semiconductors—CdTe and CdSe. The veryresults of defect formation in crystals accompanying the
possibility that dislocations can be generated and can mowmovement of dislocations.
in crystals of 1I-VI semiconductor compounds at tempera-  An important methodological remark can be made here.
tures virtually as low as you like, at least Te=1.8 K (low- LTPD offers the rare opportunity of directly varying the con-
temperature plastic deformation—LTP,Ovas first reported centration of introduced deformation defects in a controlled
in Ref. 2. The detection of LTPD made it possible and wasnanner during a low-temperature experiment. It also offers
subsequently used to obserfivesitu elementary plastic-flow the opportunity to visually observe the movement and gen-
processes in cadmium sulfide crystil® Heretofore, dislo-  eration of dislocations. These observations can be made be-
cations were generally introduced into semiconductor cryseause of the presence of intense DE in the PL and cathod-
tals only at temperatures significantly above 300 K. This wasluminescence spectfa.
substantiated by the presence of high Peierls barriers, which As far as the nature of the so-called dislocation states
prevented dislocations from moving in the periodic crystal-responsible for DE is concerned, different points of view
lattice potential. The detection of LTPD was possible be-have arisen here as new data have been accumulated. Based
cause of the exceptionally high sensitivity of the PL methodon a study of DE in CdS by means of spatially resolved
as used to record the initiation and evolution of plastic despectroscopy, the authors of Refs. 5 and 7 have recently con-
formation. cluded that the electronic states of the dislocations directly

The detection of the phenomenon of LTPD made it posparticipate in the transitions corresponding to DE. According
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FIG. 1. Dislocation emission spectruf@, solid curvg, DE excitation spectrurfa, dashed curyeand optical transmission spectruiy) as a result of LTPD
of cadmium sulfide crystals.

to the conclusions of Ref. 7, radiative transitions occur viaexplain the entire set of experimental data most completely
electronic states localized at the nuclei of screw dislocationsand without contradictions.
Versions in which point defects, located either in the tracks  High-resistance, not specially doped bulk single crystals
along which the dislocations move or even directly aroundof CdS, as well as of CdSe and CdTe, were studied. The
the dislocations, participate in the DE are ruled out bysamples were fabricated in the form of rectangular parallel-
Negri.” epipeds whose faces were oriented by x-ray diffraction. The
Here it is appropriate to emphasize that the authors okamples were placed in a liquid-helium optical cryostat along
the cited papers confined their attention to the study of DEwith a uniaxial-strain device. The experimental methods and
In dOing SO, they ignored the fact that the dislocation State% paratus for Spectroscopic measurements of PL’ OA’ and
introduced at low temperatures, besides DE, cause radicglc have been described in earlier artiG@rientation of
changes in the optical absorptié@A) spectra, the PL exci- the faces of the samples made it possible to plastically de-
tation spectra, and the photoconductiviBC) spectra. In our  form them along prismatic or along mixed slip systems. The
opinion, the interpretation of the OA spectra induced bygqyical transmission along or normal to the crysta'saxis
LTPD and consisting of a group of narrow lines with & very ;a5 measured using a wide beam that covered a significant
high absorption coefficient n them requires special atten- o1 me of the sample and thus also a significant number of
tion (« can exceed Hcm ™). This is evidence that the slip bands of the dislocations. Because of this circumstance,
corresponding optlc_al transitions have a 'afge OSC'”atoﬁt is possible to speak of some average optical absorption
strg ngth. The total p|ctur_e of th_e de_fect formation aCCOmIOa'coefﬁcienta, even though the evolution of plastic flow in the
nying the movgment of dislocations is thus far more complexCrystal is fundamentally inhomogeneous. Determiningn
thinngzgr?; tﬁglte:]esmt??clx):ntrll?rli%atr%fsst g‘; g;igf'b':"t;ﬂsﬁhis way gives underestimated values, which should be al-
: . . : . lowed for subsequently when estimating the density of dis-
into account in order to interpret the nature of the dlslocatlor] cation defects. The PL was excited by the radiation of a
states under consideration. Note that the recorded DE arﬁ " y
OA lines have no analogs in the original 11-VI crystals and e—Cd laser with a vyayelength of 441.6 nm and a power of
were not observed earlier. Moreover, they do not appear aft P to 5 mW. The excitation spectra of the _DI_E was recorded
plastic deformation is carried out at high temperature sing a DMR-4 monochromator and a radiation source con-
(T>300 K). Finally, the indicated optical lines are not de- SiSting of a DKSSh-150 xenon lamp. The denshy at
awhich dislocations were produced on tk@001) face was

tected after intrinsic point defects are introduced into th X i ) i
crystal, including at low temperature§ €78 K), for ex- determined from the number of etch pits, using the technique
ample, by irradiation with high-energy particles. In the latterOf Ref. 10. o .
case, the defect distribution can be uniform over volume but ~ The data shown in Fig. 1 correspond to the deformation
remains random. of a CdS sample uniaxially compressed along ¢#610)
This paper, besides the DE spectra, presents and andirection atT =4.2 K. The PL, OA, and PL excitation spectra
lyzes the results of measurements of dislocation OA, the exwere recorded in the direction of ti@crystallographic axis.
citation spectra of DE and PC, and also the temperatur&he spectral distribution of the DE in cadmium sulfide crys-
quenching of DE. Based on these data, it is concluded thdgls (Fig. 1a can be obtained with virtually no background
only a model of one-dimensional chains consisting of assoby using selective excitation in the characteristic lines that
ciates of point defects formed by moving dislocations canoccur in the DE excitation spectrufirig. 1b. These lines
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are detected in the impurity absorption region. The numbeperiment, about 1.8 K. This means that an internal photoelec-
of DE lines, their spectral position, and the intensity ratios intric effect of electron type occurs in each of the dislocation
this case are independent of the power density of the excitingbsorption bands, since the photocurrent in CdS is deter-
radiation. The entire DE spectrum can be obtained when Pmined by the majority current carriers—electrons. The pho-
is excited by radiation corresponding to any of the lines intoelectric effect can be caused either directly by transitions
the excitation spectrum. of electrons into a band or by transitions accompanied by an
The DE in Fig. 1a aff=4.2 K consists of a series of Auger process. As a result, free electrons appear.
characteristic emission bands, which we shall call dislocation It should be pointed out that the described changes in the
bands. In what follows, we shall consider three of the mosspectra are qualitatively independent of the observation di-
distinct and intense bands, which for brevity we designate Irection. In samples oriented for mixed slip, bands induced by
I, and lIl, with energies of 2.447, 2.440, and 2.435 eV, re-uniaxial compression in the spectra were not qualitatively
spectively. Bands Il and Il are quenched as the temperaturdistinctive, except for having significantly lower intensity
is increased. In this case, band Il virtually disappears alreadgnd larger smearing. The latter circumstance is evidence that
at T=20 K, while band Il is quenched close =40 K.  the dislocations slipping in the basal plane promote only
The intensity of band |, with the shortest wavelength, showsroadening of the bands by their own elastic fields.
virtually no change in the range 4.2—40 K. As the tempera-  Piezooptical studies of DE band | and the OA band cor-
ture is increased further, the intensity begins to decrease, ariisponding to it were used to determine the degree of orien-
only at T=140-150 K does band | become virtually insig- tation degeneracfsixfold) and the symmetry of the electron
nificant in the PL spectrum. Note that the half-width of the States responsible for the DESs.*?
dislocation bands in the temperature range 1.8—-100 K is of ~The quantitative data that we obtained from the optical
the order ok T and is close to the half-width of the emission absorptiona(») make it possible to estimate the mean den-
lines of bound excitons. sity N of LTPD-generated, optically active centers by means
In the entire temperature range studied here, the disloc&f the standard equatich
tion bands are accompanied by a distinct LO phonon struc-
ture. The electron—phonon coupling factor is very similar for _
all the dislocation bands in this case and equals about 0.1. we’h
This can be evidence that all three types of radiative transi- ) ) _ )
tions go to the same final state, probably of the acceptor typd/heref is the oscillator strengtil is the concentration of
Actually, significant values of the electron—phonon coupling®Scillators, v is the frequencyn is the refractive indexc is
factor in CdS were found only for optical transitions to an th€ velocity of light in vacuume andm are the charge and
acceptor, because of the large effective mass of thelfiole. Mass of the electron, arid=h/2m is Planck’s constant. Sub-
Thus, if one starts only from the PL data, it is not par- Stituting numerical values, we obtain
ticularly hard to interpret the radiative transitions in the DE.
Actually, dislocation bands Il and Ill should be attributed to ~ fN=1.13X 1012nf a(v)dy 2
radiative transitions from shallow donor levels, while band |
is from a free energy band to the same acceptor state. Thikere« is measured in cit, andN is measured in civ).
assumption agrees well with the presence of fine structure—~or the « values obtained from our experiment, we have
the doubling of all three bands. The intensity redistributionfN=2x 10> cm™3. Negry and Osipya explained the Iu-
of the lines in the doublet in favor of the lower-energy com-minescence spectrum of regions of the crystal locally plasti-
ponent is evidence that the upper of the doublet levels of theally deformed aff>300 K by radiative recombination of
acceptor gradually fills with holes as the temperature is reelectrons and holes directly at dislocations. However, even if
duced. it is assumed in the calculation that the number of states
As can be seen from the data of Fig. 1, the spectraloscillators per unit length of the dislocation equals the
positions of the bands in the OA completely coincide withnumber of atoms in which the coordination of the chemical
those in the DE excitation spectrum. Such detailed coincibonds in the dislocation nucleus is disturbed]0’ cm™?,
dence of the absorption lines and the lines in the DE excitathe large optical absorption observed in our experiment
tion spectrum indicates that the OA and DE lines correspondould only be explained by an oscillator strengthfef10®
to optical transitions between electron states in the same syfor the optical transition. The estimate is made for a mean
tem of energy levels. Note also that all the described featuredislocation density oNy=10°cm™2 on the (0001 face of
of the OA and the DE excitation spectra appear simultathe deformed crystal, which corresponds to an absorption
neously with the DE lines as a result of LTPD and disappeacoefficienta=10 cm 1. Meanwhile, a value of ~10 is al-
simultaneously with the latter as a result of the low-ready considered giant in semiconductors, is detected only in
temperature annealing described abdaetemperatures of exciton—impurity complexes, and requires special theoretical
=300 K). substantiatiort®
Narrow bands also appear in the spectral distribution of It is established in Ref. 16 that the screw component
the PC as a result of LTPD, with the new maxima of thepredominates in dislocations in CdS that slip according to the
photocurrent excitation coinciding in energy position with prismatic system, and this increases the actual length of the
the maxima of the DE excitation spectrum. The PC bands ardislocation in the calculation for each observed etch pit in
maintained all the way to the lowest temperatures in the exthe (000 plane. As can be judged from the dislocation con-

ncm
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*; FIG. 3. Diagram of defect formation as a result of plastic deformation
™~ according to thé1120){1100} system because of the slip of screw disloca-
0.20 tions with jogs(see the enlarged sectijofor compression alon§1010].
1—slip dislocations emerging on th@001) face; 2, 3—edge and screw
segments of dislocation loops, respectively. The variation of the density of
the points conventionally reflects the increase of the mean density of asso-
. N ciates of point defects after the passage of a successive screw segment. The
g 400 800 1200 arrows indicate the direction in which the dislocations move.

Time,s
FIG. 2. Kinetic dependences of DE “burnout” vs temperatliyk: 1—4.2, . . .
277,398, 4—135. 7. In this case, apparently only not-yet-quenched sections in
the immediate vicinity of the moving dislocations appeared.
Thus, taking into account the limited spatial resolution and
figuration given in Ref. 16, in a single slip band along athe background suppression during processing of the elec-
prismatic plane of typé1100}, the length of the dislocation tronic television signal, instead of a continuous luminous
(and, accordingly, the number of electron stafes one etch strip between two divergent screw dislocations, only its ends
pit is increased in the calculation because of sharp bends, butere observed in Ref. 6 at 77 K. On this basis, the sources of
in practice by no more than a factor of 3 or 4. Even if thethe DE were assumed to be exclusively the regions of the
probable differences in the energy spectrum of the electroflislocation nuclei. Our assumption was also confirmed by
states of the edge and screw sections of the dislocation afge fact that, at a temperature of 4.2 K, when the “burnout”
disregarded, this does not eliminate the fundamental quant®f the DE is weak, what Negrgt al® see is an elongated
tative divergences of the “nuclear’” model from the data of continuous luminous band. Thus, the conclusions of this pa-
the optical experiment. per do not contradict the experimental data of the microlu-
It follows from the estimate given here that none of theminescence analysis of Ref. 6.
models of the electron states responsible for DE which is On the other hand, besides linear defects, a significant
associated directly with the dislocation nucleus, can explaifumber of point defects are formed by plastic deformation.
the large values of the absorption coefficient that we obNegry etal’® used direct observations to show that screw
served. dislocations which slip in th¢1010} plane, generate dislo-
Negry et al® attributed the DE directly to the nuclei of cation PL. In this case, sources of dislocation luminescence

the screw dislocations of the slip systei2110){0110} on  are directly generated as the screw dislocations move. In our
the basis of the fact that the authors observe luminous spofpinion, this is evidence that there is no participation of the
that bu”d up W|th t|me on the faces Of the Samp'e perpenmechanism in Wh|Ch defects are formed by the I’ecombina—
dicular to the basal plane. These spots are unambiguousH@n of dislocations of the same type with oppositely directed
interpreted as the moving tracks of screw dislocations. HowBurgers vectors which slide in adjacent slip planes. At the
ever, in our opinion, there is ambiguity here if one takes intoSame time, there is a well-known mechanism in which point
account the experimentally observed fast quenching of théefects are formed when screw dislocations move with jogs
DE intensity by the exciting light when the optical excitation (see, for example, Ref. 17When deformation occurs ac-
levels have comparatively low intensity (50 W/&mFigure  cording to the prismatic slip system, the screw segments slip
2 shows the kinetic dependences of the DE intensity for variin parallel planes of typg¢1100}, while jogs with an edge
ous temperatures. Two sections can be distinguished in thesemponent climb. Since diffusion can be ignored at low tem-
curves: a section of rapid falloff and a section of relatively peratures, the jogs generate either interstitial atoms or vacan-
stable DE intensity. It can be seen that, as the temperatug@es. As it moves along, the jog forms a continuous chain of
increases, the rate of the initial decay and its amplitude indefects(Fig. 3), which can be interrupted only when the jog
crease. Here the amplitude of the decay increases sharply asHifts along a screw dislocation conservatively, for example,
nonlinearly with increasing excitation intensity. Significant when it bends around a pinned quasi-one-dimensional defect.
excitation intensities, up to 210> W/cn?, which must re- One can attempt to consider what the structure of such a
sult in strong quenching of the DE in the interval betweenchain of vacancies is. The jog of the screw dislocation that
the divergent screw dislocations, were used in Refs. 4, 6, ange are interested in can be a segment of a dislocation of one



584 Semiconductors 32 (6), June 1998 N. I. Tarbaev and G. A. Shepel’skil

3 //3 <1210> hindered. Therefore, there is a basis for assuming that single

jogs of 30° and 60° dislocations are the most probable
source of point defects for the plastic deformation considered
here.

The symmetry of each individual pair of vacanckgy
—Vqbelongs to grouies; i.e., there is a first-order axis, at
an angle to th€00021) axis, and & 1210} mirror reflection
plane. The{1210} reflection plane can have the most sym-
metric configuration of the chain as a whole, but only when
the axes of each alternate pair of vacanci¥gy(-Vsg), re-
sulting from the pure climb of a jog, are located in the same
plane. Such a configuration will apparently be energetically
favorable, since it corresponds to the formation of the mini-
mum dipole moment of the chaifthe type of bonding in
CdS is partially ioni¢. Chains that lie entirely in one plane
FIG. 4. Wurtzite lattice from the side of the basal plane and possible conyi e triply orientationally degenerate. In the case of the
figurations of cavities in the continuum, formed by various jogs of a screw . . L. . . .
dislocation: The dotted, dashed, and dot—dashed curves indicate lines Rfmation of interstitial atoms, the difference is that a pair of
90°, 60°, and 30° dislocations, respectively. Cd and S atoms in the region of a jog is displaced from their

lattice sites into interstitial positions.

Thus, the collective electronic states of the chains of
of three types. According to Ref. 18, this can be a 8fifge  defects considered here cannot as a whole provide a higher
dislocation or a mixed 60° or 30° dislocation. degree of orientational degeneracy of the bands observed in

For definiteness, we can consider a case in which vacarabsorptiof” and in emissiotf’ in the resonance dislocation
cies are generated. Figure 4 conventionally shows, ignorinfand. At the same time, the symmetry of an individual pair
the width of the dislocations, the configurations of all threeof vacancies Ycq— Vg and the degree of spatial degen-
forms of jogs, imposed on a Wurtzite lattice in the basaleracy coincide with the symmetry of the electronic states
plane. This shows the contours of the cross section of theorresponding to the DE.
cavity that would be formed in a continuum. The cavity Figure 3 schematically shows the formation mechanism
would have the shape of a prism with generatribesnd|,  of chains of intrinsic point defects by moving screw disloca-
wherel is the unit section of the length of the correspondingtions with jogs. The chain structure is shown only in the
jog. However, taking into account the discreteness of thenlarged section.
crystal, the “cavity” will have the form of a chain of vacan- Note to the diagram: We assume tlat the number of
cies of typeVey—Vs—Veg—Vs— .. ., etc., forming a one- closed half-loops equals the number of etch pits in the slip
dimensional structuréFig. 5). In this case, for each elemen- bands(2) the loop initially penetrates the entire length of the
tary event, the climb of a single 60° or 30° jog will be slip plane because of the motion of the edge segnt@nthe
formed along two pairs of vacancies. The climb of the jog ofmean linear density of jogs along the screw segmerntg;is
a 90° (edge dislocation must create a cavity twice as large The numbemlN of defect states assembled in a chain for
in volume and generate four pairs of vacancies eacWc2( a sample 1 cm thick can then be calculated from
—Vg) on each step. It can be concluded from elementary
energy considerations that the motion of a 90° jog will be N[Cmfs]:0-5NdNiX107’ ©)

where 10 cm™? is the linear density of point defectshe

number of periods of complexes of defects per 1 cm of
;c=[ooor] length, and 0.5 is a factor that averages the contribution to
the generation of point defects of the first half-loops, which
intersect virtually the entire sample, and of the last half-
loops, whose contribution to the generation of the chain of
Ved defects is small.

The value obtained from E@3) must be set equal to the
value ofN obtained experimentally from the data from opti-
cal absorption, estimated from Eq2): N[cm 3]=2
X 10* f. We thus obtain

P

N;=4x10"/(Ngf). 4

Taking a value ofNy equal to the mean of the dislocation
density in slip planes per én2x 10°, we obtain a relation-

FIG. 5. Diagram of an associate of intrinsic point defe@speriod of a  Ship that connectbl; andf:
one-dimensional chainformed during the slip of a screw dislocation with
jogs according to th¢1120){1100} system. N;[cm™ H=(1/f)2x10°. 5)
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This makes it possible to estimate the mean linear density aéxcitation propagates along the chain of defects and quickly
the jogs on the screw segment on the basis of(Bg.after  relaxes to the ground state; it therefore does not show up in
making some preliminary reasonable assumption concerninipe emission.
the oscillator strengtlfi of the optical transitions. As is well The large oscillator strengthf are thus explained by
known, the maximum oscillator strength is observed in opti-intrachain resonance interaction. This presents an appropriate
cal transitions corresponding to bound excitons and rangesnalogy with molecular crystals, in which the molecules are
from 1 to 10 for 1I-VI crystals'® In our case, starting from stacked into one-dimensional oriented chains. The matrix el-
the spectral position of the lines, it should be recalled thaement of the intrachain interaction in such crystals exceeds
there is significant localization of the excitons. Thereforethat of the interchain interaction by at least two orders of
f=1 should be chosen as the necessary limit of this quantitymagnitude. Long-wavelength DE bands Il and Ill, for which
We thus obtairN; =2X 10? cm ™! as a lower estimate ;. no resonance absorption is observed, represent emission as-
On the other hand, it is possible to give an upper estisociated with certain breakdowns of the translational symme-
mate ofN;. Johnson and Gilm&h proposed an estimate of try of the chains of intrinsic or impurity origin, excited via
the dislocation-braking stresg by single jogs with a density the ‘“one-dimensional bound-exciton bands” mentioned
of N, caused by their nonconservative displacement, usingbove. Because of low binding energy, the chain structure is
the relationship unstable. Therefore, low temperature is a necessary factor to
t4= (N;W)/b? ©) prevent_ the decay of the structures. The indicated mode_l can
! ' be applied to other II-VI compounds, starting from the simi-
whereW is the point-defect formation energy, abds the larity of their DE.
Burgers vector. We shall start from the assumption that the There are other important facts in favor of the existence
slip mechanism of screw dislocations with jogs displacedof one-dimensional structures and narrow free-energy bands
nonconservatively and generating the defects responsible fassociated with them. Thus, LTPD results in appreciable an-
DE is precisely the mechanism that controls the slip of disisotropy in the longitudinal and transverse photocurrents
locations in crystals at the given temperature. Using(Bg.  with respect to the assumed orientation of the chains: The
we can estimate the value of;, starting from which the ratio I,/1, reaches 10. Moreover, the current-carrier mobil-
plastic flow of the crystal is controlled by the slip of screw ity, estimated from PL measurements in the dislocation
dislocations with jogsN;=t4b%/W. We use ag4 the mean bands of the OA, has a value pf=5x 10°cn?/(V-s). This
value of the threshold stresg, of plastic deformation ob- is at least an order of magnitude greater than the mobility of
tained from experiment forT=77K: ty=(1/2)t;,,=0.5 the conduction-band electrons in cadmium sulfide.
X 10° kg/n? (the factor 1/2 takes into account the tilt of the

slip plane W|th respect to the compression Pig20]. We CONCLUSIONS
use as the point-defect formation energy the sum of the for-
mation energies of two pairs of isolated vacancies, taken The low-temperaturé¢in the interval 1.8—77 K motion
from Ref. 20: W=2[W(Vcy+W(Vg)]=2(3.5+2) eV  of dislocations results in the appearance in the optical and
=11 eV. This value is undoubtedly overestimated, since itradiative spectra of II-VI crystals of characteristic narrow
neglects the interaction of close-lying defects. For CdS wdines that have no analogs in the original crystals or in crys-
haveb=0.414x 10 8 m. tals subjected to any other form of processing. The optical
Thus, sztdb2/W=4.8>< 10° cm 1. This is the upper transitions are characterized by giant oscillator strengths,
limit of N;. For this value ofN;, starting from Eq.(5), a  while the corresponding electron states turn out to be meta-
smaller oscillator strength of the optical transition should bestable. Based on the experimental results and quantitative
used, namelff =0.1. We have thus established tiNt lies  estimates, a model of defect formation by slipping screw
in the range X 10°—4.8x 10° cm™ . It thus follows[see Eq. dislocations with jogs has been proposed. In terms of this
(4)] that the mean bulk density of the point defects located irmmodel all the features of the optical and radiative spectra of
chains lies in the range>210°-5x 10'® cm™3, which is a  I11-VI crystals subjected to LTPD are explained. The jogs
quite realistic value. form one-dimensional periodic electron structures consisting
Starting from the above exposition, we present the fol-of associates of intrinsic point defects of the crystal lattice. It
lowing model of electronic transitions that explains the set ofis just the low temperature that prevents the associates from
features of the absorption and emission spectra of cadmiumiecaying and makes the one-dimensional structures stable.
sulfide crystals deformed plastically at low temperature. Thel'he giant oscillator strengths of the optical transitions are
transition responsible for the longest-wavelength optical abexplained by intense intrachain resonance interaction. The
sorption band and the shortest-wavelength PL band corrdinear density of the jogs and the volume density of the point
sponds to the excitation of excitons coupled to the quasi-onedefects in the chains have been computed from the experi-
dimensional structure of vacandinterstitia) type formed mental data, and the oscillator strengths are estimated for the
when jogs move on screw dislocations. Since the excitonsorresponding optical transitions. It is shown that it is incor-
are localized on a quasi-one-dimensional structure, the excrect to use a model of defect formation accompanying LTPD
ton level must be smeared into a band because of the overlap which the OA data are disregarded.
of the wave functions of the bound exciton states along the We express our appreciation to F. T. Vas’ko for a useful
chain. The other OA bands represent absorption by excitediscussion of the experimental results.
states of the same system. Moreover, in the latter case, the We wish to thank the State Fund for Fundamental Re-
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This paper presents the results of a study by atomic-force microscopy of tin dioxide layers as a
function of the conditions under which they are doped with iodine and tellurium during

the production of the layers by thermal vacuum deposition of tin, followed by oxidation. Data
concerning the atomic-force microscopy of layers fabricated in various processing regimes

are presented and discussed. It is shown that introducing volatile impurities into the starting charge
is an effective means of modifying the surface structure of the layers and of altering the

character of its microsurface. The temperature dependence of the sensitivity of the layers to toluene
vapor is studied and analyzed. ®998 American Institute of Physid&§1063-78208)00306-§

Semiconductor sorption sensors based on layers of timents were made on a Park Scientific Instrument scanning
dioxide SnQ possess a humber of advantages and are pronferce microscope of type PSI-CP. The informational signal
ising for developing gas-analysis apparatus for various techwas recorded by reflecting the ray of a laser diode onto a
nical purposes.The properties of the layers, especially the coordinate-sensitive photodetector. Software from PSI was
sensitivity and selectivity with respect to the gases to baused in analyzing the results, making it possible to record
detected, are determined by the processes for producing themmd process data, to carry out filtering and smoothing, and
and depend on the microstructure and surface topdatgy, also to statistically analyze the resulting pictures. €Rresitu
viations from stoichiometry,the form and content of the AFM regime was used. Images of the surface recorded in
dopantst=® and effects at the grain boundaries associatediifferent sections of different samples of each of the series
with the microsegregation of impurities and the isolation ofhad an identical character, which is evidence that the results
second-phase precipitatés. had rather good reproducibility and repeatability.

In this paper we present the results of experimental stud- An analysis of the set of AFM data showed that intro-
ies of the surface topology and properties of tin dioxide lay-ducing volatile impurities into the starting mix is an effective
ers as a function of the conditions under which they areway to control the surface structure of the layers.
doped during their production. In the absence of impurities, Spayers are character-

In obtaining tin dioxide layers, films of metallic tin are ized by the surface topology shown in Fig. 1a. The AFM
first formed by thermal vacuum deposition on substrates ofmage shows hilly formations with comparatively smooth
22KhS ceramic, as described in Ref. 8. The films were hoeontours. The microsurface is relatively indistinct. X-ray dif-
mogeneous in thickness and had a mirror-smooth surfacéaction using the technique of Ref. 9 showed that such lay-
They were then oxidized while annealing them in two stagesers have a homogeneous composition and possess a poly-
The low-temperature stagé h at a temperature of 480)K crystalline structure.
produced phase transitions according to the reaction The surface topology typical of SR@) layers is shown
Sn— SnO— Sny0,— SnNO, (amorphous The high-tempera- in Fig. 1b. When iodine is introduced into the mix, the form
ture stage(6—30 h at 725 K is necessary for forming the of the surface changes and becomes more crumbly. The mi-
crystal structure SngQamorphous—Sn0O, (crystalling. crosurface is more distinct than in the preceding case. The
Oxidative annealing was carried out in a controlled atmo-AFM image shows many domelike bumps. These changes
sphere with a partial pressure of oxygen in the rangecan be associated with the self-doping effect that occurs
0.10-0.35 atm. when tin compounds are heat treated in an iodine medfum.

lodine and tellurium were used as impurities. Tin iodide Accordingly, under our conditions—with oxidative
Snl, and tin telluride SnTe served as sources and were intraannealing—the reaction 2 Sak Sn+ Snl, is possible. In this
duced in a controlled concentration into the starting mix forcase, the tin concentration increases in the material, while the
depositing the metallic tin. When the impurities were volatile components are already removed at the stage of low-
present, a regime of explosive deposition of the mix wasemperature oxidation, which results in crumbling of the sur-
used. face. As the iodides escape, voids can be formed, including

Atomic-force microscopyAFM) was used to investigate nanometer-size voids, and fine structure of the microsurface
the surface topology of the layers. This made it possible t@an appear.
obtain data on the microrelief in the nanometer range and The surface topology of the SpQ, Te) layers is shown
allowed the samples to be tested directly in air. The measuren Fig. 1c. As can be seen, introducing iodine and tellurium
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FIG. 1. Surface topology of layers of Sp@), SnG; (1) (b), and SnQ (1, Te) (c).

in combination substantially alters the surface structure angalues of the characteristic microsurface parameters: the rms
radically changes the character of the microsurface. The sudeviation of the height iR =399 A; the mean size of the
face is strongly developed. A system of regular adjoiningroughness iR,,.=239 A; the mean height is 0.236m, and
conical protrusions tight-packed against each other can bine median distribution over height is 0.248n.

seen in the AFM image. The area of the adsorbing surface In our opinion, it is interesting to compare the AFM data
increases significantly. A statistical analysis of the AFM pro-from the Sn&1,Te) layers with the results of investigating
file over a linear interval of 4.34.m gives the following them by the method of internal etchihgfhe treatment of
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soF fects at grain boundaries can also play a definite role. At the
high-temperature annealing stage, tellurium is isolated on the
surface of the grains in the form of second-phase
precipitates! Their presence can result in local changes of

60 the surface potential to a depth of the Debye screening
. length, which amplifiegbecause of the additional polariz-
"\, ability) the interaction of polar molecules of toluene with
N oxygen in the form @ and O, adsorbed by the tin dioxide.
:"0 It should be pointed out that, for the SHOTe) layers, one

observes an increase of the temperature corresponding to the
maximum sensitivity, and the desorption edge accordingly
shifts into the higher-temperature region. In agreement with
the concepts of the role of tellurium deposits, this is evidence
of an increase in the relative fraction of adsorption centers
that possess higher binding energy with the surface.

It is essential that the change of the sensitivity depends

1 I L
0450 550 650 750 on the processing regimes for obtaining the layers and is not
T, K identical for different gases. This circumstance makes it pos-
FIG. 2. Temperature dependence of the sensitivity under the action of tolus'ple to enha.nce thelseleCUV'ty of sensor devices based on tin
ene vapor for Sn9(1) and SnXI,Te) layers(2). oxide by using active layers with different gas-sensitive

properties. In this case, information concerning the concen-
tration of each of the gases in the mixture to be analyfed
these results provides evidence of the presence in thexample, CO/toluenecan be systematically distinguished.
samples at the deposition stages of a tin film and of low- The results of the studies reported here thus show that
temperature annealing of the tellurium bonds that characteintroducing volatile impurities into the starting mix when
ize tin telluride. Taking this factor into account in interpret- producing tin dioxide layers is an effective way to modify
ing the features of the observed microsurface, it can béhe surface structure and can be used to purposefully alter the
assumed that SnTe microinclusions and agglomerates @as-sensitive properties of layers for gas sensors.
them, which are distributed in the surface region of the film
and which influence the oxidation process, retard its flow atip. kohl, Sens. Actuatords, 71 (1989.
the sites where they occur, whereas an oxide Iayer freelyzF. F. Vol'kensht&n, Electronic Processes on the Surface of Semiconduc-
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This paper discusses the photoluminescence and x-ray microstructural properties of epitaxial
layers of solid solutions of InGaAsP isoperiodic with IfP00) and GaAs(100 substrates,
obtained in the region of immiscibility and spinodal decay. It shows that there is good

agreement of the experimental results with the theoretical model of spinodal decay. The boundaries
of the region in which two solid phases of different composition exist in epitaxial layers of

solid solutions of InGaAsP isoperiodic with the InP and GaAs substrates are determined. A
periodic hanoheterostructure is obtained in an epitaxial layer of InGaAsP solid solutions

with a repetition period of 65830 A in two mutually perpendicular directions. €998

American Institute of Physic§S1063-78208)00406-7

Studies in the physics of semiconductor heterostructurestable solid solutions, and absolutely unstable solid solutions
have recently resulted in the appearance of a distinctive avare found inside the spinodal decay region. The general ten-
enue of research—the physics of nanoheterostructures. Edency is for the immiscibility and spinodal decay regions to
perimental and theoretical studies of physical phenomenbkroaden with decreasing temperature. For the working tem-
that provide new possibilities for obtaining periodic nanohet-peratures of epitaxial deposition of InGaAsP solid solutions
erostructures are therefore crucial. (900-1000 K, the spinodal decay region embraces a signifi-

A number of theoretical papers have been devoted to theant part of the solid solutions of InGaAsP that are isoperi-
investigation of the spinodal decay effect in the immiscibility odic with InP and GaAs. These theoretical prerequisites ini-
region of multicomponent solid solutions? At the same tiated our research into the properties of epitaxial quaternary
time, it has been experimentally confirmed that the decayolid solutions not only in order to eliminate the decay phe-
effect of multicomponent solid solutions exists in the immis-nomena, but also in order to study the possibility of obtain-
cibility region°~® and that a compositionally modulated solid ing self-organizing periodic nanoheterostructures of In-
phase of semiconductor material has been forfled. GaAsP solid solution&>™*®

In this study, we have investigated experimentally the  In this work, we made a purposeful attempt to study the
epitaxial quaternary solid solutions of InGaAsP produced irproperties of quaternary solid solutions of InGaAsP isoperi-
the immiscibility region and in the spinodal decay region,odic with InP and GaAs substrates in the immiscibility and
with the purpose of studying them and using them to obtairspinodal decay regions. Epitaxial layers of InGaAsP solid
self-organizing periodic heterostructures. solutions were fabricated on IR00 and GaAg100) sub-

In experimental papers devoted to the study of epitaxiaptrates by liquid-phase epitaxy at temperatures of 800-
deposition of quaternary solid solutions of InGaAsP, it was1000 K. We were mainly interested in searching for process-
shown to be possible to obtain absolutely stable solid soluing conditions that would promote unstable deposition of the
tions isoperiodic with InP and GaAs*?and to develop high- epitaxial layers. The properties of the resulting epitaxial lay-
efficiency optoelectronic devices based on tHém°At the  ers of InGaAsP solid solutions were studied by photolumi-
same time, there are experimental data indicating that theescence, x-ray diffraction, and transmission electron mi-
solid solutions are unstable in the immiscibility region in a Croscopy.
certain temperature and composition inter7df and this
hinders the growth of homogeneous single-crystal epitaxiakxPERIMENTAL RESULTS
layers. The observed instability of the solid solutions is ex- ) )
plained by the spinodal decay of the quaternary solid solu?™ Photoluminescence properties
tion into two solid phases. This phenomenon has been stud- The photoluminescence properties of samples of quater-
ied in many theoretical papets? where it was shown that nary solid solutions were studied by the standard technique
the immiscibility and spinodal decay regions of quaternaryon an synchronous-detection apparatus, with control and in-
solid solutions are bounded by curves of the type of concenformation output via a personal computer. The studies were
tric circles or ellipses whose shape and limits depend on thearried out at temperatures of 300 and 77 K. The excitation
theoretical model, the approximations, and the boundarjevel was varied from 10 to fOw/cn?, using He—Ne and
conditions used in the calculation. Beyond the limits of theAr™" lasers.
immiscibility region lie absolutely stable solid solutions. Be- A characteristic photoluminescence spectrum of quater-
tween the immiscibility and spinodal decay curves lie meta-hary solid solutions of InGaAsP isoperiodic with InP and
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FIG. 1. Photoluminescence spectrum of an epitaxial layer of InGaAsP obtained in the immiscibility region of quaternary solid solutions g0an(&P
and GaAg100) (b) substrate.

GaAs, obtained in the immiscibility region, consisted of two continuous series of solid solutions, since we have assumed
luminescence band§&igs. 1a and 1pb The band in the lumi- that spinodal decay regions are present. As such a character-
nescence spectra that lies closer to the corresponding isopistic we therefore chose the composition of the liquid phase
riodic ternary solid solutioiting s4Ga, 47AS and I 4Gays9P)  from which the epitaxial layers were grown. It can be seen
was the main one in intensity and remained in the luminesfrom the data shown in Fig. 2 that there exist continuous
cence spectra, regardless of the chosen composition of thhegions of quaternary solid solutions that are characterized
liquid (solid) phase of the calculated solid solution. Betweenby the presence of two emission bands in the photolumines-
the main band in the luminescence spectra and the correence spectra. The limits of these regidimglicated by ar-
sponding binary compoundnP and GaAs there usually rows) satisfactorily agree with the calculated regions of un-
was a second luminescence band with lower intensity andtable solid solutions of InGaAsP in the temperature range
greater half-width. In this case, it was observed at tempera800—1000 K.
tures of 300 and 77 K in samples obtained on GaAs sub- We have also studied the photoluminescence spectra of
strates and only at a temperature of 77 K in samples obtainegpitaxial layers of solid solutions of InGaAsP/GaAs as a
on InP substrates. This is associated with a feature that arisésnction of their thickness. The test samples were grown on
in the band structure of an epitaxial layer of a quaternaryGaAs(100) substrates from the liquid phase of identical
solid solution produced in the spinodal decay region: Forcomposition in the region of unstable solid solutions. The
samples on GaAs substrates, the additional emission banmdsults of these studies are shown in Fig. 3. The epitaxial
possesses the minimum band gap, which promotes its apayers with a thickness of 100—1000 A have one band in the
pearance during photoexcitation, in contrast with samples ophotoluminescence spectra. The epitaxial layers with a thick-
InP substrates, where the main luminescence band possessess of 1000—4000 A have two bands in the photolumines-
the minimum band gap. cence spectra. Increasing the thickness of the epitaxial layer
Studies of the dependence of the band intensity in théurther reduces the quantum efficiency. The resulting depen-
photoluminescence spectra on the excitation level demordence is evidence that composition-destabilization effects of
strated a monotonic dependence that is identical for the maitihe solid solutions begin to show up from a certain thickness
and additional luminescence bands, which strongly reducesf the epitaxial layer and strengthen as it increases. For a
the probability of an impurity origin of the additional emis- thickness greater than 5000 A, the surface quality deterio-
sion band. Studies of the temperature dependences of thates(the number of defects increases, specularity is absent,
luminescence spectra also did not reveal any features thand the surface becomes duland it becomes partially or
were not characteristic of photoluminescence spectra thabtally impossible to pull the solution—alloy off the surface
contain one main luminescence band. of the grown epitaxial layer. Similar phenomena were ob-
By studying the photoluminescence spectra of sampleserved in the photoluminescence spectra of quaternary solid
of quaternary solid solutions isoperiodic with the InP andsolutions of InGaAsP of various thicknesses grown in the
GaAs substrates, we succeeded in obtaining the followingmmiscibility region on InR100) substrates and are phe-
dependences of the wavelengths of the maxima of the emistomenologically described in Ref. 11.
sion peaks for the main and additional luminescence bands
(Fig. 2a and 2h To describe the solid solutions InGaAsP/ B
InP and InGaAsP/GaAs, it is inconvenient to use the compo- We carried out an x-ray microstructural analysis of the
sition of the solid phase to characterize them, as is done in properties of quaternary solid solutions of InGaAsP isoperi-

. X-ray structural analysis
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FIG. 2. Wavelength of the maximum of the mdih) and additional2) photoluminescence bands of solid solutions of InGaAsP vs composition of the liquid
phases from which solid solutions were grown on (@B0) (a) and GaAq100) (b) substrates.

odic with InP and GaAs, whose photoluminescence spectrdark-field image using @200 diffraction spot, was 650
included two emission bands. The x-ray microstructural=30 A. At the same time, it was possible to observe regions
analysis of the samples was carried out on a two-crystal xwith dimensions of up to 120 nm.

ray diffraction spectrometer by the standard technique. Char- The absence of sharp, distinct boundaries between the
acteristic features were detected in the x-ray diffraction specdark and light regions is evidence of the presence of transi-
tra of test samples characterizing the mismatch of the latticéon layers, which agrees with the wide additional band in the
parameters of the epitaxial layer and the substrate. In contraphotoluminescence spectrum. A similar picture was obtained
with the x-ray diffraction spectra of a layer of a stable solidwhen such quaternary solid solutions of InGaAsP/GaAs were
solution, which has two peaks corresponding to the responsgudied. It also showed the presence of a structure of alter-
from the substrate and the epitaxial layer, three peaks weneating solid phases in epitaxial layers with additional bands
observed in the x-ray diffraction spectra obtained here: oné the photoluminescence and x-ray diffraction spectra.

from the InP(or GaA9 substrate and two from the layer.

This is evidence that two compositions that differ in the lat-concLusions

tice constant are present in the solid phase in epitaxial layers

of solid solutions of InGaAsP obtained in the immiscibility ~ As & result of the comprehensive studies that have been

region. carried out on epitaxial layers of quaternary solid solutions
L ) 820} '
C. Transmission electron microscopy i
Samples of epitaxial layers of quaternary solid solutions 800} : L4 *
of InGaAsP were studied by means of transmission electron :
microscopy on an EM-420 device operating with an acceler- 7801 K]
ating voltage of 100 and 120 kV. The main method of inves- g : .
tigation was the dark field regime i(200-type reflection, 'i 760 : e 2
which ensured the highest sensitivity to the chemical com- 1
position of the sample. The samples were prepared “in pla- s 740+ 0:
nar cross section,” using conventional procedures of me- < :
chanical grinding of a crater, followed by chemical etching 720 )
in HBr : K,Cr,0; (1:1) until perforation occurred. Samples { i
of quaternary solid solutions of InGaAsP/InP having the 700 e o o! o d
characteristic features in the photoluminescence and x-ray :
diffraction spectra were chosen for investigation on the trans- 680 i L 1 L L
mission electron microscope. Figure 4 shows an electron mi- 0 01 0.2 0.3 0.4 0.5

crograph of one of the test samples. The planar form of the d e

sample revealed regions with different compositions of thq:IG. 3. Wavelength of the maximum of the majh) and additional(2)

Splid phase that PeriOdica”y repeateq in mutually perpenphotoluminescence bands of solid solutions of InGaAsP/GaAs vs the thick-
dicular[100] directions. The decay period, measured from aness of the epitaxial layef.=300 K.
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This set of experimental results indicates good agree-
ment with the theoretical model for the appearance of the
spinodal decay effect in multicomponent solid solutions and
substantiates the possibility of obtaining periodic nanohet-
erostructures by using this effect.
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(d) The results of transmission electron microscopy re- ceedings of the Twenty-third International Symposium on Compound
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Pressure-induced insulator—metal transition in electron-irradiated Pb 1-xSNn,Se (x=<0.03)
alloys
E. P. Skipetrov, E. A. Zvereva, B. B. Kovalev, and L. A. Skipetrova

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted August 11, 1997; accepted for publication October 16,)1997
Fiz. Tekh. Poluprovodn32, 663-667(June 1998

Galvanomagnetic effectB&7 T) in electron-irradiatedh- and p-type Ph_,SnSe (x<0.03)

alloys (T~=300 K, E=6 MeV, ®=<5.7x 10" cm ?) in the neighborhood of a pressure-

induced insulator—metal transitiof?& 18 kbap are discussed. The field dependences of the Hall
coefficient calculated in terms of the two-band model are in satisfactory agreement with the
experimental data, and the main parameters of the charge carriers in irradiated alloys are
determined. It is shown that there is an increase in the hole concentration in the metallic

phase under the action of pressure, associated with the motion of the energy bands latopoint

the Brillouin zone, and that electrons overflow from the valence band into the Bharaf

resonance states induced by electron irradiation; the parameters of this band are estimated.
© 1998 American Institute of PhysidsS1063-782@08)00506-1

1. INTRODUCTION ciated with the overflow of electrons from the valence band
into the radiative-defect bandFig. 1).

The character of the dependences of the conductivity and
the Hall coefficient of irradiated samples on pres3(ris
evidence that there are at least two conductivity mechanisms

) : in the neighborhood of the insulator—metal transition. It
main parameters of the; band (the defect-generation rate, gnoyid also be pointed out that, in the neighborhood of the

the energy position, and the band structuee well known  anition, significant variations of the charge-carrier param-
for virtually the entire existence domain of the cubic phasegers occur in a rather wide range of pressures. This circum-
of the alloys (0.0%x=0.34). At the same time, there is giance indicates that tHe, band has a finite width. How-

much less information on th;, level. ever, the width and structure of the radiative-defect band, as

In particular, it has been establisfiédhat the position ||l as the radiative-defect generation rate during irradiation,
of the E;; radiative level on an energy scale depends on theg ot yet known.

alloy composition and the pressuiiéig. 1). In PbSe, thé, To obtain information on the conductivity mechanisms
level lies in the band gap close to the top of the valenc, gjectron-irradiated alloys and to determine the main pa-
band,Lg . As the Sn concentration in the alloy increases, therameters of the radiative-defect bakgh, we analyzed the
level almost does not change its position relaiive to thejeld dependences of the Hall coefficient of electron-
middle of the band gap, moving relative to thg term jagiated Pp_ SnSe x=<0.03) alloys in the neighborhood
approximately according to the linear law of the pressure-induced insulator—metal transition.

It is well known that electron irradiation of Pb,Sn,Se
alloys causes two radiative levdladiative-defect bangl€,
and E,;, apparently associated with two types of radiative
defects, to appear in the energy spectrum of the afldyhe

Eu[meV]=E(Lg)+ 35— 600x.
_ ) _ ) 2. SAMPLES. MEASUREMENT TECHNIQUE
Thus, in alloys with a tin concentration 0of<0.06, the
middle of theE;; band is in the band gap, whereas, for Single-crystal samples of Pb,SnSe x=0, 0.03 with
x>0.06, it falls within the valence band. an initial electron or hole concentration of p=(0.4-1.6)

The E,; band possesses donor—acceptor properties<10' cm 3 were irradiated at room temperature on an
Therefore, electron irradiation of crystals wii0.06 re- ELU-6 linear electron acceleratorEE6 MeV, $=<5.7
duces the charge-carrier concentration both-igpe and in X 10" cm™2). The conductivity and the field dependences of
p-type samples. For sufficiently large irradiation fluxes, athe Hall coefficient B<7 T) at T=4.2 K in the irradiated
transition occurs to the insulating state, in which the Fermicrystals were studied at atmospheric pressure and under con-
level is “softly” stabilized by a band of radiative defects ditions of hydrostatic compression. The parameters of the
partly filled with electrons. Hydrostatic compression of irra- samples, studied under pressure before and after irradiation
diated crystals causes thg; band to approach the top of the by the maximum electron fluxes, are shown in Table I. Hy-
valence band and causes an insulator—metal transition assdrostatic pressures of up to 18 kbar were obtained in a cham-

1063-7826/98/32(6)/5/$15.00 594 © 1998 American Institute of Physics
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FIG. 1. Model of the reconstruction under pressure of the energy spectrum 8T

of electron-irradiated-PbTe.
FIG. 2. Field dependences of Hall coefficidRf at T=4.2 K for sample
K-22 (#=2.8x10"cm 2) in the neighborhood of the insulator—metal

ber made from heat_treated bery”ium bronze. A kerosine_transitiOI"I under the action of pressure; kbar: 1—0.9, 2—1.4, 3—2.6,

. . i 3.2,5—4.2,6—6.2,7—18.2. The solid curves show calculated results in
0|I—dpentane mixture was used as the pressure—transmntm@Cordance with Eq€1)—(3)
medium.

3. FIELD DEPENDENCES OF THE HALL COEFFICIENT IN

THE NEIGHBORHOOD OF THE INSULATOR-METAL static compression of irradiated crystals evidently indicates

TRANSITION that the parameters of the charge carriers vary and that the
It has been established that the Hall coefficigt of main conduction mechanism changes when the insulator—

electron-irradiated samples strongly depends on the magnet'feetal transition occurs. To determine the main parameters of

field even at atmospheric pressure, and that the absoluf@e charge carriers in the irradiated samples in terms of a

value ofRy, decreases by more than an order of magnitude iﬁwo-band model, we calculated the field dependences of the

the range of magnetic field studied hékég. 2). Hydrostatic Hall coefficient in the test samples.

compression reducé®; more sharply and inverts the sign of

the Hall coefficient as the magnetic field increases. As the E Uk/—Lk/(1+M§Bz)

pressure increases, the sign-inversion poinRgfshifts to- Ry= >

ward \_Neaker magnetic fields, and, aft_e_r the transition_t_o the > O'k/(l"_MﬁBz)} 1{2 OBl (1+ u2B?)

metallic phase P>P*), the Hall coefficient has a positive

sign, increasing as the magnetic field increases. Finally, in

the region of maximum pressures, the Hall coefficient is vir-

tually independent of magnetic field. Up=2, 0¢=2 eNiuy, 2
The character of the field dependences of the Hall coef-

ficient in the test samples confirms the assumption that awheree,, ny, oy, and u, are the charge, concentration,

least two types of charge carriers of opposite sign coexist itonductivity, and mobility for each type of charge carrier,

electron-irradiated Bh,SnSe x=0; 0.03 alloys. The ap- denoted by subscrift In the limits of a weak magnetic field

pearance of a sign-inversion point fBy and the change in  (uB<1), the expression for the Hall coefficient takes the

the form of theRy(B) dependences accompanying hydro-form

2

@

TABLE |. Parameters of Bh,SnSe samples studied under pressur& at.2 K.

Irradiation Electron
Conductivity flux d, concentratiom, Resistivity p, Mobility wy
Sample X type 167 cm™? 10 cm 3 1074 Q-cm 1¢ cm?/(V-s)
N8 0 n 0 1.06 7.3 0.81
n 5.7 0.27 220.0 0.105
K-22 0.33 p 0 0.40 47.7 0.31
n 2.8 0.82 269.0 0.028
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FIG. 3. Hole mobility u, (1) and electron mobilityw, (2) in electron- 0 5 70 % 20
irradiated sample N8®=5.7x 10" cm™2) vs pressure. P, kbar
FIG. 4. Hole conductivityo, (1) and electron conductivityr, (2) in
electron-irradiated sample N&(=5.7x 10'" cm™?) vs pressure.
E 2 parameters in the surface layer are caused by a change in the
Ny i L. . .
position of the Fermi level relative to the top of the valence
Ru= 2 @) pand.
(E eknk:“k) The hole conductivity and mobility vary under the action

of pressure in a consistent way, rapidly increasing by several

. . orders of magnitude in the neighborhood of the insulator—
Thg pgrameters of the charge carriers were deter_mmed br}ﬁetal transition. In the region of maximum pressures, the
adjusting Fhe dependences given by.Elq.to the experimen- hole mobility reaches values typical of band conductivity in
tal data(Fig. 2). The program for doing the calculations in- Pb,_,SnSe alloys, uo— (1-2.5)< 10° c?/(V-s). At the
volved the variation of only two parameters of the model =% ks YS, fp™= ) » . '
: L same time, the hole mobility is only u,=2

(usually the charge-carrier mobilitieSf'wo other parameters 107 c?/(V-s) at atmospheric pressure. Such low values
of the modekusually the conductivities ) were determined . o .

: ' . . of the hole mobility were observed earlier in the insulator
by direct calculation from the Hall coefficients in a weak

magnetic field, using Eq.3), and from the conductivity at phase of electron-irradiated PhSnSe (x=0.125, 0.25

_ . i alloys® with conductivity along radiative-defect bari] ly-
T=4.2K, using Eq(2). The R,(B) dependences thus cal ipg within the band gap. The, and o, values calculated

cuIatgd are m_satlsfactory agreement with the expe nmenta} om Egs.(1) and(2) are therefore evidently effective values
data in the entire range of pressures and magnetic fields stud-

. . and take into account both the contribution of the hole con-
ied here(see Fig. 2 s .
. . ductivity along the band,, of localized states and the con-
The results of calculating the charge-carrier parameter:

o fc'ribution of conductivity along the valence band.
for one of the test samples are shown in Figs. 3 and 4. An Thus, in electron-irradiated Pb,Sn.Se =0 0.03 al-

analysis of these dependences shows that, as the pressyire " : :
. o . . . loys, it is apparently necessary to take into account the exis-
increases, the electron mobility in the irradiated samples Infence of three conductivity mechanisms when the ener
creases appreciably and reaches valuesugf (1.5-8) ty ay

X 10% c?/(V+s). These mobilities are about an order Ofspectrum is reconstructed under the action of pressure. In

magnitude lower than values characteristic of band Conduclpw-pressure regionéin the insulator phagethe dominant

tivity; nevertheless they are too large for conductivity via mechanisms are electron-type surface conductivity and hole

; conductivity via the radiative-defect band, whereas, in the
local states and most likely correspond to electron-type sur-

face conductivity. The behavior of the electron conductivityne'ghborhOOd of the insulator—metal transition, they are hole

. . band conductivity and electron conductivity over the surface.
o, under pressure apparently shows an appreciable reduction

of the electron concentration in the surface layer of the irra4. DEPENDENCES OF THE HOLE CONCENTRATION ON

diated crystals under the action of pressure. The variations ¢fRESSURE IN THE NEIGHBORHOOD OF THE

the electron parameters occur mainly in the insulator phaséNSULATOR-METAL TRANSITION AND THE PARAMETERS
whereas theu,(P) ando,(P) dependences go to saturation OF THE E; BAND

after the transition to the metallic phase. This circumstance The results presented above make it possible to construct
makes it possible to assume that the variations of the electraine dependence of the hole concentration on pressure after
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0} generation ratedN;;/d® is independent of the radiation
flux. Since it follows from the experimental data that, with
hydrostatic compression, the hole concentration increases be-

ar cause electrons overflow from the valence band into the

- radiative-defect band, it was also assumed that, at any pres-
'g sk suresP, the sum of the hole concentrations in the valence
L band,p(P), and in the radiative-defect bang, (P), equals
~ the starting concentratiop,(0) of unfilled states in th&,,
R4t band at atmospheric pressure:
P11(0)=p(P)+ pu(P), (4)
Z’— o]
ptl(P):f gu(E)dE, )
Vi 1 1 | —l Er
0 d P © 20 9u(E) = (Nuy /o2m)exd — (E—Eq) %202, ©)

where Ny;=(dN;;/d®)® is the total capacity of the

FIG. 5. Hol ion &t=4.2 K in electron-irradi le K-22 - : ;
G. 5. Hole concentration &t in electron-irradiated sample radiative-defect band with hole concentrations of

(®=2.8x10' cm™2) vs pressure. Curvek-3 show calculated results from

the‘ mpdel given by Eqs(.4)_—(6), with _AE_II: 17 meY, o=15meV, ar71d ptl(o) — (Nu/2) -ng
variation of the concentration of radiative defecis—N,;=1.45x 10"
cm 3, 2—N;;=1.25x 10" cm ™3, 3—N;; =1.05< 10'" cm 3, or

P11(0)=(N1/2) + pg

the transition of irradiated alloys to the metallic phase, usindor n-type andp-type samples, respectivelig is the Fermi

the two-band model. Such a dependence can be obtained lievel, calculated in terms of Dimmock’s six-band mofel,
several ways. First, the hole concentration can be calculatedith parameters given in Ref. 8; awdis the width of theE;,

in terms of the two-band model, using théP) andRy(P) band.

dependences in a weak magnetic field given by E2jsand The parameterdN,;/d® and o of the resonance band
(3). For simplicity, fixed valuegfor example, the limiting were optimized by computer. To estimate the accuracy with
mobilities and conductivities for each sample at atmospherigvhich the generation ratéN;, /d® of radiative defects and
pressurg or the u,(P) and o,(P) dependences calculated the widtho of the resonance band are determined, the values
above(Figs. 3 and #can be chosen in this case as the elec-of N;; and o were varied for each sampl(dashed curves in
tron conductivity and mobility in the surface layer. Second, itFig. 5. The best agreement of the experimental and theoret-

is possible to directly calculate the hole concentration fromical results was achieved for the following values of the pa-
rameters of the model:
p(P)= (Tp( P)/e;up( P),

— 7 —1 —
using data concerning the variation of the conductivitydNtl/dq)_(0'45i0'1)><101 cm s, o=(15=5)meV.

ap(P) and hole mobility u,(P) under pressure obtained Thus, the parameters of radiative-defect b&pgdturned
from the field dependences of the Hall coefficie(fgygs. 3  out to be quite comparable with the analogous parameters of
and 4. the E; band, obtained in Ref. 2. However, the accuracy of

Analysis showed that, regardless of the method of calcueetermining the parameters of the model is extremely low.
lation, after the transition to the metallic phase, the hole conThis circumstance, in particular, makes it impossible to esti-
centration rapidly increases, passes through a maximum, andate how the generation rateN,, /d® of radiative defects
monotonically decreases with increasing presdifig. 5). changes as the radiation flux increases and to determine the
Such behavior qualitatively agrees with theoretical conceptslegree of deviation of the density-of-states function in the
concerning the reconstruction of the energy spectrum undédt;; band from a Gaussian form.
pressure(Fig. 1) and makes it possible to estimate the pa-
rameters of radiative-defect baft,; by comparing the ex-
perimental and theoretical dependences of the hole conceg- concLUSIONS
tration on pressure.

It was assumed in constructing the theoretical depen- The experimental results obtained in this paper indicate
dences that the generation of radiative defects during irradighat, in electron-irradiated Rb,SnSe (x<0.03) alloys in
tion results in the appearance of half-filled states in thehe neighborhood of the pressure-induced insulator—metal
radiative-defect band; the position of the middle of g  transition, it is necessary to take into account the existence of
band relative to the middle of the band gap does not changéree conduction mechanisms: electron-type surface conduc-
under the action of pressuté: tion, band hole conduction, and hole conduction along the

radiative-defect ban#,;. The field dependences of the Hall

Ei—E,=AE,[meV]=35-600x—4.25kbar]; coefficient, calculatedt%n terms of theptwo-band model, satis-
the density-of-states functiogy,(E) in the radiative-defect factorily agree with the experimental data in the entire range
zone is described by a Gaussian curve, while the defecbf pressures and magnetic fields considered here and make it
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Identifying the parameters of impurity levels in high-resistance semiconductor crystals
by means of thermally stimulated currents with dosed illumination of the samples
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A method is proposed for identifying the parameters of impurity levels in high-resistance
(insulating semiconductor crystals that makes it possible to use thermally stimulated currents with
dosed illumination of the samples to simultaneously determine the depth of the impurity

levels in the band gap of the crystal[E) and to establish from which of the allowed band’s

edge should the depth of the levels be measured. The widely used ordinary method of
thermally stimulated currents does not allow this to be done.1998 American Institute of
Physics[S1063-782608)00606-1

The method of thermally stimulated curren&SC) is  gions are on the order d<10* V/cm and injecting elec-
based on filling traps in a crystal with electrons and holedrodes when the fields in these regions are larger,
under the action of irradiation at low temperatures and there> 10" V/cm.>® The flow of photocurrent through the layers
emptying them by heating. After recharging the impurity lev-of the tunnel-thin insulatofthe NO in such structures is
els with carriers of different sign&lectrons and holgsitis  accompanied by the accumulation of photoinduced charges
possible to determine the deptA& of these recharged lev- of the carriers of the corresponding signs in the crystal at the
els in the band gap of the crystal from the activation energyoundary with these NO laye?s° When such structures are
of the carriers captured at the impurity levels into the corredlluminated with strongly absorbed intrinsic light from the
sponding allowed bands of the crystal from the temperaturside of the electrodes, photocurrent caused by photocarriers
dependence of the TSC as the sample is heated. Howeverwith the same sign as that of the illuminated electrode flows
is impossible in this case to establish from the edge of whiclihrough the crystal. These photocarriers accumulate in the
of the allowed bands this depthE of the levels should be crystal at the boundary with the layers of tunnel-thin insula-
measured.When the impurity levels are filled with carriers tor (the NO around the “dark” electrode opposite the illu-
of only one known sign of the conductivitielectrons or minated one, are captured at impurity levels, and form in the
holeg during irradiation, there is no difficulty in identifying crystal at this electrode monopolar electric charge with the
the parameters of the charge-exchange impurity levels frormame sign as that of the illuminated electrode. As the value
the TSC curves. Therefore, to identify the parameters of imef this charge is varied, the electric field in the crystal varies
purity levels in a crystal, it is sufficient to choose conditionswith time from a uniformly distributed field over the thick-
that provide the directed filling of the impurity levels in a ness of the crystalin the absence of illuminationto a
special type of structures during illumination by carriers ofstrongly nonuniform field over the thickness of the crystal,
one (known) sign of the conductivity and by carriers of both with the strong-field region localized in the crystal close to
signs, to measure the TSC spectra after the correspondirie dark electrode. When the electric field in the crystal at the
types of filling of the impurity levels in the crystal, and to dark electrode exceeds a critical valuEXE/), electric
identify the parameters of these levels by comparing theharge of the same sign as the polarity of the dark electrode
spectra. begins to be injected from the dark electrode into the bulk of

The method is based on measuring the TSC in metalthe crystal. From this instant, the corresponding impurity
semiconductor—metalMSM) structures on high-resistance levels(traps in the bulk of the crystal are filled with carriers
crystals after the structures are illuminated from the side obf both signs(electrons and holgs®

optically transparent metallic electrod€dl) with a dosed The TSC curves in such structures, measured after vari-
energy of “intrinsic” light (hv>Ey) (hv is the energy of a ous exposures, will give information on the depth of the
light quantum, ande is the band gap of the crysjal impurity levels of charge-exchange carriers of only one

It has been established that actual MSM structures cretknown) sign of conductivity(after short exposurgsor by
ated by cold deposition of metal electrodes on the surface dfarriers of both signgelectrons and holes, after long expo-
a crystal(by sputtering, by chemical deposition of the metal, sures. The exposure time that provides charging of the im-
and by other meanscontain a thin film of natural oxide purity levels in the crystal with carriers of only one sign can
(NO), which is located on the surface of the crystal betweerbe determined from the shape of the photocurrent relaxation
the metal and the semiconductt@0—-50 A thick.>~* Such  of the MSM structure. The shape of the photocurrent relax-
structures are actually of type (MO)S(NO)M with nonin-  ation in the MSM structure upon exposure to light of con-
jecting electrodes when the electric fields in the contact restant intensity is completely determined by the features of

1063-7826/98/32(6)/4/$15.00 599 © 1998 American Institute of Physics
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FIG. 2. Photocurrent relaxation in MSM structures on compensated CdTe
N 3 N " L crystals after turning on the illuminatiotepplied voltageV,=400V, T
0 10 20 Jo 40 50 =300 K). (a) electric field distribution in the crystal at various instants after
t » P,s beginning to illuminate the structure from the side of the positive electrode
(A=0.82um, | =10 mW/cnf). Timet,sec:1—0, 2—0.1,3—1.0. (b) pho-

FIG. 1. Photocurrent relaxation in MSM structures on pure CdTe crystalstolcu,rrent r.elaxakt\mnéln MShM s‘tr‘u_ctlurﬁs after turninghon thﬁ |||um|n§1(mn
(N,<10Ycm™3) after tuming on the illumination(applied voltage relative units, wherd s is the initial photocurrent 1 shows the experimen-

V=400V, T=300 K). (a) electric field distribution in the crystal at various tal values,2 shows the values calculated from the measured electric field

instants after beginning to illuminate the structure from the side of theg(')sr:”(zigﬂﬁr']n ttrtlztctrr):ztzl izt:(')ﬁi?]r.gg:i:)?]stf?gﬁ ;fée;i?emtl)rf]%h(;netlgitlr”oudrz:a-
positive electrode X\=0.82um, | =50 mWi/cnf). Timet, sec:1—0, 2— 9 I '

2%x1073, 3—5x 103, 4—10%x 103, 5-50x 10 3. (b) variation of photo-
currentJ,, with time (in relative units, wherd, is the initial photocurrent
for a homogeneous electric field in the crystdlhe solid curve shows the of the field in the crysta(when illumination is absent

experimental values, and the dashed curve shows the values calculated from At th ti thi tructi f the field
measured electric field distributions in the crystals at various instants after € same lme, this reconstructon o € field can

turning on the illuminatior{assuming that there is no injection from the side change the injection properties of the dark electrode when
of the electrodes The applied voltage i¥,=400 V, andT =300 K. the electric field close to this electrode in the crystal is in-
creased above a definite critical value, and this must cause a
sharp increase of the photocurrent flowing through the struc-
the photoinduced reconstruction of the electric field in theture. The decisive effect of one or the other of these mecha-
bulk of the structure with time. nisms on the current is determined by the character of the
In this case, the reconstruction of the electric field in theelectric field distribution in the crystal and by its value at the
crystal with time, as shown in Refs. 5,6, and 8-10, has &lectrodes of the structure.
monotonic character and is accompanied by the growth of The studies for this paper involved determining the pa-
the electric field at the dark electrode with time and by itsrameters of the impurity levels in electrooptic insulating
decrease at the illuminated electrode. However, this recorerystals of CdTe £=10-1C° Q.cm) with various
struction of the field in the crystal has an ambiguous effecimpurity-level concentrations N,: 1—N,<10"* cm™3
on the value of the photocurrent that flows through the struc¢“pure” crystals) and 2—N,>10" cm™2 (“compensated”
ture. crystalg. MSM structures were created on these crystals by
Such a reconstruction of the field in the crystal duringchemically depositing optically transparent gold electrodes
illumination is accompanied by a chan@gedecreaseof the  on etched surfaces of plane-parallel plates 0.25 cm thick and
charge collected at the electrodes from each electron—hol@25 cnf in area. The electrooptic technique of Ref. 10 was
pair created by the light at the illuminated electrdd&.1?  used to make measurementsTat 300 K of the shape of the
This process must result in a decrease of the photocurreeturrent relaxation when the MSM structures are illuminated
with time relative to its value for homogeneous distributionwith intrinsic light (\ =0.63 um, 0.82um) from the side of
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FIG. 3. TSCs after illumination of an MSM structure based on CdTe from
the side of the positive electrodat T=77 K, V,=20V, | =3 mWi/cn?,
A=0.63um): () shape of the photocurrent relaxation of the structure after 100 150 200 250
turning on the illumination Y,=20V, T=77K, |=3mwi/cn?, T,K

A=0.63um). (b) TSCs after illuminating an MSM structure for various

time intervalst, sec:1—6x 10-2, 2—12x 10-2, 3—25x 10"2, 4—200. FIG. 4. TSCs after illumination of an MSM structure based on CdTe from

the side of the negative electrodat T=77 K, V=20V, | =3 mW/cn?,
A=0.63um): (a) shape of the photocurrent relaxation of the structure after

he el fth ial distri . tyrning on the illumination Yo=20V, T=77K, |=3mWi/cn?,
the electrodes and measurements of the spatia distribution 9—0.63,um). (b) TSCs after illuminating an MSM structure for various

the electric fieldE(x,t) in the crystal between the electrodes time intervalst, sec:1—6x 1072, 2—12x 10~2, 3—25x 10~2, 4—200.
of the structure at different times after beginning this illumi-
nation.

Based on the measured field distributiB(ix,t) and as- and is determined only by the photoinduced reconstruction
suming that there is no injection of carriers from the side ofof the electric field in the crystal when the injection proper-
the electrodes, the shape of the photocurrent relaxation in thiées of the contacts remain unchanged. In the case of com-
structure when the illumination was turned on was calculateghensated crystal@=ig. 2b), the calculated and experimental
by the technique of Ref. 10, and the results of the calculavalues of the photocurrent coincide only at the initial instant;
tions were compared with the experimentally measuredubsequently the experimentally measured values of the pho-
shapes of the current relaxations in these structures. tocurrent significantly exceed the calculated values because

The TSC spectra were studied after dosed illuminatiorcarriers begin to be injected into the crystal from the side of
of the structures from the side of different electrodes athe dark electrode. The minimum value of the experimentally
T=77K. measured photocurrent in structures based on compensated

Figures 1 and 2 show the electric field distribution in thecrystals (N;>10" /cm™3) is observed at=t,,. During this
volume of the crystal of the MSM structurébetween the time (0—t,,), only a monopolar electric charge of the same
electrodes at various times after beginning the illumination sign as that of the illuminated electrode is present in the
and the shape of the photocurrent relaxation in the structuresrystal.
experimentally measured and calculated on the basis of the This work involved studying the TSC spectra on the
measured electric-field distribution in various types of crys-high-resistance pure crystalsN¢< 10" cm %) described
tals atT=300 K. As can be seen from Figs. 1a and 2a, theabove. During the recording of the TSC, the structure was
electric field at the dark electrodex€d, wherex is the cooled in the dark toT=77 K, and a constant voltage
thickness of the crystal,9x<d, andd is the distance be- Uy=20 V was applied to the electrodes while they were held
tween the electrodes of the structurender conditions of in the dark fort=1 min. The structure was illuminated from
steady-state illumination in similar regimes is significantly the side of different electrodes with constant-intensity flux of
higher in structures based on compensated crystale intrinsic light A =0.63um, | =10 2 W/cn?), and the
(N:>10%cm™3). As can be seen from Fig. 1b, the shape ofshape of the photocurrent relaxation was recordgds. 3a
the photocurrent relaxation in structures based on pure cryand 4a. It can be seen that, &=77 K the shape of the
tals (N;<10' cm™3) coincides with the calculated value photocurrent relaxation in structures based on pure crystals
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(Nt<1014 cm ®) has a form similar to Fig. 2b, with IS necessary to create on it an MSM structure, to measure the

t,,=10 ms. Dosed illumination of the structure by this light Shape of the photocurrent relaxation at the chosen illumina-

flux from the side of different electrodes is carried outtion intensity (T=77 K), to determinet;,, to measure the

through an optical shutter, with an exposure time of TSC after the structure is illuminated from the side of one of

te=10 2-1C sec. After the illumination was switched off, the electrodes for times df<t,, andts>t,,, and to deter-

the sample was held in the dark for1 min, and then the mine the depth of the level in the crystal of these spectra in

structure was heated at a ratef 0.3 K/sec fromiT=77 to  accordance with Ref. 1. The parameters of all the observed

300 K while the temperature dependence of the transmittetfvels can be determined by comparing the TSC spectra after

current(the TSQ was recorded. The energy position of the these exposures.

impurity levels in the crystal AE) was estimated from

this, temperature dependence using the relationship

AE=23KT,,,* whereT,, is the temperature corresponding to

the transmission peak, amdis Boltzmann’s constant. 1A, G. Milnes, Deep Impurities in SemiconductofsViley, New York,
Figures 3b and 4b show the temperature dependences 0fl963.

the TSC: it can be seen that the form of the TSC curves iSZV' I._ Strikr_\a, E. V. Buzanev_a, and |I. A_. Radzievskay@emiconductor

virtual_ly identical afte_zr the sample has been illuminated for mﬁ‘_ﬂfeér:':: :ngth'Ogﬁgv\?;tﬁsgg[iig?a'?é '\Eﬂféﬁ%\’]’_?’l fg i4197 4.

long time from the side of different electrodes. As the expo-4m. A. Green, V. A. K. Temple, and J. Shewchun, Solid-State Electi8n.

sure timet, is decreased, a change of the ratio of the ampli-_745(1975. _

tudes of these peaks is observed on the TSC curves when tﬁé’t' kGi E?‘?he”;'h”OT"' k‘; \F’: gé)d:\laevi? 1’2' 1ggma§°"’hag?1 ; DL' :Sg)s“'

structure is illuminated from the side of different electrodes 5380(’19&';2?61 - Tekh. Fiz20, No. 18, 161999 [Tech. Phys. Leti2q

(Figs. 3b and 4b, curve$-3). Thus, after the structure is ©p. G. Kasherininov, A. V. Kichaev, and I. D. Yaroshetsigh. Tekh. Fiz.

iluminated from the side of the negative electrode for a time 65, No. 9, 193(1995 [Tech. Phys40, 970(1995].

— — 2 — : "A. A. Gutkin, V. E. Sedov, Fiz. Tekh. Poluprovod 1761(1975 [Sov.
te=2X10 < sec, only one peak at,,=85 K is observed on Phys. Semicond, 1155(1975).

the TSC curves A'E:Q-]J eV, see Fig.- 4b, curva),' ~ BP. G. Kasherininov, A. V. Kichaev, and I. D. Yaroshetskis'ma Zh.
whereas, after it is illuminated from the side of the positive Tekh. Fiz.19, 49 (1993 [Tech. Phys. Lett19, 550(1993].
electrode for the same time, only one peak remains on théP- G. Kasherininov, D. G. Matyukhin, and I. D. Yaroshetskis'ma Zh.

A B _ - Tekh. Fiz.21, No. 7, 44(1995 [Tech. Phys. Lett21, 260 (1995].
TSC curves all,=205 K (AE=0.41 eV; see Fig. 3b, curve 0p_ G. Kasherininov, A. V. Kichaev, and A. A. Tomasov, Fiz. Tekh. Polu-

1). The energy positions of the impurity levels corresponding provodn.29, 2092 (1995 [Semiconductorg9, 1092 (1995].

to the TSC peaks af,,=85 and 205K are, respectively: G. Cavalleri, E. Gatti, G. Fabri, and V. Svelto, Nucl. Instrum. Meth®2s
Ec-017eVand,+0.41ev. 12<1337F(1t?m d V. Svelto, Nucl. Instrum. Metho@s, 33 (196
Thus, to completely determine the parameters of the im- © 7aPr and V. Svelto, Nucl. Instrum. Methogs, 33 (1965.

purity levels in a test crystal by means of the TSC method, itrranslated by W. J. Manthey



SEMICONDUCTORS VOLUME 32, NUMBER 6 JUNE 1998

The nature of manganese luminescence centers in zinc sulfide single crystals
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This paper discusses how the luminescence-excitation method affects the spectral content of the
emission in ZnS : Mn single crystals. It shows that the nearest neighborhood of te Mn

ions is associated with the elementary emission bands having maxima at the wavelengths
A\m=557, 578, 600, 616, and 638 nm in zinc sulfide crystals with different manganese
concentrations. ©1998 American Institute of Physids$$1063-7828)00706-9

Zinc sulfide doped with manganese has wide technicatinc sulfide are explained by the complex structure of the
use in creating light sources with radiation in the yellow—emission band. An analysis of the spectral content of the
orange region. Manganese has received much attention ascharacteristics, carried out by means of the generalized
dopant of zinc sulfide. It received such attention because thmethod of AlentseV, showed that elementary bands with
material ZnS : Mn possesses bright and stable electrolumiemission maxima are present at wavelengths\ gi=557
nescencé€EL) with a long service life when it is excited by +2, 5782, 600+ 2, 616-2, and 63& 2 nm, which are
either ac or dc voltage. However, despite many studies, thassociated with different locations of the Rnions in the
nature of the manganese luminescence centers formed kagtual zinc sulfide crystal lattic®® The most intense bands
Mn?* jons at various sites of the actual zinc sulfide crystalare those withh =557, 578, and 600 nm, which determine
lattice and the mechanism of exciting them is still an operthe position of the total maximum of the emission band of
question. manganese.

The goal of this work was to study how the lumi- The intensity of the elementary bands depends on the
nescence-excitation method affects the spectral compositidominescence-excitation conditions. This is because, when
of the radiation caused by the manganese ions. the Mrf* ions are located at different sites of the ZnS crystal

The studies were carried out on single crystals oflattice, there are differences in the probabilities of the radia-
ZnS : Mn grown from the melt under argon pressureMinS  tive transitions in the manganese ion its@éducing the
salt was used as a dopant. Crystals with a dopant concentraymmetry of the crystal field increases the radiative transi-
tion of Cy, in the starting mix of (104~5x10"2) g MnS tion probability") and in the excitation mechanism: resonance
per 1g ZnS were studied with various luminescencefrom the sensitization centér$or as a direct consequence of
excitation methods. Photoluminescen@®l) spectra were impact with hot electrons during EL or as a result of the
studied with excitation by light at a wavelength of absorption of a light quantum from the characteristic absorp-
A=365 nm, which corresponds to impurity absorption oftion region of manganese in zinc sulfide during PL.
zinc sulfide, and with wavelengths corresponding to absorp-  Studies of the PL showed that the emission of manga-
tion at Mr?" ions in zinc sulfidé: EL was studied with ex- nese centers with,,=557 nm has virtually identical relative
citation by ac voltage corresponding to mean electric fieldgadiance both with excitation via sensitization centers by
in the crystal of about-(10°~1C°) V/cm. Cathodolumines- means of a resonance excitation mechar(igra wavelength
cence(CL) of the crystals was excited by electrons having anof the exciting radiation is\¢,.= 365 nm and directly with
energy of about-40 keV in a near-surface layer 1.5x2n  absorption of light quanta from the absorption region,f
thick.? =390, 430, 465, or 498 nmThe band with\ ,=578 nm

The luminescence spectrum depends on the manganekas the maximum radiance for excitation by light with
concentration for all forms of excitation. With small manga- \ .,.= 365 nm. The long-wavelength elementary bands with
nese concentrationS,,<10 2 g/g, the emission spectrum \,,=600, 616, and 637 nm have the maximum radiance for
contains bands associated with self-activated luminescenacitation by light from the characteristic absorption region
centers of zinc sulfide, having a maximum in the blue andf manganese in zinc sulfide. These results can apparently be
green regions, and with manganese centers. Crystals withexplained as follows: The manganese centers responsible for
large manganese concentratiGg,,=10 3 g/g usually con- the A ,=578-nm line are mainly excited by a resonance
tain only the radiation of manganese ions, which is a widemechanism from impurity point defects playing the role of
band with a maximum in the region 580—-590 nm. As thesensitization centers. This means that thes¢'Mons are
manganese concentration increases, the position of the emiscated at sites where point defects pile up—for example,
sion maximum shifts toward shorter wavelengths by 5-8 nmclose to dislocations or the surfdcat spacings of about
Moreover, the position of the maximum depends on the-(1-1.2 nm, which is the necessary condition for resonance
method and conditions of the luminescence excitatidhe  interaction of the centers.
observed features of the emission spectrum of Mions in The centers that radiate &at,= 600, 616, and 637 nm are

1063-7826/98/32(6)/3/$15.00 603 © 1998 American Institute of Physics
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FIG. 1. Variation of the relative intensity of bands with\ ,=557 (a), 578 (b), and 600(c) for various forms of luminescence excitation: PL, EL, CL. The
manganese concentration@s,, , 9/g: 1—5x10"4, 2—10"%, 3—5x 1073, 4—10"2, 5-5x10"2.

most likely located in the bulk of the crystal at those sitesbe considered surface luminescence: the luminescence in-
where the concentration of sensitization centers close to theolves the surface region with a depth of 1.5g8.
Mn?* ions is small. As a result, the radiance of these bands is By analyzing the results shown in Fig. 1, it can be con-
greater when the excitation is produced by light from thecluded that the manganese centers with an emission of
characteristic absorption region. Am=557 nm are located in the regions where the electric
The radiance of the band with,,=557 nm, which is field is concentrated in the volume of the crystal when EL
virtually independent of the method for exciting the PL, in- occurs. The centers that emit)al,=600 nm are mainly lo-
dicates that the mechanisms of resonance and nonresonargaed in the bulk part of the crystal, so that only part of them
absorption of light have identical probability. In this case, thefall into the region of strong electric field.
distances between the manganese centers and the sensitizer The maximum intensity of the band with,,=578 nm
are critical for resonance interaction. This is indicated by theand the complete absence of circular symmetry on the polar-
significant decrease of the amplitude of the band as the tenization diagram for this band can be associated with the
perature is reduced, whereas the other elementary bangtacement of these centers at sites where point defects accu-
show little variation(reducing the temperature decreases thenulate and with distortion of the crystal lattice. Such sites
probability of the resonance excitation mecharnism can be both the surface itself and defects between blocks of
In order to study the location of the manganese centerthe crystal. At the same time, the high intensity cannot be
over the volume of the crystal in more detail, the composi-caused simply by a large number of these centers by com-
tion of the emission spectrum was studied as the luminesparison with the others. Actually, starting from the fact that
cence was excited by various means: PL, EL, and CL. Théhe manganese ions are uniformly distributed over the vol-
results obtained for the three brightest elementary bands withme of the crystal? it can be assumed that the defects under
different manganese concentration in ZnS : Mn crystals areonsideration occupy only an insignificant part of the volume
shown in Fig. 1. It can be seen from this figure that theof the entire crystal. Therefore, their number will be minimal
radiance of the band with ,=557 nm is maximal for EL, by comparison with the other defects. At the same time, the
while it is less for PL and CL. The intensity of the band with location of these centers in a distorted crystal field must in-
Am=600 nm is maximal for PL and minimal for Ciwhen crease the radiative transition probability in the ¥rion
these results were obtained, the PL was excited by light witlitsel* by comparison with the other types of manganese lu-
a wavelength oh .= 365 nm). minescence centers. Moreover, the close placement of the
As far as the brightest band with,,=578 nm is con- sensitization centers strengthens the resonance excitation
cerned, the greatest radiance of the emission was observedrnmechanism, which has a greater probability than the other
CL. excitation mechanisms accompanying PL, EL, and CL.
In turn, these results can be explained as follows: TheMoreover, when an electric field is appli¢id EL), disloca-
PL has a volume character when it is excited by light withtions and surface defects can be sites of concentration of the
Am=365nm, since the light penetrates to a significantelectric field®® The enumerated causes make it possible to
depth!® With EL, the luminescence does not occur in theunderstand the maximum intensity of this band by compari-
entire volume, but only in the part of it where the electric son with the others for all forms and methods of lumines-
field is concentratedthe observed EL has a prebreakdowncence excitation.
character in the test crystals At the same time, the CL can As far as the other types of manganese centers are con-
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Deep-level transient spectroscopy has been used to study the effect of Ge atoms on the behavior
of Mn in Si. It is shown that Ge atoms introduced into Si during growth manifest no

electrical activity, even though their concentration is rather high®-400'° cm™3. It is established

that the presence of Ge atoms in the Si lattice enhances the efficiency of the formation of

the deep level&€.—0.42 eV andE.—0.54 eV, which are associated with Mn in the Si lattice: the
concentration of these deep levels iIfG#, M) samples is a factor of 3—4 greater than in

SiMn). It is found that the presence of Ge atoms stabilizes the properties of the Mn levels in Si:
They anneal more slowly than in{@®in) by a factor of 5-6. It is assumed that the detected

effects are associated with the features of the defect structure of Si doped with Ge and Mn.
© 1998 American Institute of PhysidsS1063-782808)00806-(

It is well known' that atoms of the transition elements in rather high concentrations of ¥910'° cm~3. These data

possess mobility in Si because of a large diffusion constantpqy that Ge atoms in the Si lattice manifest no electrical
The capability of these atoms to migrate in the Si 'atticeactivity.

makes them thermally unstable. Moreover, it is known that

' : . v Measurements of the DLTS spectra pfSi{Ge) and
the presence of isovalent impuritiéd/Is) in the volume of

e ) o e n-Si{Ge) samples diffusion-doped with Mn showed that the
Si increases its thermal stability and radiation strefdgth. presence of Ge atoms in the Si lattice strongly affects the
Therefore, we have studied the influence of IVI ato(Ge) defect-formation processes. An analysis of the DLTS spectra
on the energy spec_:trum c_)f deep leved s) created by Mn Fig. 1) shows that the efficiency of formation of DLs asso-
and on the behavior of its atoms by means of deeP'Ieveiiated with Mn atoms in the Si lattice increases when Ge
fransient SpectroscoppLTS). - . . atoms are present. We showed eatftethat the diffusion
Samp!es ofn-.apq p-type Si, doped W'th_Ge Fiurlng introduction of Mn into Si results in the formation of a
growth, with a resistivity of 5—100)-cm and with orienta- series of DLs with the following energie€,— 0.20 eV
tion in the[111] direction, were used for the experiments. E.—0.42 eV, andE,—0.54 eV (Fig. 1, curvel).c It Was es,-

Samples ofn- and p-Si grown by .the Czochralskl_ method tablished that two of the latter levels are associated with Mn
were used as control samples, with a concentration of opti-

; _ . L in silicon, namely, the DL wittE.—0.42 eV, caused by iso-
cally active oxygen of & 10°" cm™® and with resistivityp lated Mn atomsy in the state CI\ﬂn and the DL withyE
close to thep values of the KiGe) samples. ' ¢

_ i i 0
To study the intra-impurity interactions of Mn and Ge 0.54 eV, associated with paramagne(dn’), clusters.

atoms, Si samples doped with Ge during growth were als%hetEC_?ﬁof'e\: Ie_vel IS ‘;Eba.tt)rl]y E.ISS.IOC'ated W'T a heatb-
doped with Mn by diffusion. We have explained in detail in reatment detect, since a With simiiar parameters 1S ob-
Refs. 4 and 5 the technology of introducing Mn into Si by served in the control samplékeat-treated in the absence of
diffusion. To make the capacitance measurements, diod'gm)' ) ,

structures were created by depositing Au in vacuum to create AN @nalysis and comparison of the results of measure-

a Schottky barrier to tha-type Si and by depositing Sb as an Ments of the DLTS spectra in @in) and S{Ge, Mn)
ohmic contact. A Schottky barrier to thetype Si was pro- samples show that the efficiency with which DLs with ener-

vided by Sb, and Au was used as an ohmic contact. gies of E,.—0.42 eV andE.—0.54 eV are formed is signifi-
The DLTS spectra were measured in the dc voltage rec@ntly higher in the presence of Ge atoms: the concentration
gime in the interval 77—300 K, with the emission-rate win- Of these levels in the 8Ge, Mr) samples is a factor of 3—-4
dows related byt,=3t;. We have described the technique higher than in the $Mn) samples.
for measuring and processing the DLTS spectra in a number Note that the presence of Ge in the Si lattice has no
of articles®® The DLTS spectra were premeasur@deéfore substantial effect on the parameters of the Mn levels in Si
introducing Mn atompin samples oh- andp-Si doped with ~ (the ionization energy of the DLs and the carrier-capture
Ge during growth. An analysis of the results of these meacross section at the levelln this case, the energy spectrum
surements showed that DLs were not detected in an appref the DLs in the SiGe, Mr) samples does not differ from
ciable concentration in the &e) samples. Supplementary that in the SiMn) samples(Figs. 1 and 2
experiments carried out by means of neutron-activation The detected increase of the DL concentration associated
analysis showed that Ge atoms were present in the Si lattiogith Mn in Si can probably be explained by the fact that Ge

1063-7826/98/32(6)/2/$15.00 606 © 1998 American Institute of Physics
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FIG. 1. Typical DLTS spectra of the following samplds:-n-Si(Mn), 2—
n-Si{Ge,Mn). FIG. 3. Kinetics of low-temperature annealin§= 130 °Q of DLs in the

following samples1, 2—n-Si{Mn), 3, 4—n-Si(Ge,Mn).

atoms introduced into Si in a rather high concentration octeresting to investigate the kinetics of low-temperature an-
cupy all the sinks and other imperfections of the Si lattice. Itnealing of the DLs associated with Mn atoms when Ge im-
is well knowrf that there is a difference of 1.5-2 orders of purities in various concentrations were present in the Si
magnitude between the solubility limit of Mn in Si and the lattice. With this purpose, we studied the effect of isothermal
concentration of electrically active Mn atoms. It is assumedannealing in the temperature interval 100—200 °C on the
that this difference is associated with the precipitation of @ehavior of the Mn atoms in the-Si{Ge, M) samples.
certain part of the introduced Mn atoms at some inactive  Typical DLTS spectra oh-SiMn) and n-Si{Ge, Mn)
sinks or with the coupling of the Mn into neutral complexes.samples submitted to isothermal annealing at 130 °C are
The presence of Ge atoms occupying these sinks, howeveshown in Fig. 3(curvesl-4). It follows from this figure that
increases the fraction of electrically active Mn atoms in Si.the DLs with an energy dE.—0.42 eV, associated with iso-
Note that the presence of Ge atoms in the Si lattice preventated Mrf atoms(curvel), anneal rather rapidly, and that the
the formation of thermal defects. It follows from a compari- DLs are almost completely annealed in the course of 1 h.
son of curve and 3 in Fig. 1 that the formation efficiency The E.—0.54 eV level(curve2), associated with clusters of
of the level with an energy oE.—0.20 eV, caused by heat four neutral Mn atoms, is characterized by greater stability,
treatment, is far lower in the-Si(Ge) samples than in the and it anneals significantly more slowly. An analysis of the
control n-Si. This fact confirms the data of Refs. 2 and 3. kinetic curves in Fig. 3 shows that low-temperature anneal-

The DLs created by Mn in Si, as we established eaflier, ing of the deep centers of Mn in the presence of Ge atoms in
are unstable even at room temperature. It was therefore ithe volume of the Sicurves3 and4) occurs more slowly
than with the SiMn) sampledcurvesl and2) by a factor of
5-6.

Thus, Ge atoms that manifest no electrical activity in Si
enhance the formation efficiency of deep centers associated
with Mn in Si and stabilize the properties of these centers.
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This paper presents a study of the structure of the IR reflectance spectra in the sub-gap region
of lead telluride doped with indium and gallium and the Raman spectra in(F) T

the Raman and reflectance spectra of RbWefeatures are observed at a frequency of

wo=120 cm !, whose amplitude sharply increases at temperaflifesiow the temperature

where delayed photoconductivity appeafs=25 K. A similar feature at a frequency of

wo=155 cm ! is also observed in PbT®a), with the amplitude of the feature sharply increasing
for T>T.=80 K. An analysis of the resulting data makes it possible to conclude that, in
contrast with classicaD X centers in lll-V semiconductors, the microscopic structure of the
impurity centers in the two-electroD(X-like) ground state does not correspond to an

impurity atom shifted from a lattice site, whereas the impurity atom is shifted from a lattice site
for the metastable one-electron impurity state. 1€98 American Institute of Physics.
[S1063-782628)00906-3

INTRODUCTION bilization of the Fermi level, delayed photoconductivity, and

. . long-term photomemory have been detected.
The problem ofDX centers in semiconductors has been At the same time, in contrast with the classical centers,

an object of intense experimental and theoretical research fghe microscopic structure of DX-like” impurity centers

more than twenty years. The main characteristic of thesgas unknown until recently. The results of a study of the IR
impurity centers is strong electron—phonon interaction, rereflectance and Raman spectra obtained in this paper allow

sulting in the appearance of barriers in configuration spacgs to make a series of important conclusions concerning this
between states of the system with different numbers of localmatter.

ized electrons. In addition, strong polarization of the crystal
lattice in the neighborhood gf an |mpur|ty atom in certamSAMPLES AND EXPERIMENTAL PROCEDURE
cases produces a state with negative correlation energy
(negativet centers. Such a combination of properties leads Single crystals of PbTe doped with In were grown by the
to the appearance of an entire series of unusual effects, Bridgman method, while single crystals of PliGa) were
particular, delayed photoconductivity at low temperaturesgrown by the Czochralski method. The quantity of impurity
The microscopic structure of classidaX centers, observed in the samples corresponded to the condition of stabilization
in semiconductors of classes IlI-V and 1I-VI, has beenof the Fermi level 70 meV above the bottom of the conduc-
studied in fairly great detail, both experimentally and tion band in PbTén) (Ref. 3 and 70 meV below the bottom
theoretically* of the conduction band in PbT@a).* The surface of the

In semiconductors of group IV-=VI, which are mostly samples was subjected to chemical-mechanical polishing.
narrow-band semiconductors, impurity states have a very In this paper we present measurements of the Raman
specific nature. Because of the large permittivity and smalbpectra of PbTen) at temperatures from 5 to 300 K and IR
effective mass of the charge carriers, the hydrogen-like imreflectance spectra of Ph{Te) and PbTéGa) in the tempera-
purity states have negligible energy, and all the observeture range 10—300 K.
impurity and defect levels are strongly localized and deep. It Raman scattering was excited by unpolarized radiation
was assumed until recently that there areD% centers in  from an argon laser with a wavelength of 488 fmean
semiconductors with a narrow band gap, in particular, inpower about 100 MWW A U-1000 Jobin Yvon monochro-
IV-VI materials. However, it turned out that the propertiesmator with a conventional photon-counting system and a
of the impurity centers that appear when certain IV-VI semi-Dilor monochromator equipped with a charge-coupled detec-
conductors are doped with group-lll impurities are largelytor were used to measure the Raman spectra. When the clas-
analogous to the properties DX centers. In particular, sta- sical photon-counting system was used, averaging was car-

1063-7826/98/32(6)/5/$15.00 608 © 1998 American Institute of Physics
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temperature.

The most interesting mode is that al,=115cm %,
which can be distinguished from the background only for
temperatures below 100 K. As the temperature is reduced
further, the mean intensitly, of the line increases, with the
sharpest rise being observed at a temperafpe25 K (Fig.

g 2). It is important to note that the value ®f coincides with
R N 1 the critical temperature below which the delayed photocon-
50 100 150 ductivity effect is observed in PbTla).’
w,cm! The IR reflectance spect(R) of a single crystal of PbTe

+ 0.4 at. % In in the far IR is shown in Fig. 3. The experi-
FIG. 1. Form of the Raman spectra of Pb¥&®.4 at.% In. Temperature AT ; _
T.K: 110,215, 3— 20, 425, 530, 650, 765, 8—100. 9300, mental data are indicated by points. The procedure of nu

The numbers with arrows on the curves denote the frequency of the corrdD€fiCal optimization of th.e parameters, using the_ S.t&.mdard
sponding lines in cm®. plasmon—phonon dispersion relation for the permittivity of

the fornf

ried out over approximately forty spectra for each wg wEo—w-zro

temperature. The samples were placed in a closed-cycle cry- e(w)=ex 1

ostat with a temperature regulator that makes it possible to

cool the samples to 10 K. (where wtg and w o are the frequencies of the transverse
The IR reflectance spectra were measured in the waveand longitudinal optical phonons, respectively, is the

number range 30—650 cm at temperatures of 10-300 K, plasma frequencyyro and y, are the phonon and plasmon

using a Bruker IFS-113v spectrometer equipped with an Oxdamping factors, respectively; ard is the high-frequency

@

(1)((0"" yp) (,U-2|-O_ w2—i YTO®W

ford Instruments cryostat. permittivity), does not make it possible to describe the addi-
tional structure in the reflectance spectra observed in the fre-
EXPERIMENTAL RESULTS quency region around 120 cmh at temperatures below

. 200 K. To obtain satisfactory agreement with the experimen-
| The Raman spe}ctra ifoa Slggl(;algrystal r?f Pbpe4F§t.°/; | tal data we must introduce in the dispersion relation an ad-
n at temperatures from to are shown in Fig. 1. Ingiiona1 oscillator of the form

general, first-order Raman modes are not active in the fcc
lattice of lead telluride. The modes observed at 68, 126, and

143 cni'! at all temperatures from 10 to 300 K are associ- ~5 5 .~
ated with the effect of the thin layer of Te®@n the surface wp— 0 ~iGw
of the sample. These modes are well known in othemwhere w, is the characteristic frequency of the oscillator,
tellurides>® The powerful Raman line at 103 crhis caused o is @ quantity proportional to the oscillator strength, and
by plasma vibrations. G is the damping factofthe solid curves in Fig. )3 The

2
W)oc

@
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FIG. 4. Reduced oscillator strength in the foafi(T)/ w3,(0) [see Eq(2)]
vs temperature for PbTia).
00 2;,0 4'00 5;]0 In our opinion, the nature of the additional oscillators
-1 that appear in the IR reflectance and Raman spectra, as well
w, cm

as in the photoconductivity spectfef lead telluride doped

FIG. 3. IR reflectance spectra of Pb¥e.4 at% In.T,K: 1—10,2—50,  With group-lil elements—indium and gallium—is associated

3—100, 4—150, 5—200, 6—300. The points show experimental values, With the excitation of local phonon modes close to the im-

and the solid curves show the results of a procedure of numerical optimizepurity atoms. Actua"y, most importanﬂy, the frequencies at

tion of the parameters, using the dispersion relatidjsnd (2). which oscillators are observed are close to the frequency of
the longitudinal optical phonon in PbTe, =110 cm 1. In
addition, the ratio

value wy=122 cm ! is virtually constant with temperature,

whereasw,,. (the oscillator strengdhsharply increases as =
temperatures decrease below 50/g. 4). A similar struc- w5(Ga) M
ture is observed in the far-IR reflectance spectra of
Phy 755y »sTe(ln) (Refs. 9 and 1D and PRl Mng (Te(In)
(Ref. 1) at the same frequency.

An analogous additional structure is detected in the IR
reflectance spectra of Pb{l&a) (Fig. 5. The only difference 8ot
from the PbTén) case is numerical: The frequency is
wo=155 cm !, andwy,. (the oscillator strengthsharply in-
creases with decreasing temperature belqw 80 K—the R0k
critical temperature for the appearance of delayed photocon- &
ductivity in PbTéGa) (Fig. 6).

2
wp(IN) Mg,

©)

4t

DISCUSSION OF RESULTS

100 200 300 400
1

It is easy to see that the temperature dependence of the
intensity of the Raman mode at a frequency ©f in :
PbTdIn), shown in Fig. 2, is very similar to the dependence o @, cm
of the oscillator strength on temperature for the IR-active . ; I

=1 ; FIG. 5. Form of the IR reflectance spectra of PbhDe4 at.% Ga.T, K:
mode at 122 cm- (see Flg,'rh?" Moreoverf an analogous 1—300, 2—150, 3—70, 4—50. The points show experimental values, and
structure at frequenc}’ 155 cmis recorded n the IR reflec- e solid curves show the result of a procedure of numerical optimization of
tance spectra of gallium-doped lead telluride. the parameters, using the dispersion relatidisand (2).
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despite the sharp increase in the amplitlggof the Raman
mode at a frequencyw,=115cni ! as the temperature de-
- 200F + creases below .= 25 K, the value of .. is still much lower
E \ 2 than the characteristic values corresponding to breakdown of
= .‘Y-—-‘\"__‘ the symmetry inversion over the entire volume of the crystal.
8 150 Consequently, the appearance of the Raman mode is in all
3 \\* probability caused by local breakdown of the inversion sym-
s —t ! metry. At the same time, at high temperatufes100 K, the
3.- 00 - T+ Raman mode at frequenay,=115 cm ! is indistinguish-
able at the background level. Virtually all the impurity cen-
, . i ters are found in the Ihand In°* states at these tempera-
100 200 o0 tures, from which it follows that local breakdowns of the
K inversion symmetry are absent for the indicated charge states
of the impurity.

The following is yet another argument which shows that
the impurity atom is displaced from the centrally symmetric
position for the metastable charge stafe : Equation(1) is
for the frequencies of the local modes in terms of a simplevalid for the local modes associated with the indium and
model, which takes into account only the difference in thegallium impurity atoms. Therefore, since indium replaces
massesn, g, of the indium and gallium impurity atoms, is lead in the crystal lattice, it could be expected that
satisfied with surprising accuracy.

What charge state of the indium and gallium impurity w3(IN)/ wio=mpp/my, . (4)
atoms corresponds to the observed local mode of the vibra-
tions? It is well known® that group-Ill elements mainly re- However, the simplest computations show that @gis not
place the metal atoms in alloys based on lead telluride. Howsatisfied. The indicated contradiction is explained if it is re-
ever, the 2- charge state of impurity atoms neutral relative called that impurity atoms in a metastable state shift from the
to the lattice is metastable and decays to donor—accepteentrally symmetric position. This in turn can result in a
pairs according to the reaction certain change in the force constants of the crystal lattice in

the neighborhood of the impurity center and can cause Eq.

2ATT AT AT, (4) to break down.

i.e., the effective interaction energy of the electrons at the Thus, these results are evidence that Ae and A3*
impurity center is negativénegative-U centejs>'* This  impurity states, which correspond to two electrons localized
circumstance leads to the effect of stabilizing the Fermi leveht the impurity and to the empty center, respectively, corre-
at a position corresponding to equality of the total multielec-spond to a centrally symmetric position of the impurity atom,
tron energy of theA* and A3" states:* Additional doping ~ whereas, for the metastable sta®", which corresponds to
with other donors or acceptors in such a situation affect®ne localized electron, the impurity atom is displaced from
only the change of the impurity concentration in the univa-the inversion center. Consequently, the ionization of each of
lent and trivalent states, but not the position of the Fermihe electrons from the two-electron impurity ground state
level. Thus, the number of impurity atoms in t# and results in a displacement of the impurity atom, first to an
A3" states corresponds in order of magnitude to the totainterstitial position, and then back into a substitutional cen-
impurity concentration in the sample, abouf36m 2. The  ter. As a result, barriers are formed in configuration space
delayed photoconductivity observed in the indicated materibetween all the states of the system with different numbers of
als at low temperature§<T. cannot substantially change localized electrons.
the ratio betweerA™ and A3*, since the concentration of For classicaDX centers in IlI-V and II-VI semicon-
nonuniform charge carriers does not excget'®cm™3. At ductors, on the other hand, the two-electron ground state of
the same time, the experimental data indicate that the oscithe impurity corresponds to a noncentral position of the
lator strength corresponding to the local phonon mode inatom, whereas, in the one-electron and completely ionized
creases with decreasing temperature by a factor of more thatate, the impurity atom is in a centrally symmetric position.
10. Thus, the observed local mode most likely corresponds tdhe metastable one-electron state is shallow and is not sepa-
impurity centers observed in the metastable ségte, when  rated by a barrier from the completely ionized impurity state.
only one electron is localized at the impurity. Temperature  The indicated difference is of fundamental importance.
T. is determined by the barrier heighlt in configuration For DX-like centers in IV-=VI compounds, it allows non-
space that separates the metastable impurity state from tleguilibrium charge carriers to accumulate in a metastable
two-electron ground sta&™ ; therefore, at low temperatures, impurity state at low temperatures and produces a whole se-
when kT<W, the population ofA?" centers sharply in- ries of strong nonequilibrium effects: giant negative
creases under conditions of IR photoexcitation. magnetoresistancé stimulation of the quantum efficiency,

The resulting experimental data provide a basis for cerand other effects.
tain conclusions concerning the microscopic structure of the  This work was carried out with the partial support of the
impurity centers in various charge states. Most importantlyRussian Fund for Fundamental Research Grants Nos. 95-02-

FIG. 6. Oscillator strengthd,.) (1) and frequency?2) vs temperature for
PbT&Ga.
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Using crystals of the compounds CuGaghd AgGa$ and solid solutions based on them, the IR
reflectance spectra and the Raman spectra have been studied in polarized light. Values have
been determined for the frequencies of the longitudinal and transverse optical phonons, the
damping coefficients, the IR intensity, ang, ande... The concentration dependences of

the indicated parameters have been constructed, and the character of the behavior of the optical
vibrations in the solid solutions has been established.1998 American Institute of
Physics[S1063-782808)01006-0

The ternary compounds CuGa&nd AgGas$ belong to We studied the vibrational spectra of these materials by
the family of 1-111-VI semiconductors and possess interestmeans of IR reflectance spectra and Raman spectra. The in-
ing optical properties: a significant nonlinearity, strong bire-dicated measurements were made on crystals grown by the
fringence, and a wide transparency rangeThe presence of method of directed crystallization of the méfiorizontal ver-
an isotropic point makes it possible to use these crystals asion) by the technique described in Ref. 7. The composition
narrow-band filters in the visible and near-IR ranges. of the crystals was determined by an x-ray method, starting

This paper presents the results of studies of the vibrafrom the assumption that Vegard's law was satisfied in the
tional spectra of solid solutions of (Ag,_,GaS, formed  system, while the homogeneity was monitored by means of
from the compounds CuGa&nd AgGas crystallized in the  x-ray microprobe analysis.
chalcopyrite structuréspace groufd33—142d). The primi- The IR reflectance spectra were recorded on a Perkin-
tive cell of the structure of such crystals contains two for-Elmer 180 spectrophotometer in the frequency range 150—
mula units, which results in the appearance of twenty-onet50 cmi ® at room temperature from thel12) surface of
optical and three acoustic phonon branchbsthis case, the single crystals in polarized light. The Raman spectra were
optical vibrations are classified as recorded on a Spex-Romolog 4 spectrometer with an adapter

ont__ that made it possible to observe the Raman scattering at an

IP'=1A;(T'1)+2A,+3B(I'3) +3B,(I'y) + 6E(Is). angle of 180°. A Spectra Physics model 165 argon laser

The twoA, modes are inactive. The thr@& and sixE served as the excitation source. The polarization measure-
modes are IR active and appear in polarization fi@d€  ments were made at,,.=5145A in (L, L) and (|, ||) ge-
andE L C, respectively. The other modes are active in theometries, in which thé& andB, modes must appear accord-
Raman spectra. ing to the selection rules. To enhance the accuracy of the

TABLE |. Frequencies off O/LO phonons (cm?) for compounds CuGgSand AgGa$.

Symmetry CuGasg AgGas Symmetry
(chalcopyrite IR reflectance Raman scattering IR reflectance Raman scattering (sphalerite
our our our our
Ref. 12 data Ref. 13 Ref. 14 data Ref. 12 data Ref. 12 Ref. 14 data
E (TO/LO) - - 7576 75176 75 65 - 34/34 36/36 33 Xs
B, (TO/LO) - - 259/284 95/95 95 - - 65/66 65/65 65 W,
B, - - 138 116 - - - 54 125 - W,
E (TO/LO) — - 95/98 147/147 145/145 92 - 95/95 96 96 W,
E (TO/LO) 156/160 158/160 147/167 167/167 166/166 161/166 160/164 157/160 160/161 160 W,
B, - - 203 238 - - - 190 - 190 X3
E (TO/LO) 262/276 256/276 260/278 273/283 260/277 226/232 224/230 226/232 213/224 214/224 Xg
B, (TO/LO) 262/281 260/280 339/369 286/288 262/278 222/237 215/236 212/238 213/215 212/220W,
A - - 312 312 312 - - 295 293 294 W,
E (TO/LO) 332/352 330/350 335/352 332/352 332/352 325/349 324/346 324/349 - 325/348 W,
B, - - 243 401 - - - 334 - - W,

B, (TO/LO) 363/384  362/390 371/402 367/393  366/393  370/396 368/292 367/399 367 366/398 I' ;5
E (TO/LO) 368/401 366/401 365/387 367/385  365/386  367/399 365/397 368/398 392 365/392 I';5

1063-7826/98/32(6)/4/$15.00 613 © 1998 American Institute of Physics



614 Semiconductors 32 (6), June 1998 I. V. Bodnar’

L0 oll
£ v 5, X7
so0 - x10 400 —T0 .

[
//

|- 00}

i i 1 - 1
CuGaS, 0.2 04 0.6 05 Ag6uS, CubaS, 02 0% 06 08 Agaas,
Z &

FIG. 1. Concentration dependences of the optical phonon frequencies for solid solutiongAgi CxtaS, determined from the IR reflectance spectra.

polarization measurements, a Glan prism was placed directly This equation was used to determine the frequencies of
in front of the sample. The direction of the plane of polar-the longitudinal , ,) and transversed; ,) phonons and the
ization was varied by means of a half-wave plate. The specdamping coefficientsd| ,;0; ), as well ase...
tral slit width during the measurements did not exceed The relations
2cm L

Four reflectance bands are present in the reflectance
spectra in thé& L C polarization for both the compounds and oL
the solid solutions. At the same time, five barjdsth three ——o
being possible according to the selection rube® present in °
the E||C spectra. The appearance of “superfluous” bands in *
this polarization is associated with the fact that the reflec-
tance spectra are recordéds indicated aboyefrom the
(112 plane, which makes an angle of 35.3° with the optical
axis. This has the result that thg||C polarization is only
partially accomplishedabout 66%, and therefore attenuated
bands from theE L C polarization spectra can be present in
the spectra of this polarizatiéhl® The frequencies of the ¥
optical phonons and their symmetry for the ternary com-
pounds are given in Table I.

The recorded spectra were processed by the method «
sequential B—K—-K analysis, which possesses smaller er-
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rors than the dispersion analysi®A) method or the 14 i 1.4 e T ——
Kramers—Kronig (K-K) method separately. In the DA- -___*_’z_)__x___.‘-—) - z

K—K method, Kramers—Kronig analysis is applied not to the o 10 " 3 10 p—o— 7Ot
functionR(w) itself, but to a function whose values are close ~ ,; \\ 06+

to zero beyond the limits of the experimental inter¥euch i 1 4 Tk

a function is obtained after processing the reflectance spect ”-3';::‘;3;’;35?? 0.2 a4y

by the DA method, in whicte(w) is obtained from CubaS, 0.2 04 0.6 084Ag6as, CuGaS, 02 04 06 04 Agtas,
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of the frequencies of the optical phonons for both polariza-
tions have a monotonic character—they smoothly shift to-
ward lower frequencies. Paramet&s ¢¢, ande,, exhibit a
similar character. The concentration dependence of the
damping coefficientgy; for all the reflectance bands has a

nonadditive character.

The Raman spectra of the compounds CuGa8d
AgGa$S and the solid solution GuAgyGaS are shown in

Figures 1 and 2 show how the values of the parameterbkig. 3, and the frequencies of the optical phonons and their
obtained by means of DA, combined with K—K analysis, symmetry for the ternary compounds are listed in Table I.
depend on the composition of the solid solutions. It can bélhe presence of superfluous bands in thé)(geometry is
seen from Fig. 1 that, as the concentration of silver atoms imssociated with the causes indicated above. The most intense
the CyAg;_,GaS solid solutions increases, the variations bands, withw=312 cm ! for CuGa$ andw =294 cm * for

(,n
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AgGas$, which correspond to vibrations with, symmetry, CuGa$ to frequencies characteristic of the compound

are present in both polarizations, which is attributable to théAgGaS, with constant intensity. It follows from what has

causes described above and to the very large scattering crdseen said that the indicated modes correspond to vibrations

section of phonons of the given symmetry. Similar band¥f the Cu-<Ag)-S bond. The other modeE(X;) and

appear in the CiAg; _,Ga$S solid solutions. B,(W,) are caused by vibrations of the S, Cu, and Ag atoms.
The bands for the solid solutions were identified by com- ~ Thus, the studies presented here have shown that the

paring them with the IR reflectance spectra and the Rama#éptical vibrations in solid solutions of Gag; -,Ga$ mani-

spectra of the ternary compounds CugaBd AgGa$. The  fest a single-mode behavior.

most intense band in the solid solutidas in the compounds

CuGa$ and AgGay) is the band corresponding to the vi-

bration of symmetryA;. This purely anionic band corre- 13 . Shay and J. H. Wernicklemary Chalcopyrite Semiconductors:

sponds to vibrations of the sulfur atoms, with the other atoms Growth, Electronic Structure and Applicatiotislew York, 1975.

fixed. As the composition varies, its frequency smoothly var- - T- Bodnar and I V. Bodnar, Phys. Status Solidila1, K247 (1990.
V. Yu. Rud’, Yu. V. Rud’, I. V. Bodnar’, and L. G. BerezutskiFiz. Tekh.

. 71 - 71 -

ies from 312cm” in CuGa$ to 294cm” in AgGas, Poluprovodn28, 2014(1994 [Semiconductor£8, 1109(1994].

while the intensity remains virtually constafiig. 4). 4V. V. Badikov, I. N. Matveev, S. M. Pshenichnikoet al, Kristal-
A comparison of the IR reflectance spectra and the Ra- lografiya,26, 537 (1981 [Sov. Phys. Crystallog26, 304 (1981)].

: : : 5J. P. Laurenti, J. Appl. Phys6, 2479(1984.
man spectra of the solid solutions with the spectra of the,) o+ “-800 = B?Ehler yand N H.\(Ne":'i’ck Phys. Re2, BEO(1670.

-Vvi bir!ary analogs and th_e frequ_ency position of the cor- 7,y godnar and E. A. Kudritskaya, Neorg. Mate33, 408 (1997).
responding bands makes it possible to conclude that théN. Yamamoto and T. Miyauchi, Bull. Univ. Osaka Prefect.28, 147
high-frequencyE and B, modes, corresponding to tHes 9(1974)- ’ . .

modes of the sphalerite structure, are determined by the Vi_IF.’r?ﬁI Bsop?enk{:rrésﬁégelﬁr(%%oe' F. Smirnova, and T. V. Smimova, Zh.
bra_“ons of the Qa_s bonq, since their fr.equency p0§|t|0n0|.vl Bodnar', Fiz. Tekh. Poluprovodi®1, 49 (1997 [Semiconductor81,
varies weakly with increasing concentration of the silver 41,(1997].

atom in the solid solutions. The intensity of these bands doelsf\sf- M. BUf'aKOVA D-d F-S RZSESVS;”O'_ \1( llléslj}yrkov, Preprint, Institute of
L pectroscopy, Acad. Sci. roitsk, .

not change in this case. . 12\, H. Koschel, F. Sorger, and Y. Baars, J. Ph{Eari9 36, 177 (1975.

The low-frequency bands of tHe andB, modes, which 135 p_ van der zeil, A. E. Meixner, H. M. Kasper, and J. A. Ditzenberger,

correspond to thes, W,, andW, modes of the sphalerite  Phys. Rev. B9, 4286(1974.

structure, are the most sensitive to the substitution of silver C- Carlone, D. Olego, A. Yayarama, and M. Cardona, Phys. Re32,B
atoms for copper atoms. Their frequencies vary smoothly 3877(1980.

with composition x from frequencies characteristic of Translated by W. J. Manthey
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Analysis of capacitance-relaxation signals consisting of several exponentials
L. S. Berman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 17, 1997; accepted for publication November 18) 1997
Fiz. Tekh. Poluprovodn32, 688—689(June 1998

A new method has been developed for separating a signal consisting of several exponentials into
its separate components. Modeling has been carried out for two exponentials with close-

lying time constants and with amplitudes of the same order of magnitude. The method possesses
high resolution. ©1998 American Institute of Physids$$1063-782608)01106-5

Capacitance spectroscopy, in particular, the deep levedC, (t)=[A;, exp —eimt) +Asm expl — exmt) 1(1—Ks)
transient spectroscoPLTS) method of Ref. 1, is currently
widely used to determine the parameters of deep-level cen-
ters(DLCs) in semiconductors. This method has been deveIWhereAlm, Agrm, €1, ande,, are, respectively, the ampli-

oped in detail for the case of exponential time dependence qf,je and rate of the thermal emission for the first and second
capacitance relaxatioC(t); however, this dependence can yansition processes, and the subscriptsorrespond to the
differ from exponential dependence for several reagons-parameters of the model.

Thus, when several DLCs with close-lying thermal emission  the error in measuring the capacitance relaxation is

rates are present, theC(t) dependence is described by a podeled by factok,. The capacitance can be measured with
sum of exponentials with close-lying time constants, whilepigh accuracy, but the relative error in measuring the ampli-
the DLTS peaks blend into one peak. A number of methodgyde of the capacitance relaxatiarC(0) exceeds the rela-
for processing the results of the measurements have begije error of measuring the capacitance itself by a factor of
proposed to separate this sum into separate components. 2N,/(N,;+N,,). HereNy, Ny;, andN,, are, respectively,

&) Measurement of the DLTS spectra at different timethe concentrations of the dopant and of the two DLCs.
and/or temperature intervals and the approximation of these For several exponentials with close-lying time constants,
spectra by the optimal choice of the paramefefsWhen it is possible to choose a measurement regitemperature,
these methods are used, it is possible for the parameters to period of the filling pulsesfor which steady-state filling of
determined ambiguously because of their large number. Théhne DLCs is established in a time of the order of several time
multipoint correlation method of Ref. 7 is very sensitive constants of the process. Multiple measurement and averag-
even to small noise and measurement errors. ing of the results makes it possible to eliminate the constant

b) Methods based on recording and analyzing the timeeomponent of the capacitance, and therefore it is modeled by
dependences of the capacitance at different temperaturgbe factork,=0; the valuek, is chosen from the same con-
C(t,T). They are more informative and reliable. The methodsiderations as is the value ok; [the capacitance-
of direct search® and iterative methodg® can be used to measurement error, multiplied by the ratit@/ (N, + Ny2) |.
obtain the correct results if the starting parameters are close Moreover, the measured capacitance of the diode is less
to the true ones; otherwise, it is possible to determine a locghan the barrier capacitance of then transition because of
minimum of the variance that corresponds to values of théhe presence of resistance in the base of the diode. With
parameters far from the true ones, or the series of iteration@nd<0.1, this methodological error is of the order of
can diverge. The Fourier transformation for two (tand)% where tad is the tangent of the loss andféand it

exponentials~!? gives significant error even for a small iS modeled by the factor (1k;). The white noise is mod-
noise level. eled by the factor R,(RND—0.5), whereRND is a random

In this paper, we model AC(t) dependence that con- set of numbers in the interval from 0 to 1. The smoothing of

sists of two exponentials with close-lying time constants andN® €rrors and the noisut not of the constant part of the
amplitudes of the same order of magnitude for the case chapacnanc}als modeled py multiple repetition of the transi-
two DLCs with identical ionization energies and with tion process and averaging. )

majority-carrier capture cross sections of the same order of The AC(t) dependence is approximated by
magnitude, with these capture cross sections having the_ same AC,(1)=Ay, exp(—eyst) + Ay EXH — nat), )
temperature dependence. The ratio of the thermal emission

rates for these DLCs is independent of temperature, angihere the subscripd corresponds to the approximation pa-
therefore the choice of the measurement temperature dogameters.

not make it possible to improve the resolution. Both experi-  We used the recursive sequence metfR8M),'* which
mental error and noise are taken into account in the modeis a modification of the method of momeritdM).1>6Both
ing. The capacitance relaxation is modeled by methods use a sequence of values of the transition process

+(Aimt Ao Kotk +2ks(RND—-0.5)], @

1063-7826/98/32(6)/2/$15.00 617 © 1998 American Institute of Physics
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TABLE I.

I k;=2X10"% k,=2X 104, k=102, k,=10"2

A1m Ata €1m €1a Azm Aza €m €2a

1 2 1 2 1 2 1 2
5 4.997 5.006 2 1.994 1.995 10 9.856 9.851 1 0.997 0.997
5 5.390 5.386 2 1.974 1.974 10 9.462 9.466 14 1.386 1.386
5 4950  4.968 2 2.000 2.000 10 9.899 9.901 0.5 0.499 0.500

I ky=2X103, k,=2X10"3, ky=102, k,=10"2

Alm Ala €1m €1a AZm A2a €m €2a

1 2 1 2 1 2 1 2
5 5.355 5.312 2 1.970 1.972 10 9.526 9.574 1 0.976 0.979
5 4.955 4.990 2 2.007 1.994 10 9.927 9.981 0.5 0.496 0.498

. k;=2X1072, k,=2X 1072, ky=1072, k,=0.1

A1m Ata €1m €1a Azm Aza €m €2a

1 2 1 2 1 2 1 2

5 5.456 5.218 2 2.094 2.090 10 9.734 10.134 0.5 0.462 0.469

Note: 1—The recursive-sequence method; 2—the Newton—Raphson method.

equally spaced in time, but RSM starts from a finite number?!D. V. Lang, J. Appl. Phys45, 3023(1974.

of these values; this eliminates the error of the MM caused’L. S. Berman and A. A. Lebedeeep-Level Capacitance Spectroscopy

by cutting out the slow part of the process. In the absence of " SemiconductoréNauka, Leningrad, 1951

measurement errors and noise, the RSM makes it possible '@ T"ha”gfe'% AFf’p' Phys. ’344"( 127(1987) Solid-State Elects. 1737

determine the parameters with an error of only the computer 1995"20 egany. an mucova, Solid-State Electt.

itself. An automatic program has been written for the calcu-st R, Hanak, R. K. Ahrenkiel, and M. L. Timmons, J. Appl. Phgs,

lations. From 120 to 16@AC,(t) values were used in the  4126(1990.

interval O<t=<t,, wheret, was determined from the condi- °H. K. Kim, T. E. Schlesinger, and A. G. Milnes, J. Electron. Mate?,

tion ACpy(t;)=0.4AC(0). Theresults obtained by the RSM 187 (1983.

were refined by the Newton—Raphson metfold. Typical K Dmowski. J. Appl. Phys71, 2259(1992. .

results of the modeling are shown in Table I. An analysis of 3 M. Himmelblau,Process Analysis by Statistical Methddgiley, New
ork, 1970; Mir, Moscow, 1978

these results makes it possible to make the following conclu-<g; gandi, optimization MethodgMir, Moscow, 1988.

sions: 10, N. L'vovskii, Statistical Methods of Constructing Empirical Formulas

. . . (Vysshaya Shkola, Moscow, 1988
(1) The recursive sequence method has high resolution. M. Okuyama and H. Tanakura, and Y. Hamakawa, Solid-State Electron.

(2) For the given sensitivity of the measurement apparatus 26, 689 (1983.
and when the inequaliti;; + N;,<Ny is satisfied, the *?S. Weiss and R. Kassing, Solid-State Electr®h.1733(1988.
resolution of the method is improved as the rathd,( 1L, s. BermanPurity control of semiconductors by the method of capaci-
+Nt2)/Nd and/or the ratioellez increases. tance transient spectroscof¢LIS, St. Petersburg, 1995. 114.

4A. I. Makushevich Recursive Sequencéauka, Moscow, 1975 p. 46.
3 Refmmg the results by the Newton-— Raphson methoq5P D. Kirchner, V. J. Schaff, G. N. Naracas, L. F. Eastmen, T. J. Chappel,
does not substantially improve the approximation. In .4 c. wm. Ransom, J. Appl. Phys2, 6462 (1981.
some cases, the approximation is degra@dithough not 16k kossi-Anastasiou and K. P. Roenker, J. Appl. PH.182 (1987.
significantly. The minimum variance does not always

exactly correspond to the best approximation.
y b bp Translated by W. J. Manthey
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Charge-transfer theory in polycrystalline semiconductors with deep impurity centers
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of Sciences, 700084 Tashkent, Uzbekistan
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This paper discusses the static and dynamic properties of charge transfer through electrically
active grain boundaries in polycrystalline semiconductors with deep impurity centers in the bulk of
the grains. The admittance of the grain boundary is computed as a function of frequency

and applied dc biatl,. WhenU,+# 0, the admittance is mainly controlled by charge-exchange
processes of the intergrain boundary states and to an insignificant extent by the charge
exchange of deep traps in the bulk of the semiconductor. The application of this theory to the
spectroscopy of intergrain boundary states is considered19@8 American Institute of
Physics[S1063-782308)01206-X]

INTRODUCTION band gap. Electron capture on the BS levels results in band

. . . bending close to the grain boundari@ehich causes the for-
The theory of charge transfer in polycrystalline semicon mation of intercrystallite barrieysAs in Ref. 12, we assume

ductors has been developed in a number of papefsit that the grain size significantly exceeds the width of the in-

follows from the results obtained in Ref. 12 that deep levels . T -
. : : tercrystallite barrier; i.e., we exclude the possibility of com-
(deep trapsin the bulk of the grains have an appreciable S 113 -
. ; 7 plete consolidation of the grairts? Figure 1 shows the en-
effect on the static and dynamic characteristics of the con*

ductivity. However, the theory of Ref. 12 is based on aerg%nd'aﬁ;?%g osne ?afstEee\IIbsl(t:r)(;St?rI\seOrfeth?a(r:'rt]'ilg6]‘ charge
thermoelectron-emission modélwith a rather limited re- W WS, W udy gufarit 9

gion of application(see Refs. 68 The generalized theory transfer in the model polycrystal described above when an ac

of Ref. 13 on the cor;ductivity of polycrystals, which com- voltage of
bined earlier modets b_ased on s_uccesswely taking into U(t)= U+ Uexpliot) 1)
account the effect of grain boundaries on charge transfer, has
a significantly broader region of application. Based on theis applied to each of its grains, wheld is the dc bias, and
theory of Ref. 13, this paper develops a new approach to the and « are the small-signal amplitude and frequency
calculation of the static and dynamic characteristics of thqeJ<kT, whereeis the absolute magnitude of the charge of
conductivity of polycrystalline semiconductors with deepthe electronT is the absolute temperature, akds Boltz-
Impurity centers. mann's constapt We assume thatwry<1, where

As is well known, the spectroscopy of intergrain bound- - — ¢ c/(eu,n,) is the Maxwell relaxation time in the
ary statesBSs, based on measurement of the admittance, iguasi-neutral regions of the crystal, and u,, are the elec-
an effective way to study the electronic properties of grainron concentration and mobility in the bulk of the grains, and
boundarieg? The theoretical basis of this method was devel-¢ o is the absolute permeability. This condition makes it
oped in Refs. 9-12 in terms of a model of thermoelectromypssible to determine Poisson’s equation in the Schottky ap-
emission was proposed in Ref. 14. Another method of calcuproximation:
lating the admittance of a polycrystal. In our opinion, it pro-
vides a more effective way to solve the problem of BS spec-  d&(X,t)  p(Xx,t)
troscopy. The deep levels associated with background ox goe )
impurities in the bulk of the grains were disregarded in Ref.
14, and this substantially limits the possibility of using the

n

results obtained there. One of the goals of this paper is to eNo+ Vzl eN, [1-f,(x,)],
eliminate this limitation. p(x,t)=

_lz(t)<x+ 6<0, 0<X<|1(t),
1. BASIC RELATIONS 0, X+aos—Iy(t), x=14(1),

Let us consider a one-dimensional model of a polycryswherep(x,t) is the variable density of the volume charge in
talline semiconductor—a chain of identical bicrystals withthe bicrystalsNo=Ny—Nj4, N4 is the concentration of to-
n-type conductivity of the grains and acceptor BSs. Alongtally ionized shallow donord\, is the total density of deep
with shallow donors, let there be deep centers of both dondevels of acceptor type\, is the density of energy levél,,;
and acceptor type in the bulk of the grains, formmtgvels  f, (x,t) is the nonsteady-state distribution function of elec-
of energyk, (v=1,2,3,...,n;E.—E,<E.,—E,,,) inthe trons on leveE,; |,(t) is the variable width of the depletion

1063-7826/98/32(6)/6/$15.00 619 © 1998 American Institute of Physics
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FIG. 1. Energy level diagram of a bicryst#l, is a deep energy level of
donor type,V, is the height of the scattering barrier of the grain boundry,
andV, is the height of the intercrystal barrier when dc bisis applied to
it.

layer to the right of the boundary,(t) is that to the left of

the boundary; and is the width of the grain boundary.
The field &(x,t) satisfies the following boundary condi-

tions: &(x,t) =j(t)/(emnng) Whenx=1(t), X+ < —1,(t),

f'lm E(x,)dx=U(t), 3)
—ly(t)—&

t
0y -s(-o-- 20, @

where j(t)=jdc+Texp0wt) is the ac current density,
(i and ] will be defined below Uy(t)
=U(t)—j(t)d/(eunng) is the voltage falloff at the inter-
crystallite barrierd is grain sized>1,(t) +1,(t); andng(t)

K. M. Doshchanov

We introduce the notation n(0,t)+n(—4, t)=2N;

[@o+Dexplwt)]. The nonsteady-state distribution function
of electrons at the BS levels is determinedby

f(E;)=F(E—Fy)

Of(E—Fy[1-f(E—Fg)]expimt)
D[1+iwrf(E—Fg)] :

where f(E—Fg) is the Fermi—Dirac distribution function,
Fs=E;(0)+kTIn®, is the position of the Fermi quasilevel
at the grain boundaryr=[2v,S,N.®,] %, and S, is the
capture cross section of an electron on a BS level.ri(h)
we have

Ec(0) ~
ns(t)=f “UN(E)f{(E,H)dE=nt+nexgiot), (7)
E,(0)
whereN(E) is the BS density.

The relations given above make it possible to calculate
the admittance of the polycrystal. However, it is first neces-
sary to determine the static characteristics of the conductiv-
ity.

2. STATIC CONDUCTIVITY

When a constant voltagd, is applied to each grain of
the polycrystal, the value of the band bending close to the
grain boundaries is determined by

X

ef S(X,)dx,, _|20<X+5<0,
—ly— 6

V(X)=

|
—efmg(x')dx', 0<x<lq
X

is the variable density of the electrons localized at the grain

boundary.

The distribution functionf (x,t) and the conduction-
electron concentration(x,t) in the depletion layers are de-
termined from

af ,(x,t) [
:UOSU n(X,t)[l_fU(X,t)]
ot
E.—E,
-0y NceXF(_ kT )fv(xvt)]r (5)
an(x,t) e&(x,t) B j(t)
X kt VT kT ©

wherelq is the steady-state width of the depletion layer to
the right of the boundary, anld, is that to the left of the
boundary. It follows from Eq(3) thatV,—V,;=eU,, where
V1=V(0) is the height of the intercrystal barrier to the right
of the boundaryV,=V(— ) is that to the left of the bound-
ary; Up=Ugy—jqcd/(eunng), andjq is the density of the
direct current.

Whenof ,(x,t)/dt=0, we find the following expression
from Eq. (5):

n(x)
n(x) +g, Neexfd — (Ec—E,)/KT]’

f,(x)= ®

The steady-state electron concentratigr) is approximated

where v, is the mean thermal velocity of the conduction Within a sufficient approximation by

electrons,S, is the electron-capture cross section at Ee

level, g, is the degeneracy factor of level,, andN. is the

effective density of states in the conduction band.
Solutions of Egs(1), (5), and(6) are sought in the form

EX,H)=E(X) +E(X)expliwt),
fxt)=Ff,(x)+F,(x)expiot),

n(x,t)=n(x) +n(x)expi ot).

_|20<X+ 5<O,
0<X<|10,

n(x) 3 (1—by)exd —z(x)]+b,,
Ny | (1+by)exd—z(x)]—by,
9

whereb; = jgc/(€vq12N0); va1=— un&(0) is the effective
carrier diffusion rate to the right of the grain boundary,
var=puné(— 6) is that to the left of the boundary,and
z(x)=V(x)/KT.

Using Egs.(8) and (9), the solution of Eq(2) leads to
the expressions
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jdc kT

= - 12
&0) ey eLD[221+ 2W4(z1)]™ (10
_ Jde kT 112
&(—0)= P + a[zzz"‘ 2W,(2) ] (11
n —
av Nv 1+ b1’2+(av+b1’2)ez

‘I'”(Z)_U; (3,7 b1 )Ny 1ta, ’

(12

where L= \eoekT/e?N, is the Debye screening length,
z;7=V1,/kT, a,=g,exp(-¢§), §&,=(Fo—E,)/kT, and
Fo=E:—KkTIn(N./ng). Using the boundary condition given
by Eq. (4), we obtain

V21 + ¥ 1 (20) + 2o+ W p(25) =202y,

wherez, =V, /kT, andV,=e’nZ/(8s¢eNy).
In the particular case

13

(13) that
Voo Vp 11 eU,]? pkT 14
1= 14 pg (+po)_4vb +1+p0' (14
n n
N, N, &,
PNy PR N,

We should point out that Ed14) in other notation was ob-

tained in Ref. 12 as a result of rather complex calculation

in which the conditions
b,<a,<1 anda,exp,)>1 are satisfied, we have from Eq.

K. M. Doshchanov 621
11.0

0.8

FIG. 2. Height of the intercrystal barrier and the ratig/Ng vs Uy, . ng is

the electron density at the grain boundary &ndis the total BS density.

librium height of the intercrystal barrier. The quantities
l10, andl,y will be needed below in calculating the admit-
tance of a polycrystal.

Equations(13), (15), and (16) form a system of self-
consistent equations from whiaky, V4, andjq. are deter-
mined as functions of),,. Figures 2 and 3 show the results
of a numerical calculation of these values in polycrystalline
silicon with an oxygen impurity which forms in the band gap
two deep levelsE.—E;=0.31eV (a donoj and E.—E,
=0.38 eV (an acceptor® The BS density was assumed to

%ave a Gaussian distribution:

and was regarded as the main formula for the height of the

intercrystallite barriers.
For the current density, we have

33

where §,=D,+S,(Ns—n¢)/2, D, is the overall transpar-
ency of the grain boundary for electrons, is the total BS
density, andy=uvq(1/v 41+ Llv 4o) 0.

The steady-state electron density on the BS levels is

ev 0”000

= g
JdC 1+7 €

(15

Ec(0)
ns=f N(E)f(E—F¢)dE. (16)
E, (0)

v

The value ofd in the expression for quasilevEl is deter-
mined from Eqgs(9) and(15). Its value is

_Jad1+y) Otk(G_Ub _ By an
0" 2evyHpN, 2kT) 1+
where 8= (v, —vg1)/ (Va2 tvg1)-
We introduce the function
z
£m(z)=LDJ [22'+2V (2')] YAz, (18
0

where m=0, 1, 2; functions¥,(z) and ¥,(z) are deter-
mined by Eq.(12),

n NU
v=1 NO

1+a,€e”
1+a,

Vo(2)=

Thenl o= Lm(zy), Wherem=0, 1, 2;1, is the width of the
depletion layer for zero biagy=V,/kT, andVj is the equi-

N(E)=

e R G
2mrE R T 21TAE ) | 19
The following values were used for the parameters:
e=118, Ey=1.12eV, vo=10" cm/sec, u,=521cnt/
(V-s), Ng=6x10%cm 2, N;=10"2cm 2, AE=0.15¢eV,
F—E,=0.66¢eV, S,=10 ¥cn?, N;=N,=10"%cm 3,
D,=0.1, T=300 K, andN,=2.8x 10'°cm™ 3. The electron
concentration in the quasi-neutral regions j~Ng
:Nd_NZ .

It can be seen from Fig. 2 that, as the voltage falloff
increases, the electron density at the grain boundary in-
creases at the intercrystal barrier. This additional capture of
electrons at the BS levels weakens the dependence of barrier

[

~

log (jac » A -cm'z)
i o

-2

it 4. 1 " 1 i 1 1 bl 1 . -

=2.0 1.5 10 05 ¢ 05 10
Iog(Ub,v)

FIG. 3. The |-V characteristic of the grain boundary.
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heightV, onU,. To completely remove the intercrystal bar- _ eUuL Ne

rier, it is necessary to apply a rather significant voltage to it.  V,=(—-1)" —Q + kTAn—. (29
The volt—ampere characteristi€ig. 3 has three sec- s

tions: linear, sublinear, and superlinear. The sublinear seddere m=1,2; L=L,+L,, A=e?niL,L,/(eoekTL). For

tion corresponds to the compensation reghfigin which  complex values of.; andL, with the dimension of length,

the decrease of the intercrystal barrier by the longitudinalve have

electric field is partly compensated for by additional trapping n

of electrons on the BS levels. As the BSs fill up, the increase | _; _ 1 2 rol,0(z1— &) (25)

of the electron density at the grain boundary slows down, so MM 1+ % & R(1+iwT,)

that the sublinear dependence transforms to superlinear.

n

= E rve(zl_gv)

=1 R,(1tiwT,)’ (26)
3. ADMITTANCE OF A POLYCRYSTAL wherel,=Ly(£,), R,=LpV2£,+2Vy(£,)Ng /N, , (&) is
. . the step function, and the value of satisfies the recursion
We now consider the solution of the system of @3, relationp unct value of satisf urs!
(5), and(6) for the ac voltage given by Ed1). In order to
avoid unwieldy expressions, we shall restrict the discussion vt (=1
to the case ofy<1. It can then be assumed that the quasi- "v=lv+ 21 R,(1tiwr,)’
Fermi level F(x) is constant wherz(x)<z;, whereas it S g
tracks the bottom of the conduction band whep<z(x) ~ Using Egs. (20) and (24), it is easy to calculate
<z, (Fig. 1). In this approximation, we have from E¢)  ®=[n(0)+n(— 5)]/2N. and then to determine, from Eq.
that (7). As a result, we have
~ V() 20 N aly el eU, )
n(x)= KT noexp —z(x)], E—mﬁ an KT/’ (27)
whereV(x) is determined by 1 (E0) N(E)f(E-Fg[1-f(E—F¢)]dE 08
x “Tne Jeo I+iwrf(E—Fy) - (28
ef S(X,)dxl, _|20<X+ 5<0, i . .
- ) The complex amplitude of the vibrations of the current
V(x)= o density is determined B§
—eJ' E(x")dx’, 0<x<lqo .
X ~ ~ ~ lwege ~  ~
j=evob[n(0)—n(—5)]+ (&1+&). (29

Using Eq.(20), we find from Eqgs(2) and(5) that 2

n It can be seen that the resulting relations can be used to

e N,8[z(x)—&,] V(x,)

déx) | — T T 2(x)<zy, determine the admittancé,=]/U, of the grain boundary.
ax | Fof et loT, The calculations lead to the expressions
0, 21<Z(X) <2y, VGt iwege  €jgc  aAl, ) ey, 30
(21 p=C1t T AT (Traarl B k7] (O
where 7,=expE,)/[(1+9,)voneS,] is the relaxation time of ]
the part of the volume charge associated with the electrons _8ldc ﬂ cotl-( e_Ub) (31)
on level E,, andx, satisfies the equation(x,)=¢&,. Note kT L 2kT/)"

that 7, is independent of dc biady. In deriving Eq.(21),
we used the approximatiof),(x)[1—f,(X)]= 8 z(x) —&,].
We have from the boundary conditions given by E&$.and

Y= A VodlenngD’ (32)

The admittance of a polycrystal, calculated per unit area
of cross section, is determined by

-~ ~ - o~ - en
U,-0,=eU0,, &-%-%=--— (22 \whereD is the length of the polycrystal.

o L L As illustrations of the relations obtained here, Figs. 4—6
where U,;=U(0), U,=U(-0), Upy=U-—jd/(eunng), show the results of a numerical calculation of the conductiv-
£,=¢(0), and&,=&(— 6); n, is the complex amplitude of ity G(w,U,)=ReY}, and capacitanc€(w,Up) =ImY,/w of

the vibrations of the electron density on the BS leJ&se the grain boundary in polycrystalline silicon with two deep

g8’

Eq. (7)]. levels in the bulk of the grains. The following values were
Solving Eq.(21) with the boundary conditions given by used for the electron-capture cross sections at deep levels:
Eq. (22), we find S;=10 *cn? andS,=10 cn?. The values of the other
- - parameters are given above.
7 _Up L—ym enlm 23 Figures 4 and 5 show the dependences of the conductiv-
moL goel ’ ity and capacitance on frequency for variddg values. It
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FIG. 4. ConductivityG of the grain boundary vs frequeney for various

FIG. 6. ConductivityG and capacitanc€ of the grain boundary vs fre-
Up, V: 1—0, 2—1, 3—3.

guencyw whenU,=0 (on an enlarged scale

can be seen that dispersion caused by relaxation of th@ining the BS spectrum from admittance measurements, it is
charge density at the grain boundary predominates whefecessary to take into account both the charge exchange of

associated with the charge exchange of deep impurity centegy|k of the grains.

is barely noticeable.

Figure 6 shows th&(w,0) andC(w,0) dependences on
an enlarged scale. Two resonance frequencies can be cleaflySPECTROSCOPY OF THE BOUNDARY STATES
distinguished on the curve of th€(w,0) dependence:

wi=7'=3x10sec’ and w,=7,'=3x10sec’. ity of the BSs from the measured static and dynamic char-
However, only one resonance frequeney can be distin-  acteristics of the conductivity of a polycrystalline semicon-
guished on the curve of th8(w,0) dependence. This stems gyctor with deep impurity centers in the bulk of the grains.
from the fact tha.t, whemw < 107 SeCﬁl, the static conductiv- We assume in this case that the values of the paran‘ﬁ,ters
ity is G1(Up=0)>wlm(eoe/L). no and u, are known. Then, using Eq32), it is easy to

It thus follows from these results that, whey#0, the  cajculate the conductivity and capacitance of the grain
admittance of the grain boundary is controlled mainly beoundary from the measured values of Rand ImY.
charge-exchange processes of the BSs. Effects associatgferefore, it is sufficient to find relations that determine the
with the charge exchange of the deep levels in the bulk of th%xplicit dependence ol(E) on G(w,U;), C(w,U
grains are relatively small and become appreciable only fopngu,=U,— j4.d/(exano).
Up,=0, when charge exchange of the BSs is absent. How- A5 in Ref. 14, we use the approximatioi{E— Fy)
ever, one important circumstance should be pointed out. The1 — f(E—F )]=kTS(E—F) to compute the integral in
last term in Eq.(30), which determines the influence of gq. (28). Then
charge exchange of the BSs on the admittance of the grain
boundary, itself dependwia the value ofA) on the charge o= N(FokT 2
exchange of the deep traps in the bulk of the grains; i.e., ng 2+ior’
“mixing” of these processes occut$.Therefore, in deter-

Let us find relations that allow us to determine the den-

b)a jdc*

whereN(F,) is the density of BSs at the Fermi quasilevel.
It follows from Egs.(25) and(26) that, whenw7,<<1, it

~ is possible to selt;=1,p— Al andL,=1,—Al, whereAl is

a real quantity. If the number of deep levels intersecting the

Fermi quasileveF(x) is conserved abl,, varies, theml is

independent of the dc bias. Wheh, =0, the low-frequency

capacitance of the grain boundary @G=eqe/2(15—Al).

We thus find
Al= £0€ 1 1 } 33
2 [Cup(0)  Cof
where Cye(0)=¢4e/2l is the high-frequency capacitance
ot 44 of the grain boundary whet,=0.
4 5 6 7 8 g Assuming in Eq(30) that w=0, we find
log(w,s-7) 10— Al tI-(eUb) A y(eUb”
= coth === | — ——tanh =] |,
FIG. 5. Capacitanc€ of the grain boundary vs frequeney for various de |1o+|2o_ 2Al 2kT 1+A 2kT

Uy, V: 1—0, 2—1, 3—3. (34)
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e?N(Fg) (130~ A (10— Al) where C(0,U,) is the capacitance of the grain boundary
1= £oF ot l0—2A1 (395 whenor <1 andwr,<1.
The accuracy of Eqs(38) and (39) can be estimated
where Py.=kTGy(Up)/€jac; Gyac(Up) is the low-  ysing the results of a numerical calculationjgf, G(w,U,)
frequency @7,<1, w7<1) conductivity of the grain and C(w,U,) given above. Such an estimate shows that,

boundary. _ whenU,<3 V, neglecting the charge exchange of the deep
We introduce the notation traps in the bulk of the grains results in an appreciable
2 error in determiningN(F¢) and S,. When U,>3V,
Chr(Up) thi i ligible; i it i ible t t
Pur==7—1 Gur(Up) — —; [Gue(0)f—Gy(0)]1, is error is negligible; i.e., it is possible to se
€Jdc Cae(0) Pur=kTGyr(Up)/(€jgc), =0 in Egs.(38) and(39).

where Gy(Uy) is the high-frequency conductivity of the
grain boundary, an@,z(U,)=¢eqe/(l191 150 is the high-

; . CONCLUSIONS
frequency capacitance of the grain boundary. When
w7,>1 andwr >1, we find from(30) that In this paper | developed the most complete theory of the
I ey, static and dynamic conductivity of polycrystalline semicon-
PHF=I T tr( TI’) ductors, which takes into account not only the features of
107720 charge transfer through the grain boundaries but also the in-
The last expression is used to expregsandl ,q in terms of  fluence on this process of deep traps in the bulk of the grains.
experimentally determined values: The application of this theory to the spectroscopy of inter-
e eU grain BSs gives extremely simple relations which connect
|10:LPHF tam‘(—b), (36)  the density of the BSs at the Fermi quasilevel and the cross
Chr(Up) 2kT section for capture of the majority carriers at the BS levels
o8 eU, with the_ n_1easured static and dynamic characteristics of the
Izo—m 1-Pye tanl‘( m_” (37 conductivity.
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Autosolitons in InSb in a magnetic field
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It is shown experimentally that a longitudinal magnetic field of comparatively small magnitude
substantially changes the velocity of autosolitons in indium antimonide samples and

produces an appreciable redistribution of the electric field of these autosolitons. In this case, the
frequency and amplitude of the current oscillations in the external circuit of the sample
increases or decreases, depending on the direction of the longitudinal magnetic fiel®980
American Institute of Physic§S1063-7828)01306-4

The theoretical studies of Kerner and Osipdvhave  magnetic field on them is most likely caused by the Nerst
shown that it is possible to use an additional external perturand Ettingshausen thermomagnetic efféets.
bation to excite thermal-diffusion autosolitons in a heated We studied the behavior of autosolitons in InSh samples
electron—hole plasmd&HP). In a dense EHP in the presence in a longitudinal magnetic field. A magnetic field with a
of an external electric field, autosolitons appear as currergtrength up to 1DA/m was created in the solenoid inside
sheets directed along the applied electric fifldyhereas an  which the sample was placed. The study was carried out on a
EHP of lower density produces autosolitons in the form ofseries of InSb samples of various dimensions, which,
layers of strong electric field which are perpendicular to theat a temperaturd =77 K, had a carrier concentration of
current lines’™® p=(2-4)x 102 cm 3 with a mobility of u=4000 cn?/

It is shown in Refs. 10-14 that the equilibrium EHP (V-s). We used an electric-measurement technique like that
formed inn-type GaAs as a result of impact ionization or in Ref. 18. The influence of a longitudinal magnetic field on
injection stratifies in an electric field into numerous currentmoving autosolitons was studied. The magnetic field in this
filaments and electric-field domains. The results of the deteaczase was switched on only when current oscillations ap-
tion and experimental study of a traveling hot autosoliton inpeared in the external circuit of the sample.

a homogeneously photogenerated EHP heated by an electric Figure 1 shows oscilloscope tracings of the current os-
field in n-type Ge are presented in Refs. 15 and 16. cillations of type-l modga and B and the dependences of

It is shown in Refs. 17 and 18 that, in a nonequilibrium the frequencyc) and the amplitudéd) of these oscillations
EHP obtained in an InSb sample by Joule heating, autosoliwith varying applied magnetic field in the interval from 0 to
tons appear in a strong electric field in the form of current1500 A/m.
sheets and regions of strong electric field. This is in some  When the direction of the magnetic field coincides with
degree analogous to the experimental results obtained ithat of the electric fieldHTTE, a decrease in the frequency
Refs. 10-12. Since the EHP is nonsymmetric in IM&y  of the current oscillations with increasing magnetic field is
effective hole masses uﬁ’g and electron masses of; , the  observed(curves1-3 correspond to different amplitudes of
inequalitym;>m§ is satisfied, the strong-electric-field re- the voltage pulsed);<U,<U; at which oscillations that
gions move in an electric field along the current sheets in théiffer in the frequencies and amplitudes appear; the depen-
direction of motion of the hot electrons, i.e., from the cath-dence of the frequency and amplitude on magnetic field
ode to the anode, causing current oscillations in the externdtacks these valugs
circuit of the sample. The shape and velocity of the autosoli- When the directions of the magnetic and electric fields
tons are close to those obtained in Refs. 15 and 16. In Reére antiparallel(opposite to each othgrH|TE, the fre-

18 it is shown that two main types of oscillations can bequency of the same current oscillations in the sample varies
distinguished in complex oscillations. Each of these modes idifferently (Fig. 1c, curvesl’—-3'). For the smallest value of
characterized by its own interval of applied voltage. It wasthe initial voltageU, (curvel’), the frequency of the oscil-
found that, in one of thenttype I), the frequency of the lations initially smoothly decreases with increasing magnetic
oscillations decreases and the amplitude increases as tfield, and then passes through three extrema, acquiring a ten-
voltage applied to the sample increases; in the other ondency to increase. For a larger initial voltade, (curve2’y,

(type Il), the frequency of the oscillations increasesthe frequency of the oscillations increases smoothly with in-
smoothly, while the amplitude of the oscillations varies socreasing magnetic field and then passes through two extrema,
that its increase changes to a decrease. maintaining a tendency to increase. For the largest initial

The autosolitons in the InSb samples must be rather servoltageU; (curve 3'), the frequency of the oscillations in-
sitive to a magnetic fiel® Since the autosolitons under con- creases with magnetic field in the entire interval of its varia-
sideration are localized regions of carrier-concentration gration.
dient and temperature gradient® the influence of the Figure 1d shows the variations| of the amplitude of

1063-7826/98/32(6)/4/$15.00 625 © 1998 American Institute of Physics
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FIG. 1. Current oscillations of the type-l mode in the external circuit of a sample of indium antiméaided (b) are oscilloscope tracings of the current
oscillations forHTTE and H| TE, respectively.U,=30.3 V; H increases for the oscilloscope tracings from the bottom upwajdand (d) show the
dependences of the frequentyand amplitudeA | of the current oscillations on the magnetic field for constant electric fig¢le: 29.5V (1, 1), U,=30.3 V
(2,2),U3=308V(3,3),1,2,3—HTTE; 1, 2', 3—H| TE. (e) and(f) show the dependences of the frequency and amplitude of the oscillations on the
applied electric field for a constant magnetic field A/m: 0—0, 1'—136 (H| TE), 2—544 H1TE), 3—1088 H1TE).

the current oscillations that occur for the same dc voltagegreases. Whehi] 1 E, the decrease of the frequency of the
U1<U,<Uj; with increasing magnetic field. The amplitude cyrrent oscillations occurs at lower values by comparison
smoothly increases wheH|TE (curves,1—3’), whereas it \yith the caseH=0; i.e., f,(U)<f(U) (Fig. Le, curve®, 2,
smo_lc_):]hly deprgases whet| TE (curvesl’-3"). . 3). WhenH | TE, the opposite situatiof,(U)>f(U) is ob-

e variation of th_e fr_equenc_y and the a_mp!ltude of theserved(Fig. 1f, curved), 1'). The curves of the electric-field
current oscillations with increasing magnetic field for thede endence of the amplitude of the current oscillations at
caseHT TE are qualitatively similar to the variation of the P R P ; o
same parameters with increasing electric fighgs. le and constant magnetic field are. in the reverse order; i.e.,
1f, curvesO, 0). Figure 1 also shows the dependences o2 ln(U)>AI(U) for HTTE (Fig. 1f, curves0,2,3 and
frequencyf (Fig. 1e, curvedl’, 2, 3 and amplitudeAl of — Aly(U)<Al(U) for H|TE (Fig. 1f, curves0, 1').
the current oscillation$Fig. 1f, curvesl’, 2, 3) as the volt- Figure 2 shows the results of a study of how the mag-
ageU, applied to a sample in a constant magnetic field in-netic field affects the frequency and the amplitude of the
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N75
Wm o
10
. “M“UJU ket
3 Puuumm.u I s
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FIG. 2. Current oscillations of the type-Il mode in the external circuit of a sample of indium antimdaidend (b) are oscilloscope tracings of the current
oscillations forHTTE and H| TE, respectively;U,=25.1V; H increases for the oscilloscope tracings from the bottom upwajdand (d) show the
dependences of the frequentyand the amplitude\l of the current oscillations on the magnetic field for a constant electric figlek 22.7 V (1, 1'),
U,=25.1V(2,2).1,2—HTTE. 1", 2’—H | 1E. (e) and(f) show the dependences of the frequency and amplitude of the oscillations on the electric field for

H=0.
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current oscillations of type-Il mod€:*8 The behavior of this Ettingshausen effect. The field of the transverse Nernst—
mode with varying electric field is shown in Figs. 2e and 2f. Ettingshausen effect is an odd function; i.e., the sign of the
In this case, this mode undergoes not only bifurcationtransverse potential difference depends on the direction of
through period doubling, but also period tripling with in- the magnetic field&E, (H)=—E, (—H).2 Under the action
creasing electric field applied to the sample. The hatchingf this potential difference, an autosoliton moving in an ex-
shows the voltage regions where period doubling and triplingernal electric field is displaced toward a current filament or
exist and also where their onset occurs. The lines that bordeway from it. The autosoliton is in the region of the denser
these regions show the amplitudes of the current oscillationgnd hotter EHP in the first case and in the region of the
of these periods. The oscilloscope tracings in Figs. 2a and 2lower-density and cooler EHP in the second case. In both
illustrate the dynamics of the frequency variation and thecases, the relationships of the electron and hole mobilities
amplitude of the current oscillations with increasing mag-(&e, 4p) and temperaturesi¢, T) change, which changes
netic field in the interval of values from 0 to 4800 A/m for the phase velocity ,, (of the autosoliton’ Numerical cal-
H11E (Fig. 28 and forH | TE (Fig. 2b. The corresponding culations were carried out for the velocity of the autosoliton,
graphs show that the frequency on the average decreastgpresented by the expression of Ref. 7. It turned out that the
with increasing magnetic field wheti TE (Fig. 2c, curved  Vvelocity of the autosoliton decreases as it moves into the
and2 are for two values of the initial voltagd,<U, on the  hotter region of the EHP. Accordingly, the frequency of the
sample. In this case, current oscillations are observedfer  current oscillations in the external circuit of the sample will
in the magnetic-field interval from 0 to 2150 A/m. For the increase in the first case and decrease in the second case.
opposite direction of the magnetic fielt| 1E, the fre- In the hot, denser region of the EHP, the carrier-
quency of the oscillations increases, even though, at the ergpncentration deficit in the autosolitons decreases; i.e., the
of the interval, where current oscillations still exist as theresistance of the autosoliton decreases; consequently, the
magnetic field increases, there is a tendency for the freelectric field at the center of the autosoliton decreases. All
quency to decrease. this has the result that the current jump in the external circuit
Figure 2d shows the variations of the amplitude of theof the sample decreases as the hot autosoliton moving
current oscillations in the sample as the magnetic field varthrough the sample breaks down.
ies. AtU,, in a magnetic fieldH1 1 E, the amplitude of the In the colder and less dense region of the EHP, the
current oscillations smoothly increases in the entire intervafarrier-concentration deficit in the autosoliton increases, and
of magnetic field where oscillations exigtig. 2d, curvel). consequently the resistance and accordingly the electric field
At U,>U,, with an increase of the magnetic fielH{1E), at the center of the autosoliton increase. As a result, the
the amplitude of the oscillations increases apprecidbly. ~ current jump in the external circuit of the sample increases
2d, curve2); whenH = 1900-2200 A/m, the given mode un- when the autosoliton breaks down. This explains why the
dergoes period-doubling bifurcation. As the field increasegmplitude of the current oscillations in the external circuit of
further, a transition occurs to regular oscillations; the amplithe sample decreases as the autosoliton moves into the hotter
tude of these oscillations increases sublinearly, and then, b&nd denser region of the EHP and increases as it moves into
ginning with H=3300 A/m, the mode undergoes the nextthe colder and less dense region of the EHP.
period-doubling bifurcation. We have thus experimentally shown that a longitudinal
WhenU; andU, in a magnetic fielH | TE, the ampli- ~magnetic field with a comparatively small val(gp to about
tude of the current oscillations of the mode under consider10* A/m) substantially changes the velocity of the autosoli-
ation almost linearly decreases with increasing magneti¢ons formed in strong heating fields in InSb samples. In this
field in the existence domain of these oscillations. case, the frequency of the current oscillations in the external
The observed phenomena, i.e., the change of the frecircuit of the sample decreases, while the amplitude of these
quency and amplitude of the current oscillations in the exteroscillations increases with an increasing longitudinal mag-
nal circuit of the sample with decreasing external magnetid€tic field that has the same direction as the electric field
field, can be explained by the decisive contribution of ther-applied to the sampleHT 1 E). When the magnetic and elec-
momagnetic effects. The autosolitons, both in the form oftric fields are antiparallell{| TE), an increase of the fre-
longitudinal current filaments and in the form of transversequency of the current oscillations is observed, while the am-
current lines of layers of reduced concentration of the charg@litude of these oscillations decreases as the magnetic field
carriers, are localized regions of increased temperature, witficreases.
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This paper presents the results of a study of the effect of a strong electric field on the electrical
properties of MnGaln3 Eu single crystals. The compound was obtained by the Bridgman

method and consists of plane-parallel layered plates. The following parameters are determined on
the basis of these studies: concentration of trap level3-10'* cm™2 and activation energy

0.70-0.50 eV. It is established that the conductivity of MnGalriSu increases in strong electric
fields mainly because the current-carrier concentration increases with electric fieltlo9®

American Institute of Physic§S1063-7828)01406-9

In this paper we present the results of an experimentad.80 eV. The temperature dependence of voltdge, indi-
study of the effect of a strong magnetic field on the electriccates that MnGalnS Eu crystals are strongly compensated
properties of single crystals of MnGalpSEu. The com-  semiconductors.
pound is obtained by the Bridgman method and is a layered Conductivityc was measured in the temperature interval
crystal. It has been established that MnGalnBu crystal- T=293-400K in strong electric fields up td&-=4
lizes in the structure of a single-package modification ofx 10* V/cm. It was found that Ohm’s law in the test samples
Znin,S, with the crystal-lattice parametera=3.80, c is satisfied at fields up to aboutx8L0° V/cm. Beginning
=12.15 A, andz=1 (the number of formula units in a unit with F=7x10% V/cm, an increase of with increasing elec-
cell), space groupP3m1.}? Some spectral properties of tric field is observed.

MnGaln$ single crystals are given in Ref. 3.

We used In—-MnGalng Eu-In samples of sandwich
type for the measurements. The |-V characteristics in the
temperature interval 280—-370 K are shown in Fig. 1. Char-
acteristic sections~V, | ~V2, andl ~V" with n>2 can be
distinguished on the experimental dependences. Such depen-
dences indicate that the main role in current transmission is 1073
played by space-charge-limited currents. Moreover, it has
been established that the following regularity is satisfied in
the dependence of current dengjitgn interelectron spacing
L for the quadratic regionlV?): j~L 2 (Ref. 4. The
section of rapid current increase~V", n>2) can be asso- 10-7
ciated with the maximum filling of traps with a monoener-
getic capture level. Therefore, a model that contains one cap-
ture level or a system of closely spaced levels is used for the < 70°8
given compound. Since the voltage of the maximum filling
of the traps precedes the quadratic section, it can be con-
cluded that the capture levels are located above the Fermi
level. The trap concentratidnthat lies within the limits
10"-10"“ cm 3 can be estimated from the voltage corre- 10~
sponding to the maximum filling of the traps.

The 1-V characteristics measured at different tempera-
tures can be used to determine the depth of the monoener- 10°7
getic levelsk; that are associated with the transition voltage
V;_, from the ohmic section to the quadrati¢~V?)

10°°

.Y
~
10-9

10~
“trap” section by the formuld
10-1! i i 5 1
?
Vit ~exf (E;—Eo)/KT]. (1) 720° 10" 10 10°

v,V

) ) ) . FIG. 1. The |-V characteristics of In-MnGalpSEu—In structures at tem-
The activation energy determined from Fig. 2 equalsperatureT, K: 1—284,2—300, 3—314, 4—329, 5—350, 6—369.

1063-7826/98/32(6)/2/$15.00 629 © 1998 American Institute of Physics
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FIG. 2. Temperature dependence of the inverse transition voltage 5/

It is well known that most semiconductors obey Fren-
kel's law?®’

o=0oexps \/E, 2

where oq=Aexp(—AE, /2kT) is the conductivity in weak
fields, andg is the Frenkel coefficient.

Substituting the expression fer, into the Frenkel for-
mula[Eg. (2)], we obtain

AE,
a—Aexp{ - ST expBF

BT |

If we introduce the notation

AE(F)=AE,—2e\eFle, 3
we obtain
o=Aexd — AE(F)/2kT], (4)

Tagiev et al.
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N
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FIG. 3. Conduction activation energyE of a MnGalng : Eu single crystal
vs the square root of the electric fieldF.

linearly decreases with increasingr. The activation energy
AE,=0.77 eV in a weak electric field is determined by ex-
trapolating the straight linA E=f(/F) to the axis,\/F—0.

The effect of the electric field on the conductivity is thus
best expressed by Frenkel’s law. An electron associated with
a local level is found in a potential well with respect to the
conduction band. As pointed out above, the height of the
potential well in the presence of a strong electric field is
reduced by an amount determined by ER).

Thus, the agreement of our data with the Frenkel theo-
rem confirms that, in strong electric fields, the increase of the
conductivity of MnGalng: Eu occurs mainly because the
charge-carrier concentration increases with electric field.

1E. N. NagaevThe Physics of Magnetic Semiconductt¥suka, Moscow,
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2C. Batistoni, L. Gastaldi, G. Mattogno, M. G. Simeone, and S. Viticoli,
Solid State Commur6l, No. 1, 43(1987.

3N. N. Niftiev, A. G. Rustamov, and O. B. Tagiev, Fiz. Tekh. Poluprovodn.
27, 386 (1993 [Semiconductor®7, 215(1993] .

4A. G. Milnes, Deep Impurities in Semiconductor@Niley, New York,
1973; Moscow, 1977

5N. S. Grushko, L. A. Gerasimenko, and T. |. GoglidzeTime Physics of

whereAE(F) is the dependence of the activation energy on gsemiconductors and InsulatofShtiintsa, Kishinev, 1992 p. 83.

the electric field.

The dependence of activation enerfy§ on the square
root of the electric field/F, is shown in Fig. 3. It can be
seen from the figure that, in accordance with E8), AE

8Ya. I. Frenkel', Zh. Ksp. Teor. Fiz8, No. 12, 1292(1938.
"B. G. Tagiev, O. B. Tagiev, and N. N. Musaeva, Fiz. Tekh. Poluprovodn.
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Experimental manifestations of correlated hopping in the temperature dependences of
the conductivity of doped CdTe
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The behavior of hopping transport in the region of the crossover from Mott conduction to
conduction among Coulomb-gap states is investigated in doped CdTe crystals. Inconsistencies are
discovered in individual parametefthe localization radius and the dielectric constant

estimated from the behavior of the conductivity on different sides of the crossover. These
inconsistencies are explained within a simplified model that takes into account the role of assisting
hops. © 1998 American Institute of Physids$$1063-782@8)01506-3

1. INTRODUCTION the resistivity is described quite well by thefrés—
Shklovski law?
Although the presence of a Coulomb gap in the spectrum
of the single-particle excitations of disordered semiconduc- porexp(T,/T)*2 @)

tors on the insulator side of the metal-insulator transition is &ut the value ofT, is appreciably smaller than the value
generally accepted fact and has been confirmed, in particulagy)o\ing from an analysis of the single-particle density of
by tunneling measurementshe character of Coulomb-gap gates We note, however, that, as far as we know, there is an
hopping conduction is still not entirely clear. In particular, analytical proof that(1) also holds for correlated hopping
the question of whether hopping transport can be describeﬁiansport only in the case of the polaron effect.

completely on the basis of the single-particle density of  \ye note that the disparity between the experimentally

states or whether it is completely determined by manyyppserved value of ; and the value calculated from the for-
particle effects(correlated hopshas been discussed until mula

now. The problem of correlated hops in the low-temperature
conduction of disordered semiconductors was first examined T1=,31/(gélsa)

by Pollak in Ref. 2, where it was shown that the current- , . -
determining hops can be assisted by hops between surrounla"fls previously been reported. This fact can serve as indirect
xperimental confirmation of the role of correlated hdps.

ing states because of intersite Coulomb interactions. Succe‘é| . ; .
g ere 3,=2.8,¢,= «°/€® is the effective density of states,

sive correlations, under which each current-carrying hop is e . : :
ying hop is the localization length, and is the dielectric constant.

prepared by preliminary hops in the environment, and many- In our opinion, a somewhat different view of the prob-

electron hops, in which several electrons hop simultaneousl| ; : )
P P ¥em of correlated hops as applied to successive correlations

\évj;tlsogjlnds?;ee?é dTg(; fg)sla[gge ef:c?r(:t;exva\ikr:gl]e Wszfs);bseéan be baseq on an analysis of fluctuations in thg hopping
: ' ' : transport regime. As was recently shown theoretically and
should. also be included among .thel many—elect-rc.)n effects. gxperimentallf’,‘s hops between sites that are not part of the
takes into account the reorganization of the filling of sur-yo.o1ation cluster produce considerable fluctuations in the
rounding sites due to Coulomb interactions with theq ent necause of the fluctuations in the energies of the sites
“current-carrying” site and relates current transport to po-t the percolation cluster caused by them. It follows, in par-
laron hops, which are accompanied by simultaneous restrugijar, from the estimates in Ref. 8 that the fluctuations of
turing of the “polaron coat.” _ . the energies of the sites can be quite considerable. As was

The theory of correlated hops is now being developedygteq in Ref. 8, this situation can lead to an influence of the
rapidly; however, since the analytical treatment of many-yctuations on the mean current, suggesting that there are
particle effects is associated with formidable difficu|tieS, thehops simulated by fluctuations. In this case, an electron waits
main results have been obtained within numerical simulafor g favorable fluctuation, which lowers the corresponding
tions. In particular, we should mention the recent paper byactivation energy, before completing a hop. This picture is
Perez-Garridd,in which it was demonstrated that: consistent with the concept of “assisting” hof)y_\/e note,

1) many-particle effects have a significant influence onhowever, that only the case of weak fluctuations, which do
the hopping resistivity with roles being played by both not lead to appreciable changes in the mean current, were
many-electron hop&n which several electrons hop simulta- considered in Refs. 7 and 8.
neously and “assistance”(in which the current-carrying Thus, the question of the role of correlated hops in hop-
hop is preceded by preparation of the environment ping conduction among Coulomb-gap states is far from be-

2) the character of the low-temperature dependence ahg completely resolved. However, it is natural to expect that

1063-7826/98/32(6)/5/$15.00 631 © 1998 American Institute of Physics
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FIG. 11/-2 Tempefaﬂg? dependence of the resistance on different stales:  F|G. 2. Dependence of the magnetoresistance on the temperature and the
(M), 2 — (UT)“> a — sample 1b — sample 2see Tables | and)l  magnetic fielda — sample 1T, K: 1 — 0.6,2 — 0.4,3 — 0.3,4 — 0.15;
b — sample 2T, K: 1—0.5,2—0.3,3— 0.2,4 — 0.15. The dashed lines
show the quadratic positive magnetoresistance segments.
the role of Coulomb correlations is more significant in the
Coulomb-gap regime, where Coulomb interactions are the ,
interactions which determine the characteristic energy scaléanges for crossover from the Mott law to thefrds—
Therefore, in our opinion, it would be interesting to examineShklovski law for them are different: 0:30.4 K for one

the behavior of hopping transport in the vicinity of the cross-Sample and 0.070.1 K for the other sample. _
over from the Mott law Several regions can be identified on the magnetoresis-

va tance curvesFig. 2): a region of negative magnetoresistance
p(T)cexp(To/T) ) (which is associated with the interference of different tunnel-

to the Hros—Shklovski law (1). We have accordingly inves- ing trajectories in the presence of scattering ceftersd a
tigated the behavior of the conductivity and magnetoresistegion of quadratic positive magnetoresistafiwbich is as-
tance in the vicinity of this crossover for doped and compensociated with compression of the wave functions of centers
sated CdTe crystals. The results obtained were analyzeé @ magnetic fiell The latter gives way to a smoother
using conclusions which follow from simple model calcula- magnetic-field dependence of the resistance according to a
tions of the fluctuations in the energies of lattice sites. «H?® law, which is characteristic of the anomalous positive
magnetoresistance associated with compression of the wave
functions of centers in a magnetic field in the presence of
2. EXPERIMENT scatterers? The relative contributions of these regions to the
We investigated cadmium telluride crystals dopedoverall picture of the magnetoresistance varies strongly as a
by shallow donors. In the two samples investigated thdunction of the temperature, especially in the temperature
donor concentration was approximately the sameange corresponding to the crossover. For example, the inter-
(Ng=5x%x10" cm™3), but the degree of compensation by ference contribution is dominant in the region of variable-
intrinsic lattice defects was different: the electron concentrarange-hopping conduction corresponding to the Mott law.
tion at 300 K was, respectively, 2210t and 8<10**cm ™3 Upon passage into the region of conduction among
for the two samples. As can be seen from the temperatur€oulomb-gap states, it decreases sharply, i.e., the region of
dependence of the conductivitiFig. 1), the temperature negative magnetoresistance vanishes. We previously ob-
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TABLE |. Principal parameters of the samples. TABLE Il. Sample parameters analyzed.

Sample No. ngy, %cm™3 Ty K T, K T, K alA a A Sample No. Ty, 2K Ti0, K K K’ K"

1 9x10'%  2x10*0 43 0.3-0.4 105 170 1 43 90 44 120 55
2 1.2x 10" 205 35 00701 190 315 2 35 155 145 780 176

Note Here ngy is the electron concentration @t=300 K obtained from
Hall measurements; the values Bf and T, were obtained from the tem-
perature dependences of the resistiyitge(1) and(2)]; the transition tem-
peratureT, was found experimentallyg is the localization length obtained
from the Mott law, anda’ is the localization length obtained from the
Efros—Shklovski law.

Note HereT,; and T, are the values obtained from the experimental tem-
perature dependences of the resistivity plotted on the scales corresponding
to the Hros—Shklovski law (1) and law(10); «, ', andk” are the dielec-

tric constants obtained usin@) and(6) with T; and T, o, respectively.

Hence, knowing the localization length, we can estimate
and compare the value obtained to the value calculated from

T
served this phenomenon in Ref. 11 and attributed it to either !
a correlation in the impurity distribution that leads to a de- i &
crease in the effective number of scatterers or Coulomb cor- <~ Pt T,a’

relations(correlated hops The region of guadratic positive These values are listed in Table Il. Considerable dispar-

magnetoresistance narrows significantly with decreasin% . e
i . 1ty is observed between these two parameters, which is stron-
temperature and is replaced by a region of anomalous posi-

) . . . : gest for the sample closer to the transitidar this sample
tive magnetoresistancéig. 2. In addition, spin effects, the disparity ink and, consequently, if; is of the order of

which we previously discussed in detail in Ref. 12 and On?). Hence it follows that the behavior observed by us cannot

which we shall not dwell here, can manifest themselves ”be described by simply introducing an additional numerical

some samples at low temperatures. Lo ; . X
. factor, which is identical for all samples, into the estimate of
An analysis of the temperature dependences of the con- . :
. 1, as was theorized in Ref. 5.

ductivity in the regions of the Mott andfis—Shklovski
laws allows us tq calculate the vaIl_JesT:g‘ and T, for the 3. DISCUSSION
two samples, which are presented in Table I. The parameter
T, was previously defined, and

2

(6)

Thus, although the picture of the temperature depen-
dence of the conductivity and the magnetoresistance is de-
scribed qualitatively by the familiar models of the crossover
from the Mott law to conduction among Coulomb-gap states,

where S, =21 is a numerical coefficient. On the other hand, 3 more detailed analysis reveals appreciable quantitative dis-
knowing these parameters, we can obtain the value of thgaities. We shall next try to explain these details using a

localization I_engtha from the slopgs of the quadra?ic positive theory of correlated hops similar to those proposed in Pol-
magnetoresistance curves by using the expressions lak’'s work* Specifically, we assume that a hop which ac-
counts for the charge transfére., a hop between sites ap-

To=PBo/9(es)a3,

2_ c*h? l) o &) pearing in Fhe percplation clus)e'_s “prepgred” by hops in
Coe?a*\ To the immediate environment, which provide for the smallest
possible value of the activation energy. It is expected that
c2p2 [ T\%2 such behavior is most pertinent to conduction in the
ZZW T_l) (4  Coulomb-gap regime, where the Coulomb energy of the in-
1

terparticle interactions is of the order of the width of the
effective hopping band. In our simplified model we restrict
the analysis to the contribution of the “successive” correla-
tions (“assistance’) alone and disregard the many-electron
hops, in which several electrons hop simultaneously.

For the pair distribution functiof(&,l) which describes
the “assisting” pairs(wheref is the difference between the
energies of the sites in a pair, ahés the distance between
'E)hem), we use the expressibn

Expression(3) corresponds to the Mott law andy= 1/«
=0.0025; expressiof4) corresponds to conduction among
Coglomb—gap states, and the value;#0.0015 is cited for
C;.

The localization lengths obtained by us are different:
for the Mott law anda’ for the Bros—Shklovski law. Their
values are presented in Table I. The ratitfaxT; %8 is
approximately the same for the two samples, being equal t

1.5. To eliminate this discrepancl; must be increased by a e\ , e?

factor of 3.8-3.5, in agreement with the resultin Ref. 5.on ~ T(&D=| €+ -7/9, &+ -7=Ac,

the other hand, it is known that as the transition is ap-

proached, i.e., all— N, not only the localization length, 3«® e?\° e?

but also the dielectric constartdiverge. Fairly close to the f(ED= erlz( &t P &t HSAC' (@)
transition, the divergence ofx is described by the

expressioft Here A¢ is the Coulomb-gap width, and, is the single-

particle density of states outside the Coulomb gap. For

k(N)=ko+4me®N(Eg)[a(N)]%. (5) I=rc (rc=e%kA¢ is the distance between the sites in an
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“intimate” pair?) it can be seen thaf<A. and f=const.  used, we believe that investigating it will be useful, particu-
We note that this expression disregards the interaction bdarly because of the possibility of using analytical estimates.
tween the “dipolar” excitations, while allowance for this Taking into account that the “period” of the assisting
interactior}® leads to some suppressionfat small energies: hops is assumed to be much shorter than the characteristic
foc1/log(Ac/E). However, in view of the weakness of the time of a current-carrying hop, we can average the probabil-
corresponding dependence, we disregard it in our estimatefy W of a current-carrying hop over time, and since the
As was noted in Ref. 7, because of the dipolar charactegorresponding activation energy vanishes as a consequence
of the interaction of the current-carrying sites with the pairsof the assisting hops, we find that as a result of the averag-
which provide for the energy fluctuations at a site, the mairing,
contribution to the fluctuations is made by the nearest pair o &
with the assigned parameters. We note that the assisting pairs W« exp{ - T) ,
must have an activation energithat is equal to or less than
the activation energ¥ of a “current-carrying” pair(since, where the “activation” term describes the probability of an
otherwise, the assistance effect vanighéserefore, in our assisting hop, andis the distance in the corresponding pair
case the constraint correspondssts E. When this is taken of current-carrying sites. Taking into account that because of
into account, the estimate of the minimum distaRcieom a  assistance, the hops occur in an energy band of widtd|,

(€)

current-carrying site to an assisting pair has the form we have the estimate=r (A /&) Y. Using the condition of
equality between the “tunneling” and activation contribu-
fRngf & fEdgf(g =1 ® tions to the exponent as a condition for connectivity of the
0 0 ' ' percolation cluster and specifying the characteristic energy

band £ of the assisting pairs in this manner, we ultimately

It is seen that the main contribution to the integral ové&s  obtain the following estimate for the resistivity:
made by the smallest possible valuesr, which corre- ' 7 2/5
spond to intimate pairs. As can easily becseen, for such pairs log per Woe (Ta/T) ™= (10
R=rc(Ac/E)¥3, and, accordingly, the interaction potential HereT; =T, ((To/T10Y*>T, o, whereTy yis the value cor-
of a pair with a site U=e?l/(kR?) is estimated as responding to the fEos—Shklovski law without allowance
U~E(Ac/E)Y3 In other words, the fluctuation caused by anfor the assistance effects.
assisting hop can, in fact, exceed the activation energy. We We note that the variation of the exponent is evidence
note that pairs with>r can also provide for large fluctua- that the contribution of the assisting hops does not reduce to
tions of the energies of sites up lter, at which|U|=E. the renormalization oA (see Ref. B but leads to alteration

We offer, however, the following remark. As can be of the temperature dependence itself. In this respect, the situ-
seen, the hop in an assisting pair considered here can leadation considered here differs from the polaron effect. At the
significant lowering of the energy of théassisting pajr  same time, the deviation from the lai) is very small and
—(current-carrying site system. Strictly speaking, in this can hardly be detected to a convincing degree by a simple
case we cannot refer to the respective hop as a fluctuaticsmnalysis of the temperature dependence.
relative to the equilibrium state of théassisting pajr Figure 1 shows plots of the temperature dependence of
—(current-carrying sitesystem, since it leads to the forma- the resistance constructed on thgAT)?® scale and on the
tion of a deeper state along the energy scale. Within thetandard T,/T)Y? scale. The values df; obtained from the
“polaron” picture,* the corresponding pairs should be in- slopes are significantly greater than the valuesTpf(see
cluded in the “polaron coat,” and thus the hops in such pairsTable 1I), giving larger values o, 5. A calculation of the
cannot be considered external with respect to the currentlielectric constant using the expressi@ﬁ=ﬁle2/(T1,0a)
carrying excitationpolaror). gives values that are consistent with the values calculated

At the same time, as we have noted above, the charactérom Eq. (5) (Table II).
of the interactions in the many-electron system of a Coulomb  Thus, the consideration of assisting hops within the pro-
glass is still not entirely clear. This refers, in particular, to theposed simplified model leads to more faithful parameters of
consideration of correlations involving a large number ofthe samples and improves the agreement between the esti-
electrons, for example, many-electron interactions in a sysmates made on different sides of the crossover. We note that,
tem of dipolar excitations. In particular, it can be presumedas follows from a comparison of experimental data with the
that the establishment of equilibrium in a system of the pairgheory, the slight weakening of the temperature dependence
is faster than the establishment of equilibrium between a span comparison with(1) predicted by our model permits the
cific pair and a current-carrying site. We assume that thechievement of better agreement with experiment than does
picture of “assisting” fluctuations is conserved when this isa simple change iff;.
taken into account. Although assisting excitations can, in  This work was supported by the Russian Foundation for
fact, have a more complicated character than purely dipolaFundamental ResearctiGrant 97-02-18280 and INTAS
excitations, we also assume that each of them is localized t@Grant 93-1555-ext
a considerable extent on a certain pair of sites and can be
regarded as a dipolar excitation in the lowest approximation,ll G. Massey and M. Lea, Phys. Rev. L@, 4266(1995.

permitting the use of the simple_ pi(;ture proposed above. Al-2\ pojiak and M. Ortuno, irElectron-Electron Interactions in Disordered
though we are aware of the limitations of the model that we Systemg1985.
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Erbium impurity atoms in silicon
V. F. Masterov, F. S. Nasredinov, P. P. Seregin, E. I. Terukov, and M. M. Mezdrogina

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted 29 December 1997; accepted for publication 31 Decembej 1997
Fiz. Tekh. Poluprovodn32, 708—-711(June 1998

It is shown using'®*Er(**°Tm) Mossbauer emission spectroscopy that the photoluminescent

centers in crystalline erbium-doped silicon §kr—O] clusters and that the local symmetry of the

Er* ions in these clusters is similar to that in,8g. The photoluminescent centers in

amorphous hydrogenated erbium-doped silicon are clusters, whose local structure also corresponds
to erbium oxide. ©1998 American Institute of Physid$$1063-78208)01606-§

The discovery of photoluminescen(®Ll) and electrolu-  fying the symmetry of the local environment of the erbium
minescence at a wavelength of 1. in crystalline €-Si)  ions in these materials.
and amorphous hydrogenated silicoa-%i:H) doped with
erbium (c-SiEr) anda-Si(Er))1~* has opened up prospects EXPERIMENT

for using these materials to fabricate photo- and electrolumi- The preliminary results were published in Ref. 9. Single-

nescent devices that can be integrated into silicon technologé/rysta| samples 0-Si(Er) were obtained by the diffusion
and can operate at the wavelength corresponding to minhoping ofc-Si with an oxygen concentratidi(0)= 10 or
mum losses and minimum dispersion in fiber-optic COMMUN(0)=2x 10" cm 3. The erbium concentration was

nication lines. It has been established that the PL intensityx 108 cm=3, and the thickness of the diffusion layer with
depends on the erbium concentrat(Er) and increases, if niform doping was equal to about 3m. Films ofa-Si:H
oxygen is also introduced as an impurity, and that the oxygepgr) were obtained by the magnetron sputtering of a target of
concentratiorN(O) should be an order of magnitude greater metallic erbium in an atmosphere of silane and argon. The
than the erbium Concentratiér?.According to Adleret aI.,6 films were Sputtered onto an Al substrate, which was at a
in samples ofc-SKEr) containing 16’ cm™ oxygen, the  temperature of 300 °C. The oxygen concentration in all the
optically active center is a cluster consisting of erbium andilms investigated was constant and equal 0 5?! cm™3,
oxygen atom$Er—0], in which the erbium ion is surrounded the hydrogen concentration was between 9 and 11 at. %, and
by six oxygen atoms, the local environment of erbium beingthe erbium concentration in the films investigated varied
close to its environment in ED;. Lowering the oxygen con- from 10 to 107* cm™3.
centration to 18 cm™3 leads to realization of the erbium ion Mossbauer sources were produced by irradiating
environment characteristic of EESiA similar result is ob- samples ofc-Si(Er) anda-Si:H(Er) in a stream of thermal
tained following a low-temperature postimplantation anneaheutrons with a flux of the order of %610 cm™2. The
of silicon samples coimplanted with erbium and oxygenMossbauer spectra were measured on an industrial SM-2201
(Tan=400—-600 K),” while at T,,~=600-900 K the clus- spectrometer at 295 K with an absorber in the form of thu-
ters have the BO, structure; the fraction of clusters with the lium ethylsulfate (the surface density was 5 mg/€mith
erbium oxide structure increase with increasing anneal temrespect to thulium
perature.

A theoretical treatment of the excitation of PL @Si ~ RESULTS AND DISCUSSION

(Er) also requires consideration of the emittiiig—O] clus- Typical Massbauer spectra of different Si:Er samples are
ter, which has the form of a quantum dot with dimensions Ofpresented in Figs. 1 and 2. As is seen from the figures, they
the order of 10 Al Bresleret al believe that the emitting  are the result of the superposition of a quadrupole doublet
centers ina-Si:H(Er) are alsdEr—0] clusters, but they did (spectrum J and a single lingspectrum 1). The ratio be-
not present any direct evidence to support this claim. Weyeen the areas under spectra | and Il depends on the type of
also note that-SKEr) is characterized by strong PL quench- matrix (amorphous or crystallingthe erbium concentration,
ing in the temperature range #B00 K, while the PL inten-  and the oxygen concentration. The parameters of the spectra
sity at room temperature is two orders of magnitude highegre listed in Table I.
in a-Si:H(Er) than in c-SKEr). This clearly points out a In interpreting the'®%Er(*%°Tm) Mossbauer spectra it
difference in the structure of the emitting centers in the crysshould be borne in mind that thH&%r(n, v)*Er thermal-
talline and amorphous materials or a change in the electronigeutron capture reaction followed by thgedecay of**%Er
structure of silicorf (see Fig. 3results in the appearance of the $ébauer iso-

In the present work the states of erbium impurity atomstope (probe %°Tm at erbium sites. In th&®*Tm Mossbauer
in ¢-Si and a-Si:H were investigated by***Er(***Tm)  spectra there is practically no isomer shift, but the magnitude
Mossbauer emission spectroscopy for the purpose of identdf the quadrupole splitting is significantly dependent on the

1063-7826/98/32(6)/4/$15.00 636 © 1998 American Institute of Physics
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Vocem/s FIG. 2. Mdssbauer emission specf(V)] for %Er(***Tm) in samples of

c-SiEr) at T=295 K. Oxygen concentratioN(O), cm 3 a — 107, b, —

FIG. 1. Mssbauer emission specfiB(V)] for *Er(***Tm) in a-Si:(Er) 2% 10, The position of the spectra of types | and Il is shown

samples aff =295 K. HereR is the relative counting rate. Erbium concen-
trationN(Er), 1?°cm™3: a — 5, b, ¢ —1.1. Spectrum c was obtained after
the sample was annealed at 800 °€ #oh in avacuum. The solid lines
show the spectral components of types | and II.

Figure 4 also shows the dependence of the fradtiaf

erbium centers in state | on the erbium concentration

symmetry of the local environment of the probe. TH{&Er

(15°Tm) Mosshauer emission spectroscopy provides informa- ~ P=S()/[S(1) +S(11)],

tion on the symmetry of the local environment of the erbium

atoms. In particular, as is seen from Figs. 1 and 2, the spectrnahereS(1) andS(11) are the areas under Msbauer spectra

of the c-Si(Er) and a-Si:H(Er) samples correspond to two | and II, respectively. Data from our wotkvere also used to

states of the erbium impurity atoms in the structure of theconstruct this dependence. Since, as is seen from Fig. 4, the

material, spectrum | corresponding to erbium centers withrelative intensity of spectrum | increases as the PL intensity

lowered symmetry of the local environment and spectrum llincreases, just these erbium states are responsible for the PL

corresponding to erbium centers in an almost regular cubiof thea-Si:H(Er) samples. The parameters of spectrum | are

environment. close to the parameters of the Bibauer emission spectrum
The PL spectra of-Si:H(Er) were measured at room of 1%%Er,0; [IS=0, QS=2.4 cm/s(Ref. 9], allowing us to

temperature. The PL was excited by an argon laser. Thesmnclude that the PL centers are clusters formed by erbium

spectra display two lines: intrinsic PL o&-Si:H (at  and oxygen. The fraction of such clusters should increase as

A=1.35um) and PL caused by intercentér-f transitions the erbium concentration increases in the ranggEr)

in the EP' ion (at A\=1.54 um). Figure 4 presents the de- <N(O), since the unit cell of erbium oxide contains 32

pendence of the PL intensity at=1.54 um on the erbium erbium atoms and 48 oxygen atoms, and this fraction should

concentration, from which it is seen that the PL intensitydecrease as the erbium concentration increases in the range

reaches its maximum value whe{Er)=5x10?° cm3, N(Er)>N(0). Just this picture is observed in the experi-

TABLE |. Parameters of thé®*Er(6°Tm) Mdssbauer emission spectra.

Spectrum | Spectrum 1
Sample N(ED, cm3 N(O),cm™3 1S,2cm/s QScm/s W, cm/s IS, cm/s W,cm/s R
c-SKET) 5x 10 10Y 0.0 25 1.6 0.0 1.6 0.17
c-SKET) 5x 10 2x 10 0.0 25 1.6 0.0 1.6 0.17
a-Si:H(Er) 1.1x 107 4x 10" 0.0 2.2 2.0 0.0 2.0 0.48
a-Si:H(ER"  1.1x10%° 4x 10 0.0 2.2 2.0 0.0 2.0 0.80
a-Si:H(Er) 6x10%° 4x 10 0.0 2.2 2.0 0.0 2.0 0.12

Note: IS— isomer shift,QS — quadrupole splittingWw — linewidth, R — relative intensity of spectrum I.
*This sample was subjected to an anneal at 800 @ fo in avacuum.
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by the nonspecific distribution of the charge density of the
outer (valence electrons of the Mssbauer ion itself. As a
rule, these contributions have opposite signs. Since the er-
bium ion has a #*! electronic configuration in both crystal-
line and amorphous samples and since, according to electron
4z spin resonance investigations, the gtates of rare-earth im-
purity atoms in semiconductors scarcely hybridize with
states of atoms in the environment, the change in the total
quadrupole splitting should be attributed to the difference in
the local symmetry of the erbium atoms in the

er.9.4d

39 ns
3z

0keV 1/2(*) [Er—0] clusters in amorphous and crystalline silicon. This is
"Tm perfectly natural in view of the different structures of the
matrices.

FIG. 3. Diagram showing the formation of tA8Tm Mossbauer level. . . .
9 9 We annealed a sample af-Si:H(Er) with an erbium

concentration of %X10%° cm 3 at 800 °C for 2 h in a

ment. Spectrum Il should clearly be assigned to erbium iongacuum. The anneal led to the complete removal of hydro-
having only silicon atoms in their environmetity analogy  9en from the film and crystallization of the latter. According
with the environment of erbium in Ergi to the data in Ref. 4, the PL intensity at room temperature
The spectrum of type | foc-SKEr) should clearly be increases sharply during this process, and, as is seen from a
assigned to the erbium centers responsible for PL, while theomparison of spectra b and c in Fig. 1, the fraction of
spectrum of type Il should be assigned to optically inactiveerbium centers in state | increases simultaneo(stye also
centers. We note that the magnitude of the quadrupole splittable ). This clearly provides additional evidence of the
ting in the spectrum of type | is different for crystalline and Validity of our hypothesis that state | is responsible for the
amorphous silicor(see Table )l This finding should be at- PL process. We note that the anneal just described is not
tributed to the different nature of the clusters formed by er-accompanied by any changes in the parameters of spectrum
bium and oxygen atoms in-Si anda-Si:H. In crystalline I; i.e., the change in the structure of the matrix does not lead
silicon the[Er—Q] cluster has a structure close to the crystalto & change in the local structure of the erbium atoms in
structure of EsO; (see Refs. 6 and)7while, according to the ~ Ppreviously formedEr—O] clusters. This is possible provided
magnitude of the quadrupole splittind6=2.2 cm/3, the & fairly large cluster with dimensions of the order of the
structure of the cluster is somewhat different in amorphousattice constant of erbium oxide forms, i.e., in the model
silicon. Two points should be noted. First, in the®jg crys-  Proposed in Ref. 10. The formation of new clusters during a
tal lattice there are two sites for erbium atoms w@th and  high-temperature anneal apparently takes place already in the
C3 symmetry, which are not resolved in the Mbauer spec- amorphous phase. There are two reasons for the increase in
tra. Since the quadrupole splitting of the spectrum has conthe fraction of EfO; clusters when amorphous silicon crys-
tributions from two electric field gradients: a crystalline con-tallizes: first, there is an increase in the concentration of free
tribution, which is created by the ions surrounding theoxygen, which was previously bound to hydrogen, in the

Mossbauer atom, and a valence contribution, which is causegemple, and, second, as was established in Ref. 7, the effi-
ciency of the formation ofEr—0Q] clusters in crystalline sili-

con increases as the anneal temperature is increased. A simi-

lar effect can also occur in amorphous silicon. We recall that
100} 405 the substrate temperature was equal to 300 °C when the
o1 amorphous films were prepared. According to the results in
; g Ref. 7, only clusters with an Ergstructure form in crystal-
104 line silicon when the postimplantation anneal temperature is
- 400 °C.
3 403a Thus, it has been established as a result of this investi-
3 i gation that the optically active centers in crystalline and
'g 50 amorphous silicon doped with erbium and oxygen [&e-
o 10.2 O] clusters and that the local symmetry of theé*Eions in
these clusters is similar to that in J&x;.
0.1 This work was supported in part by INTAS and the Rus-
sian Foundation for Fundamental Reseafi®tiTAS—RFBR
Grant No. 95 0531
ok P { [ | Il 1 41 ”0
10" 10% 10
N(Er), cm-3
'H. Ennen, J. Schneider, G. Pomrenke, and A. Axmann, Appl. Phys. Lett.
FIG. 4. Dependence of the relative PL intensityaat 1.54 um (points 1, 43, 943(1983.
left-hand scalgand the relative spectral component of typgadints2 and °H. Ennen, G. Pomrenke, A. Axmann, K. Eisele, W. Haydl, and

3, right-hand scalefor a-Si:H(Er) at T=295 K on the erbium concentration J. Schneider, Appl. Phys. Lett6, 381 (1985.
N(Er). Points3 were taken from Ref. 9. 3M. S. Bresler, O. B. Gusev, V. Kh. Kudoyarova, A. N. Kuznetsov, P. E.
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Oxygen precipitates and the formation of thermal donors in silicon
N. V. Vabishchevich, D. I. Brinkevich, and V. S. Prosolovich

Polotsk State University, 211440 Novopolotsk, Belarus
(Submitted 2 June 1997; accepted for publication 7 June)1997
Fiz. Tekh. Poluprovodr32, 712—713(June 1998

It is established by infrared spectroscopy and Hall measurements that the oxygen precipitates
formed during preliminary high-temperature treatment suppress the generation of thermal
donors in Si grown either by the Czochralski method or by applying a magnetic field to a melt.
Possible mechanisms for the influence of precipitation on the formation of thermal donors

are proposed. €1998 American Institute of Physids$$1063-7828)01706-2

It is known that the formation of oxygen-containing ther- temperature treatment was chosen so that the concentrations
mal donors in Siis influenced to a significant extent by pre-of interstitial oxygen in the samples would be comparable
liminary heat treatment of the crystals. Markeviehall?  (see Table I, sampleks-3 and4-5). This circumstance per-
showed that even a brief preanneal in the temperature ranggitted a detailed examination of the influence of oxygen
530-800 °C leads to a decrease in the concentration of therecipitates on the generation of thermal donors. For ex-
nucleation centers for these defects. On the other hand, oxample, sample$—3 and sampled and5 had similar values
gen precipitates, which have a significant influence on thef N, following the high-temperature anneal, but the content
interactions of defects and impurities in the crystal, form inof oxygen precipitates in them differed significantly. In
Si during a high-temperature treatme(800-1100°0.°  samples3 and 5 the dominant portion of the oxygen was
However, the influence of oxygen precipitates on the effitound in precipitates 8.3x 10t and ~4.8x 10" cm ™3,
ciency of thermal donor generation has not been adequatefgspectively. In samplesL, 2, and4 no appreciable removal
studied and is an important problem in the practical sense.of gtoms of this impurity from interstitial positions was ob-

~In our study we used samples cut from wafers Ofseryed during the heatirigee Table), and the concentration
dislocation-free Si with a resistivity of 20 -cm, which were precipitates was close to zero. It is significéffig. 2) that

grown by the Czochralski methoCz-S), as well s by  j, samples3 ands, which contained oxygen precipitates, the
applying magnetic fields to a melM-Si). The parameters gfficiency of thermal donor generation was considerably
of the samples investigated are presented in Table I. To ang,. .o than in sampled, 2, and 4, which did not contain

neal the thermal dpnors appearing 'd'urlng growth, all theoxygen precipitates. Since these samples had identical ther-

samE)Ies were subjected to a stabilizing heat treatment aha| histories and did not differ with respect to their content

g%?]tce: n:c;))rerlat:.resgrnia?fir:h;h?%r:)zgﬁ ;\;ﬁ:ssglﬁgjr%c;s:t to i oxygen in interstitial positions, the following conclusion
can be drawn: oxygen precipitates effectively suppress the

925 °C(Cz-S) or 7 h at1000 °C(M-SJ). . . eneration of thermal donors, lowering both the initial rate of
The thermal donors were generated in air during a hea?

treatment lasting up to 50 h at 450 °C. The concentralign rﬁrrrgtltr)]nrand the maximum attainable concentration of ther-
of oxygen in interstitial positions was determined by IR al donars.

spectroscopy from the intensity of the absorption band at It'h_as been theorizéd t.hat the formation of_oxygen'-.
1106 cnil. The carbon content in substitutional positionscontammg thermal donors involves the successive addition

did not exceed X 10 cm~3 in any of the samples. The Hall of definite structural units to thermal donor nucleation cen-

effect and the conductivity were measured using standarlf's: which can be electrically inactive complexes consisting
methods at room temperature. of three oxygen atoms. The nature of the mobile particles

The high-temperature anneal lowers the efficiency ofParticipating in the formation of thermal donors has not yet

thermal donor generation only in samples with a high oxygerP&en conclusively established. However, it is known that
content(Fig. 1). It is significant that in samples withl,  they must include one oxygen atom. It was also previously
< 7% 10" em~3 the initial rate of formation and the maxi- noted in Ref. 5 that the concentration of the mobile particles
mum attainable concentration of thermal donors followingdoes not depend on the thermal history of the crystals and is
the high-temperature anneal described were even somewh@gtermined only by the value &fo.
higher than the corresponding values for samples that were It has not been ruled out that there are several mecha-
cut from the same wafer, but not subjected to preliminarynisms which account for the influence of oxygen precipitates
high-temperature heating. on the generation of thermal donors. For example, it can be
Intense oxygen precipitation took place during the high-asserteda priori that prolonged high-temperature treatment
temperature anneal in the samples with a high oxygen coreccompanied by the intense precipitation of oxygen elimi-
centration; the rate of removal of the impurity from intersti- nates the correlated distribution of oxygen atoms and ulti-
tial positions increased withlg. The duration of the high- mately leads to a decrease in the number of thermal donor

1063-7826/98/32(6)/2/$15.00 640 © 1998 American Institute of Physics
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TABLE |. Oxygen concentratioN in the samples investigated.

7 a3 o1

Type of No, 10" em a2
Sample samplg Original Si HTA Si 1079} ; z
1 Cz-si 5.55 5.32 75 *5
2 Cz-Si 5.37 5.20 «
3 Cz-Si 13.5 5.21 -
4 M-Si 7.28 7.15 ;10,, i
5 M-Si 12.0 7.20

Note Cz — Czochralski methqgdl — melt in a magnetic field, HTA — Si

after a high-temperature anneal. /-——"

13 [l L 1
01 20 30 40 40

nucleation centers and significant alteration of their accumu- t,h

lation kmeqps? . . L FIG. 2. Kinetic plots of the accumulation of thermal donors in samples that
In addition, the introduction of precipitates can lead to have undergone a high-temperature anneal. The numbers of the curves cor-
the appearance of internal fields of elastic stresses in crystal@spond to the numbers of the samples in Table I. Concentration of oxygen
in precipitatesN?, cm™3: 1, 2, 4 — below 167, 3, 5 — above 4< 10"

.

Sk

101‘ - o i . .
02 Such fields can alter the potential well near the nucleation
:g, centers and raise the energy barrier to the capture of mobile
particles by these centers. However, the “capture” of mobile
0% particles by oxygen precipitates, which excludes part of the
»y o . . .
e oxygen atoms from the reactions leading to the formation of
< thermal donors, is more likely.
B
=
170" 1v. P. Markevich, L. I. Murin, and A. G. Litvinenko, Fiz. Tekh. Polupro-
vodn. 21, 1267(1987 [ Sov. Phys. Semicon@1, 767 (1987].
2V. P. Markevich and L. I. Murin, Phys. Status Solidild1, K149 (1989.
3K. V. Ravi, Imperfections and Impurities in Semiconductor Silicafiley,
/’A New York (1981 [Russ. trans., Mir, Moscow1984].
1013 i L 1 L L 4D. 1. Brinkevich, V. P. Markevich, L. I. Murin, and V. V. Petrov, Fiz.
a 10 20 30 40 50 Tekh. Poluprovodn26, 679 (1992 [ Sov. Phys. Semicond26, 383
t, h (1992)].

V. P. Markevich and L. I. Murin, Fiz. Tekh. Poluprovod2s, 262 (1991)
FIG. 1. Kinetic plots of the generation of thermal donors in Cz-Si. The [ Sov. Phys. Semicon@®5, 158 (1991)].
numbers of the curves correspond to the numbers of the samples in Table I.
Duration of the high-temperature ann¢ah: 1,3 —0; 1’, 3" — 5. Translated by P. Shelnitz
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Induced photopleochroism of  p-GaAlAs/ p—n-GaAs structures
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A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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The polarization photosensitivity appearing when linearly polarized radiation impinges obliquely
on the reception plane coated by the anodic oxide in anodic-@x@Ea{ Al , /AS/p—n-GaAs
photoconverter structures is investigated experimentally. It is established that the induced
photopleochroism of the structures increases with increasing angle of incidence according

to a quadratic law and is determined in the long-wavelength spectral refjiorc 1.5 eV) by

optical processes on the air/anodic-oxide interface. The “dip” discovered in the spectral
dependence of the induced photopleochroism coefficient in the 1.6 to 3-eV range is associated
with bleaching, for which a drop in the induced photopleochroigin€0) can serve as

a criterion. It is concluded that polarization spectroscopy can be employed for the diagnostics of
bleaching in GaAlAs/GaAs photoconverter structures. 1898 American Institute of
Physics[S1063-782808)01806-7

1. The discovery and creation of ideal heterojunctions inp-GaAlAs surface were created as a result of the electro-
the GaAlAs/GaAs system in the A. F. loffe Physicotechnicalchemical deposition of Ni. After the ohmic contacts were
Institute led, in their time, to the development of an exten-deposited, the structures were subjected to heat treatment
sive group of semiconductor devices of a new generationat 550 °C in a hydrogen atmosphere fer2 min. The
semiconductor lasers, highly efficient solar photoconvertersarea of thep-GaAlAsip—n-GaAs structures studied was
etc}~"However, photoconversion has heretofore been invest0— 20 mnf.
tigated in such heterostructures only with respect to natural 3. A typical stationary current-voltage characteristic of
radiation. In this paper we report the results of the first ex-one of the structures studied is presented in Figcutve 1).
perimental study of the polarization photosensitivity appear-The linear branch of these structures at bias voltages
ing under the conditions of the oblique incidence of linearlyU>0.8 V obeys the relatiokl=U,+ R,-|. The cutoff volt-
polarized radiation inp-GaAlAsfp—n-GaAs heterostruc- ageU,=0.8 V. This value is faithfully reproduced in the
tures coated by an anodic oxitte. structures obtained and corresponds to the contact potential

2. The photoconverter structures were produced bylifference. The residual resistanBy=(2—4)x10° Q at
liquid-phase epitaxy from a limited volume of a solution- 300 K. The maximum current photosensitivity of these struc-
melt of the Ga-Al-As system on single-crystal GaAs waferstures reaches-80 mA/W under AM1.5 illumination condi-
oriented in thg100) crystallographic plane at850 °C. The tions. The photoconversion efficiency of the structures inves-
GaAs substrates were doped with tellurium to a free-electrotigated reaches-20%.
concentrationn,=(3—5)x 10" cm 2 at T=300 K. The The spectral dependence of the relative photoconversion
AlAs content in the wide-gap GaAlAs layers was70%. quantum efficiencyy for a typical structure under illumina-
Epitaxial layers with a thickness of 2m were doped by tion by natural radiation along a normal to the plane of the
introducing Zn and Mg as impurities into the solution-melt to anodic oxide is presented in Fig. (turve 2). The long-
create a free-hole concentrati«rr,;:1018 cm 3 at 300 K.  wavelength exponential increase inis characterized by a
Immediately after epitaxy, an oxide film with a thickness of slope S=d(In#)/d(xw)=60—70 eV ! for different struc-
~1500 A was formed on the wide-gap surface of the structures, which corresponds to direct interband transitions in the
ture during anodic oxidation in an acidic solutibhSuch a  narrow-gap component, and the energetic position of the
single-layer coating causes bleaching of the wide-gap surfadeng-wavelength edge and the deviation from the exponential
of the structure, permitting significant reduction of the lossesourse ath w>1.41 eV are in good agreement with the gap
due to reflection and the achievement of an efficiency in thevidth of GaAs® As a rule, all the structures obtained exhibit
GaAlAs/GaAs photoconverters as high as—25%.1!  a spectral dependence gfwith a broad-band character. The
Ohmic contacts to the-GaAs substrate and the illuminated beginning of an appreciable short-wavelength dropyits
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on the orientation of the electric vectar of the light wave
relative to the crystallographic axis in the GaAlAs layer and
the GaAs substrate. In general, this result is not unexpected
and is due to the isotropic properties of the absorbing me-
dium, as well as the absence of any straining of the epitaxial
layer as it grows on a substrate with the same type of crystal
structure and very similar crystal-lattice parameters. As a
result of this feature of GaAs and the solid solution GaAlAs,
the natural photopleochroisy=0 when §=0° over the
entire photosensitivity region of these structures.

In the case of the oblique incidence of linearly polarized
radiation, asf is increased, the photopleochroigh begins
to appear in the structures produced. Its magnitude can be
determined from the relation

10

70+

7 arb. units

iP—is
Pi=| ——]-100%, 2
iP+is

whereiP andis are the photocurrents fd||Pl andE L PlI,
respectively, and Pl denotes the plane of incidence of the
linearly polarized radiation. Examples of the dependences of
3 the photocurrents an®, on the angle of incidence of the
L linearly polarized radiation onto the reception plane obtained
. for several values of the energy of the incident photons for
2.0 3.0 one of the structures investigated are presented in Figs. 2a—
hw,eV 2c. The main laws governing the measurements of the pho-
tosensitivity of the structures studied in this work reduce to
FIG. 1. Sta_tionary current—vo_ltage characteri_sn_):and spectral de_pend_ence the following. The induced photopleochroism increases with
of the relative photoconversion quantum efflmenj_ﬁ)/ qf an anodlc-omd_e/ the angle of incidence over the entire photoconversion region
?—}S?SQI&fS/p_n-GaAS structure under illumination by natural light according to a quadratic IaW,~02 (Fig. 2, curves3 and4),
in agreement with the conclusions in Ref. 8. While the char-
acter of the angular dependence Bf(6) remained un-
observed at photon energiés»>2.2 eV, which can be at- changed over the entire spectral photosensitivity region, the
tributed to the onset of interband transitions in the wide-gapvalue até=const was found to depend on the energy of the
layer. The enhancement of the short-wavelength drop@  incident photons. On the basis of B@), this can be a con-
hw>2.8 eV is apparently attributable to an increase in absequence of changes in the angular dependendég®fand
sorption in the anodic oxide layer. The value of the full i°(8) over the spectrum. The results of the investigations of
width of the spectral dependence gf at half-maximum iP(6) andi®(6) performed allow us to conclude that in the
81,=1.7-1.8 eV can be cited as a quantitative characteristidong-wavelength spectral photosensitivity regiohu(<1.5
of the wide-gap character of the photoconversion. This valu€V) these dependences correspond to the those expected
was faithfully reproduced for all the structures obtained. At-from an analysis of the optical processes using Fresnel’s
tention should also be focused on the appearance of severallations'>*>An example of these dependences is presented
equidistant maxima on the spectral dependence @fig. 1),  in Fig. 2a(curves1 and 2). In fact, in the case of]|PI
which can be caused by interference of the incident radiatiopolarization, the photocurrent at first increases with
in the anodic oxide layer or in the GgAl,-As wide-gap the angle of incidence, passes through a maximum near
epitaxial layer. The estimate of the refractive index from thef#=70°, and begins to decrease sharplyat70°. The ratio
formula i50:/15-=1.2, which corresponds to elimination of the losses
due to reflection. For an orthogonal wave withl Pl an

N=Am Am-1/20(\m=Am-1), @ increase ind>0° is accompanied by a monotonic decrease
where\,, and \,,_; are the wavelengths corresponding toin the photocurrentFig. 2a, curve?).
neighboring maxima in the photosensitivity spectriifig. In the short-wavelength photosensitivity region 7ab

1), andm is the number of the maximum, allows us to at- >1.5 eV the law foriP(#) considered above is maintained
tribute the features observed to interference in the GaAlAgFigs. 2b and 2c, curve¥), while thei®(6) curves become
layer. similar toiP( ). This allows us to attribute the present result,
4. The measurements of the photosensitivity of theas in the case df(6), to the elimination of the losses due to
anodic-oxidep-GaAlAs/p—n-GaAs structures with illumi- reflection forE L PI. This law cannot be explained on the
nation along a normal to the plane of the oxidlee angle of  basis of Fresnel’s relatiorté;*but can be a consequence of
incidenced=0) by linearly polarized radiation allow us to interference effects. A comparison of th&(#) and is(6)
assume that the short-circuit photocurrent does not depermirves(Figs. 2b and 2calso reveals that thi€(6) andi®(6)
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FIG. 2. Dependence of the short-circuit photocuri@nt— i, 2 — i) and the induced photopleochroigB) 4) of an anodic-oxidgl-Ga, Al , /AS/p—n-GaAs
structure on the angle of incidence of linearly polarized radiation onto the plane of the anodic xi86@ K, iw, eV: a — 1.42b — 1.77 ¢ — 2.07.

curves approach one another with a resultant drop in théhe conditioniP=i%. Therefore, the region of maximum
value of the induced photopleochroism. Similar laws werebleaching can easily be determined on the basis of polariza-
previously established in other structures, which also exhibtion measurements of the photosensitivity of structures with
ited interference phenomeh&!® an antireflection coating. It follows from Fig. 3 that maxi-
The spectral dependence of the induced photopleochranum bleaching is provided in the structures obtained in the
ism for one of the anodic-oxide/GaAlAs/p—n-GaAs struc-
tures is presented in Fig. 3. Its characteristic feature is a
strong dependence @, on the photon energy. Only in the
long-wavelength regionf{w=1.4) is the photopleochroism
nearly constant, as it is for surface-barrier structures on, for
example, GaASover the entire photosensitivity region. If,
according to Ref. 16, the refractive index is estimated from
the experimentally obtained valig=20-22% (Fig. 3), we
obtainn=1.8, which coincides with the known value for the
anodic oxide on GaAlA%® On this basis the induced pho- ¥
topleochroism of the structures produced in the long- &~ L4
wavelength region can be attributed to optical processes on
the air/anodic-oxide boundary. The “dip” on the spectral
dependence observed in the range of incident photon ener-
gies from 1.5 to 3 eV can be associated with bleaching phe-
nomena. This is evidenced by the plotsibf#) andi®(d)
(Figs. 2b and 2c When the losses due to reflection begin to
decrease with increasing angles of incidence for both polar-
izations, this ultimately leads to the approach of the values

(i S_’.i "), WhiC.h results in Ioweriljg of the _induced photopleo- fig. 3. spectral dependence of the induced photopleochroism of an anodic-
chroism. As is seen fron2), this effect is strongest under oxidep-Ga, sAl, As/p—n-GaAs structure T=300 K, =75°).
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The dependence of the electron drift mobility in the undepleted conduction channels of
GaSe/GaAs heterostructures on the surface charge density is measured. The presence of charge
coupling in the accumulation layer sufficient for creating electrioalmicroelectronig

devices is discovered. @998 American Institute of Physids$1063-782608)01906-1

The possibility for the formation of a surface electronic Refs. 4 and 10 with the one difference that the surface con-
conduction channel modulated by an external electric field irductivity in the peripheral region of the measuring electrode
Me/GaSe/GaAs(n) structures was demonstrated in Refs. 1was modulated by capacitive structures with a submicron
and 2. Under certain conditions the majority-carrier accumuvacuum gap, whose fabrication technology was described in
lation layer in metal-insulator-semiconduct@lIS) struc- Ref. 11(see Fig. 1 Such structures virtually eliminate the
tures is separated from the neutral semiconductor bulk by afluence of substrate-gate leakage currents due to the insu-
depletion regiort:* This situation can provide for interelec- lating properties of silicon dioxide and can be used to create
tronic charge coupling in the surface conduction channel. Foa strong electric field on the GaAs surface at small gate volt-
field-effect transistors or charge-coupled devices based oages and to regulate the surface electronic channel in the
such structures, an important parameter is the surface drifieripheral region. The constant-bias sou€esd& control
mobility of the charge carriers. The numerical estimates irthe state of the space-charge layers under the measuring elec-
Refs. 5—7 show that the specific features of the insulatingrode and in the peripheral region, respectively. The test sig-
GaSe; layer, i.e., the presence of stoichiometric vacanciesial generator¢G) and the device for measuring the capaci-
in the cation sublattice, do not restrict the mobility of elec-tive current(l) we used to record the capacitance of the gate
trons in the GaAs layer, if the vacancies are filled by neutraklectrode and the Me/G&e/GaAs measuring structuté.
polarizable impurities. According to the results in Refs. 1Figure 2 presents typical plots of the dependence of the ca-
and 2, the number of charged centers in theS&alayer is  pacitance of the measuring structure on the constant bias
negligible (no more than %10 cm™2). Such a surface applied to the measuring metallic electrodé,j for deple-
charge density corresponds to a bulk density less thation and accumulation voltages on the gate. It is seen that
5% 10 cm™2 (in the case of a homogeneous distributjon when the peripheral region is depleted, the capacitance of the
which is many orders of magnitude smaller than the vacancgtructure(C) remains less than the geometric capacitance of
density. The impurities occupying the vacancies in the catiorthe insulating GgSe; layer (Cy), even if there is an accu-
sublattice are possibly not ionized, just as in bulk crystals ofmulation voltage on the metallic electrode. This indicates the
111-VI compounds® existence of a space-charge depletion layer under the mea-

In our study we measured experimentally the surfacesuring electrode, which separates the accumulation layer
drift mobility of electrons in GaSe;/GaAs structures and from the neutral GaAs bulk. The specific capacitance of the
established the presence of strong charge coupling in thgpace-charge depletion laye€4) under the accumulation
surface electronic conduction channel. layer depends only slightly on the applied voltage. The value

The structures were fabricated from AGCh-2BMype  Cgc=3.7X 10"’ F/cnt is easily determined from the capaci-
GaAs of the[111] orientation, side B, with a concentration tance saturation levéFig. 2, curvel) and is close t@eq /L,
of majority charge carriersi,=(2—4)x 10 cm 3. After ~ wherelL is the Debye screening length in GaAs. If the pe-
the GaAs wafer was washed according to the method deipheral region is undepleted, charge coupling is established
scribed in Ref. 9, a layer of G&g was formed by thermal in the accumulation layer. The capacitance of the depletion
treatment in hydrogen selenide {&k) vapor with prelimi- region, which is connected in series to the geometric capaci-
nary ventilation of the reaction vessel by hydrogen at a temtance of the insulator, increases, and the total capacitance of
perature near 800 K. The thickness of the,&ag films was  the structure approaches the level of the geometric capaci-
determined from interference reflection spectra andance (the specific capacitance of the £S@ layer
amounted tch=0.1 wm. The mobility in the surface elec- Cy,=1.15<10" F/cn?). In a diffusion-drift description of
tronic channel was measured using the method described tharge transport under the action of a small test signal of
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FIG. 1. Schematic representation of the measuring structure: metallic . .
contacts to silicon and GaAZ; — low-resistivity (0.1Q-cm) ntype sili- ~ Where S is the area of the measuring electrod®/ $=30).
con; 3 — thick layer (0.05 um) of silicon dioxide;4 — silicon dioxide ~ The relation betweenQs and the gate voltageV,
supports; 5 — metallic (Al) measuring electrode§ — GaSe; layer (Qs= Cng) specifies the dependence of the capacitance of
(0.1 wm); 7 — electron accumulation layer in GaA8— depletion region the measuring structure % (C ~1.1x10"° F/en? is the
in GaAs; 9 — neutral GaAs bulkG — test signal generators, &, — p . 9 o .
regulatable constant-bias sources:- device for measuring the capacitive SpeCIfIC capacitance of the g}até'he influence of the posi-
current. The dimensions of the elements in the structure are given in millifive charge in the thin{0.05 um) silicon dioxide layer on
meters. the state of the G&e;/GaAs structure is negligible due to
the screening by the low-resistanéeith a resistivity of

_ . 0.1 Q-cm) silicon electrode. Having experimental depen-
frequencyw in the surface layer, the spatial scal) (of the  dences(Fig. 3) and using Eq(2), we can easily obtain the

inhomogeneity of the amplitude of the perturbations of thedependence of the surface mobilitys on the surface elec-
surface charge density in the peripheral rejisn tron densityNg in the accumulation layefFig. 4). The in-
; 1
A= 72s0s/Coco, 1 versely proportional dependence pf on Ng at Ng> 10
#sQs/Cscw N @) cm 2 and the weak dependence on the temperafuran be
where us and Qs are the surface mobility and the surface attributed to the scattering of electrons on acoustic phonons.
density of the charges in the conduction channel. The area dfhus, in a quasi-two-dimensional conduction channel the

the peripheral region affected by charge coupling will thenmomentum relaxation time for scattering on acoustic
be S'=P\ (P is the perimeter of the measuring electrodephononsr~d(kT) !, whered is the effective width of the

c/c,
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FIG. 2. Capacitance-voltage characteristics of the measurement structuFdG. 4. Dependence of the surface mobility in the accumulation layer of

with the depletion(1) and accumulatiori2) voltages on the gate electrode GaAs/GaSe; structures on the surface electron densityK: 1 — 300,
Vy= =50 V. The frequency»=6x10* Hz, andT=300 K. 2 — 200.
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channel, and is Boltzmann’s constarit For estimates we YFigure 1 shows only part of the measuring circuit of the T-shaped capaci-
can assume that the width of the electron accumulation layertive bridge used to increase the resolution with respect to the capacitance.
is determined by the spatial scale of the nonlinearity of the A resolution no poorer than 0.5% is easily achieved.

potential energy of the electrons and that the latter de-

pends on the mean bulk density of the charge across

the width of the channel @s/d). We then haved

= JeeokT/€%(ng+ Qs/d), and, accordingly,

1 1B. 1. Sysoev, V. F. Antyushin, and V. D. Strygin, Fiz. Tekh. Poluprovodn.
egokT| Ng Ng 2 egokT 18, 1739(1984 [Sov. Phys. Semicond.8, 1089(1984].
d= 2 _2n + _2n > ) (3) 2B. 1. Sysoev, V. F. Antyushin, and V. D. Strygin, Poverkhnd@y 148
€ "Ng 0 0 € Ng (1986

wheree is the charge of an electron,is the relative dielec- °E. I Levin, A. M. Monakhov, and A. A. Rogachev, Fiz. Tekh. Polupro-
tric constant, and, is the permittivity of a vacuum. With A‘éo?”'siib ‘;io\(/lisir[fy‘ij‘gh'?nhy; j;m:\;or}l%iisﬂéilﬁ?i Poluprovodn
consideration of the expression fer the dependencél) 25 '708(199’]) tSc;v. Phys. Sémicon&S,'427(1§93]: ' '
accounts for_the be_hawor of the electron_mobmty_m rgsponseggB. I. Sysoev, E. V. Rudnev, and V. F. Antyushin, Fiz. Tekh. Poluprovodn.
to changes in their surface concentration. Taking into ac- 5, 1871(1988 [Sov. Phys. Semicon®2, 1185(1988].

count the approximate character of the formulas used, we capB. |. Sysoev, V. F. Antyushin, E. V. Rudnev, and V. D. Strygin, Fiz. Tekh.
assume that the dominant mechanism for the surface scatterPoluprovodn21, 1310(1987 [Sov. Phys. Semicon®1, 795(1987)].

ing of electrons(in the temperature range 26300 K) in V. F. Antyushin and E. V. Rudnev, i85 Int. Wissenschaftiches Kollo-
GaSe /GaAs structures is scattering on acoustic phonons, dvium llmenau, East Germant990 p. 7.

The values for the surface mobility obtained in the ,V- ™ KOShk'h”_' Doctoral d',ssenzt'o"’ L(har kodo7d. 4
Ga,Se;/GaAs structures correspond in order of magnitude to V. F. Antyushin, T. A. Kuzmenko, and V. . Strygin, i8emiconductor

. ; . Electronics (Bulletin of the Voronezh State Pedagogic Institute, Vol. 239)
the values obtained i(AIGa)As/GaAs structures with modu- [in Russiaf, Voronezh(1985, p. 11.

lation doping, which is employed to suppress Coulombioy, g antyushin and B. I. Sysoev, Fiz. Tekh. Poluprovo, 902(1988
scatteringl.3 Order-of-magnitude differences can be attrib- [Sov. Phys. Semicon®2, 569 (1988].

uted either to the different technologies used to fabricate th&B. 1. Sysoev, V. F. Antyushin, A. V. Budanov, and A. V. Asessorov,
structures or the different methods used to measure the mo-Poverkhnost(4), 115(1993.

o . . 12 i 7
bility. As a whole, the results of this work attest to the suit- > Kawaji, J. Phys. Soc. Jp7, 909 (1969. _
. . . 184, L. Stamer, A. C. Gossard, W. Wiegmann, and K. Baldwin, Appl.
ability of Ga,Sey/GaAs structures for creating electridalr Phys. Lett.39, 912 (1981).

microelectroni¢ devices with charge coupling in an electron
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Quantum magnetotransport is investigated in a series of selectively gelype

(Ge,_,Si,/Ge) X N multilayered structures with Ge layer widths from 100 to 250 A in fields up

to 35 T at 1.5-4.2 K. The plots of the magnetic-field dependence of the longituding) (

and Hall (o,,) magnetoresistance, as well as the ratio between the oscillation periods in strong and
weak fields, vary significantly in samples with wide Ge layers @i with a high density

of the two-dimensional gas. These features can be attributed to the participation of an additional
subband in carrier transport. It follows from calculations of the structure of the Ge valence

band under the conditions of size quantization and quantization by a magnetipgeidrmed in

the approximation of an infinite rectangular potential ywéilat the additional subband can

be the second heavy-hole quantum-well subband. Estimates of its population correlate with the
experimental manifestations of the participation of the additional subband in
galvanomagnetic phenomena. 98 American Institute of Physids$1063-782808)02006-1

Investigations of quantum magnetotransport in systemsess of the barrier remained on both sides of each barrier.
with potential wells of different widths, ranging from small The number of periods in the superlattid¢)(and the tech-
to fairly large values, permit the tracking of the transition nologically assigned thicknesses of the layers in the
from two-dimensional2D) to three-dimensional conduction samples investigated are listed in Table I. The table also
in the objects studied. This transition reduces essentially tpresents the values of the hole Hall conductivityobtained
the populating of upper size-quantized subbands of the pdn a weak magnetic field and the values of the hole concen-
tential well. Numerous studies of this kind have been carriedration p3™'F determined from the positions of the minima of
out. Among them, we can single out the investigations ofp,,(B) in a strong magnetic field, as well as the values of the
parabolic quantum wells with selectively doped barriers inFermi energy and o8, i.e., half of the deformation gap. The
Ref. 1, where it became possible to proceed to very widdatter were estimated from the hole concentration and effec-
potential wells 1000 A or morg without destroying the tive mass, which were determined from the period and
guantum Hall state. temperature-induced damping of the oscillations in weak

However, these studies have heretofore been carried omagnetic field. The shape of a double cross was imparted
mostly in systems with an electronic type of conduction. Into the samples by etching. The contacts were formed by ther-
this paper we attempt to elucidate possible details of thenocompression. The measurements were carried out in con-
behavior of a quasi-two-dimensional hole gas in a wide postant and pulsed magnetic fields at-14.2 K.
tential well. The plots of the magnetic-field dependence of the Hall

The longitudinal p,,) and Hall (o,,) magnetoresistance resistance of the samples investigated exhibited plateaus of
of Ge/Gg_,Si, multilayers, which were grown by a gas- the quantum Hall effec{Fig. 1). After recalculation for a
transport method and have the struct(@(111) substraty  single layer, i.e., after multiplying the measured value of the
(1.8.um Ge buffer layey/(0—1.6-.um Ge_,Si, buffer  Hall resistance by, i.e., the number of superlattice periods,
layen/Nx (Ge/Geq _,Si,), were investigated. The biaxial the values corresponding to an integer quantum Hall effect,
mechanical stresses in the Ge layers can be varied by varying., p,,= h/ie?, where the filling factoii takes integer val-
the ratio between the Si fractiory) in the Gg _,Si, buffer  ues, are obtained at the center of each plateau. At strong
layer and the fraction in the superlattice) (In the structures magnetic fields there are distinct plateaus withl and 2 for
investigated the value of was equal to approximately all the samples investigated. The presence of a plateau with
0.07, and the mean fraction of Si in the superlattice was=1 means that, first, all the Ge layers of the multilayered
x=0.04—0.05. In the superlattice the thicknesses of the Gesystem are identical and participate equally in current trans-
and Geg_,Si, layers were approximately equal. The centralport and that, second, each Ge layer contains only one layer
part of the Ge_,Si, barriers was doped with boron to a of the two-dimensional hole gas. The latter indicates that the
concentration of~10'® cm™3, while undoped layerg¢spac-  bending of the well bottom is not so great that the gas of free
ers with a thickness approximately equal to 1/4 of the thick-carriers in the well would separate into two isolated layers

1063-7826/98/32(6)/8/$15.00 649 © 1998 American Institute of Physics
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TABLE |. Parameters of the test samples.

Number of superlattice s pQHE, Layer Sy Er—E,, Er—E
Sample periodsN e/ (V-s) 10" cm 2 thicknessd, A S meV 5, meV psd? E.-E;
| 90 14 000 4.9 125 2.2 8.0 10 0.8 0.5
1l 27 10 000 2.8 200 2.3 7.0 4 1.1 1.2
1l 15 14 000 3.4 2035 3.1 7.7 5 1419 1.4
[\ 90 15 000 4.8 220 3.4 7.2 10.5 2.3 1.6

Note: The technologically assigned values of the layer thickmease presented. The valake=235 A for sample 1l was obtained by fitting the calculation
to the experimental data.

concentrated in triangular potential wells next to each of the8) correspond to the midpoints of thg,(B) plateaus and
potential walls of the well. If such separation would occur, are arranged periodically with respect to the reciprocal mag-
there would be twice as many 2D layers of free carriers thametic field 1B. However, the periods in strong and weak
layers of Ge in the system, and when the Hall resistancéelds differ. In a strong field, where all the Landau levels are
measured directly in the experiment is multiplied by theseparated from one another by mobility gaps, the positions of
number of superlattice periods in the sample, for the firsthe minima and their period in the reciprocal field are deter-
plateau on the strong-field side we would have notmined only by the density of the 2D gas and do not exhibit
Pxy=25.8 K= h/e?, but a value two times smaller. The ap- any dependence on the specific form of the pattern of levels:
pearance of a plateau witk=1 for all the samples removes

any uncertainty in the identification of the features observed [A(1/B)] l=hp,/e.

and allows us to associate each plateap,gfand the corre-

sponding minimum obp,, for a magnetic level with a defi- In a weak field the ordered merging of the levels can
nite ordinal number. Here the manner in which the magneticause the period of the oscillations observed to differ and to
levels are grouped into quantum-well subbands does not plagepend on the relative positions of the levels. In the simplest
any role. Therefore, to assign such numbers, all the magnetitase, where the Landau levels form a single series of spin-
levels must be numbered consecutively, without regard teplit levels, the ratio between the periods in strong and weak

their affiliation with different quantum-well subbands. fields equals 2:
The minima on the measurgg,(B) curves describing
the magnetic-field dependence of the resistafiigs. 2 and Sy/S =2, Sy =AM/A(1/B),
Jor
t=1 I I
i1
za.-
G
x
?
= 2
v
101 3
4
- 5
95—
L [ 1
0 10 20 30

FIG. 1. Dependence of the Hall resistivity, of samples on the magnetic fieRl Inset — energy diagram of the structures investigated and model of the
potential well. The Roman numerals on the curves correspond to the numbers of the samples in Table I.
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whereM is the number of the minimum when all the minima
observed are numbered consecutively with an increment of 1
from strong fields to weak fields. This is due to merging of
the spin sublevels and actually means that in a weak field the
minima must be numbered with an increment of 2, rather
than 1, since twice as many states correspond to an unsplit
level. The deviation of this ratio from 2 points to a different
pattern of levels. It most probably means that another series
of Landau levels, which is associated with another subband
located at a deeper position in the band, is superimposed on
the principal series. Since the second series corresponds to
oscillations separated by larger distances along the field axis,
just this series will dominate in weak fields, and the value of
0 25 7.0 15 2.0 S, corresponding to it will be smaller tha®,/2. In the va-
B/8, lence band of Ge the second subband can appear either as a
result of splitting of the band in an asymmetric potentiaio
FIG. 2. Magnetic-field dependence of the normalized Hall resistpfly. ~ series of levels corresponding to different masses that origi-

The Roman numerals on the curves correspond to the numbers of thﬁ‘ate from almost the same pc)inor when the second
samples in Table I. The amplitudes of the peaks are normalized relative to

the amplitude of the largest peak. The magnetic fjccorresponds to the quamum'we" SUbband is filletwo similar series originat-
position of the minimum with the numbe =2. ing from different points on the energy axis

2.5

P kQ

E, meV

ol d=1254 , &= 10me¥

A
0 10 20 30
8,7

FIG. 3. Magnetic-field dependence of the quantum Hall effect and the magnetoresistance in relation to the calculated pattern of Landau levels for several
samplesa — |, b — II, ¢ —IIl. The energy-level diagrams contain only the lowest levels of the second heavy-hole quantum-well subband. The behavior of
the Fermi level is indicated by the thick line. Inset in Fig. 3c — dependengg,0B ) in oblique fields.
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FIG. 3. (Continued.

The oscillations ofp,,(B) in the quantum wells of the identification of the minima op,, at strong magnetic
p-Al;_,Ga /GaAsp-Al;_,GaAs heterostructures were in- fields permits a graphic illustration of the differences in the
vestigated in Ref. 3, and the val$ /S =2 was obtained values of Sy/S, for different samples. Figure 4 presents
for wells with widths of 50 and 100 A, but this ratio was plots of the dependence of the peak numideon the mag-
equal to 3.3 for a 200-A well. It was concluded on the basisnetic fieldB, which characterize the values$f | . For each
of this finding that a wide well with a hole densify;=5  sample the field was recalculated relative to the position of
x 10t cm™2 behaves like two heterojunctions connected inthe minimum withM=i=2. Such a relative scale of mag-
parallel with corresponding asymmetric triangular potentialnetic fields permits elimination of the differences associated
wells and that the deviation of the ratio between the oscillawith the different densities of the hole gas in the samples. In
tion periods from 2 is attributable to splitting of the valencefact, in Fig. 4 the straight lines practically coincide at strong
band in the asymmetric potential. Unfortunately, data on thdields. Conversely, at weak fields the slopes of the straight
Hall effect were not presented in that paper. lines differ appreciably. For the samples with relatively nar-

Among thep-Ge, _,Si,/Geh-Ge, _,Si, samples that we row wells the slope of the straight lines corresponding to
investigated, values dB, /S, close to 2 were obtained for weak fields is close to 1/2 of the slope of the straight lines
two of them (see Table), and values greater than 3 were corresponding to strong fields. For the samples with wide
obtained for the others. Since all the magnetic levels arsvells, despite the limited number of experimental points, it is
resolved in very strong fields, the values of the filling factorclearly seen that the slope is significantly smaller. It can be
determined from the quantum Hall effect can be used here tooncluded on the basis of these data that the Fermi level
number the minima of the longitudinal magnetoresistanceeached a higher-lying subband in samples 11l and IV.

Pxx- The minima with such numbers will be physically If the Fermi level is located above the bend of the well
equivalent in different samples. Such a lack of ambiguity inbottom, the influence of the asymmetry of the potential on
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the hole energy spectrum will be significantly weaker than in
the case of a Fermi level lying within the triangular potential
wells at the opposite boundaries of the layer. Then it is natu-
ral to assume that the new subband manifested in the experi 10
mental data is essentially the second quantum-well subbant
for a symmetric well. We shall obtain approximate estimates
of the positions of the quantum-well levels after replacing
the real potential well by a rectangular, infinitely deep well
of the same width{see the inset in Fig.)1 sF
According to Ref. 4, the quantum-well levels of the va- §
lence band in an infinitely deep rectangular potential well of
depthd form two series of levels for heavy and light holes:
EM =372%2n2/2m;, ,d?, n=1, 2, ... (the energy axis is di-
rected downward in the valence ban8ince the heavy- and 2F
light-hole masses in Ge differ by about sevenfold, the first
guantum-well level of the light holes is approximately two

dpon
[T~

i 1 ]

times higher than the second heavy-hole quantum-well level ,
(this is the situation in the absence of deformation, while in
its presence the deformation gap must be added to this dif-

o}

6 10
(1/8)/(1/8,}

ferencé. Therefore, if the experimental data point to the par_FIG. 4. Diagram characterizing the oscillation periodgg@f in strong and

ticipation of an additional subband in magnetotransport, it is

weak fields;M — consecutive oscillation numbers. Integer valuesivbf
correspond to minima ofp,,, and half-integer values correspond to

very likely that it is the second .h_eaVY'hme quar_]tum'we”maxima. The magnetic fields have been recalculated relative to the position
subband. Let us assess the conditions for populating it whesf the minimum withM =2 for each sample.
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B=0. For a simple parabolic isotropic band with a heavy-can be expected that the simplified calculations will reflect
hole massn=m;,, we obtain the main features of the real spectrum, since, first, quantum
Hall states withi=1 are observed for each Ge layer as a

(Er—E1)/(Ep—Ey) = (mh°ps/m)/ (3m°A%/2mc?) o« pd®. whole and, second, the valence-band offset is at least two
However, we must take into account the complicated forntimes greater than the Fermi energy. In Ref. 7 the model of a
and strong anisotropy of the hole subbands due to spatigiectangular well was used to analyze the pattern of hole mag-
confinement in a two-dimensional lajend uniaxial defor- netic levels even in a unilaterally doped heterostructure
mation. We performed such estimates for the valuegEof known to be asymmetric. Quantitative agreement with ex-
determined in Ref. 2 on the basis of experimental data angeriment was obtained for structures with a density of the
obtained hole gas of the order of 3 cm 2. In our structures the
_ density of the hole gas was-34 times higher, but the po-

m=mi" =k *(G*E/ oK)~ =0.5mp. tential wells were symmetri¢since the barriers were doped
As can be seen from Table I, the valuesmfi> and Er ~ Symmetrically from both sides of the wgll
—E,)/(E,—E;) and the values oB,/S, obtained in our The calculation method was described in detail in Refs.
measurements for all the samples investigated increase idefi-and 9. Actually, it is a generalization of the D’yakonov—
tically. The ratioS, /S, increases dramatically when we go Khaetski theory’ to the case of the presence of a quantizing
from sample Il to sample IlI. As follows from the remarks magnetic field perpendicular to the layer. The magnetic lev-
made above, such an abrupt increase in this ratio most prolgls were calculated for the Kohn-Luttinger<4 Hamil-
ably point to the beginning of the populating of the secondtonian in the isotopic approximation. When the zeroth
subband. According to our estimates, the increase in theoundary conditions are imposed on the wave function, the
value of E-—E;)/(E,—E,) from 1.2 to 1.4 corresponds to solution for each of the values of the magnetic quantum
this transition, i.e., the sharp change in the ratio between theumberP=0,1, ... reduces to two independent systems of
oscillation periodsS,,/S, is observed when the Fermi level equations for the symmetric and antisymmetric states, which
enters the second heavy-hole subband. Therefore, the hig reflected in Fig. 3 in the use of the letteyandc in the
pothesis advanced above regarding the participation of spéotation for the levels. A simple analytic solution can be
cifically the second heavy-hole quantum-well subband irobtained only for the minimum value=—1 as a result of
magnetotransport seems perfectly realistic, and the model dfuncation of the Hamiltonian to>41:
a square well is sufficiently equivalent to the real situation. . 2.2 2

While thep,,(B) curves for the all the samples are simi- En(P=—1)=m"%"n"/2myd
lar at strong magnetic fields and contain plateaus witil _ +heBImo[ (y1+ 1)/2— (32) %] — &,
and 2, the structures of these curves below the plateau with
i =2 differ strongly(Fig. 1). For samples | and I, the next wheren=1,2,...;y4, v, andx are the Luttinger parameters,
plateau after the one with=2 in the weak-field direction is andm, is the free-electron mass. Each of the systems yields
the plateau withi =4, and other plateaus with even filling an infinite nhumber of solutions corresponding to different
factors are dominant. For the other two samples, viz., lll andjuantum-well subbands. As the levels obtained from one
IV, the next plateau after the one with=2 is the plateau system of equations move with the magnetic field, effects of
with i =3, and the plateau with=4 is absent. These differ- the repulsion of these levels become apparent, especially at
ences can be seen more clearly in the structure of tie) their anticrossing points. The complete notation for a level in
curves, whose maxima have amplitudes that correlate witlig. 3 includes the value oP, the letters or c already
the dimensions of the corresponding plateaup,9{B), but  mentioned, and an index, which indicates the position of the
the monotonic background is almost absés#e Fig. 2 In level in a sequence of levels having identical quantum num-
this figure, as in Fig. 4, the magnetic fields for each samplders with increasing energfo remove any ambiguity, the
have been divided by the value of the field at the minimumsequence of levels in very weak fields is indicatetihe
with i=2 to eliminate the differences caused by the differ-letter in the notation is omitted for levels wifh=—1.
ences in the density of the 2D gas. We note that radical The calculations were performed for the parameters of
differences in the structure of the curv@s., the presence or Ge: y;=13.4, y=(y,+ v3)/2=5.0, and»= 3.4 (Ref. 5 and
absence of features with definite valuesiofnd the ratio various values of the well width and half of the deformation
between their amplitud¢sare observed specifically in the gapd. The results of the calculations are compared with the
samples for which a ratio between the oscillation periodexperimental curves in Fig. 3. The behavior of the Fermi
S, /S, #2 was obtained. Therefore, this property, like thelevel as a function of the magnetic field is shown for infi-
ratio Sy /S, , is most probably associated with populating of nitely narrow Landau levels and a constant total hole con-
the second heavy-hole quantum-well subband. centration. In this case at the field valuBs=(h/e)(ps/i),

The pattern of the magnetic levels in the valence band ofvhere there is complete filling of an integer number of mag-
Ge in the potential well is needed to analyze the magnenretic levels, the Fermi level jumps to the neighboring level.
totransport in the quantum Hall regime. Detailed self-As is seen from Fig. 3, the plots of the magnetic-field depen-
consistent calculations with consideration of the real profiledence of the & and 3, levels contain a discontinuity. An
of the well would be a cumbersome tdsk.is significantly  analysis of the wave functions at strong magnetic fields dem-
simpler to perform such calculations within the familiar onstrates that they belong to the second heavy-hole quantum-
model of an infinitely deep rectangular well. In that case itwell subband and that in the absence of anticrossings with
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the corresponding & and 3, levels they should have sence of the feature with=4 can be reflected in the calcu-
reached the position of this quantum-well level wigr:0,  lations only in a narrow range of values df In fact, the

as occurs for the-1, magnetic level. Levels with different energy of the quantum-well level in the well should be de-
quantum numbers cross without repulsion. As will be seerscribed approximately by ad? law; therefore, upon a small
below, the presence of crossings of the magnetic levelsshange in the value ofl, the level crossing point moves
which become possible because of the superposition of levaway fromB,, and the Fermi level must pass through a gap
els of the second subband on levels of the first subbands it moves from level to level &,. In other words, the
creates a fundamentally new situation, which is reflected irpassage of the Fermi level through the level crossing point at
the experimental results. The higher-lying levels of the secB, is accidental. Therefore, sample IV with a similar se-
ond subband are not shown in Fig. 3 to avoid cluttering thequence of levels exhibits a the weak feature withd. The
figure. inset in Fig. 3c shows how the feature with 4 reappears in

As follows from the calculations, for sample | the Fermi sample Il as the magnetic field is rotated by an angle
level is found in the first subband over the entire range ofelative to a normal to the plane of the layer. Consequently,
fields(Fig. 33, i.e., all the processes determining the kineticsas the sample is rotated, the level crossing point moves away
unfold within one series of Landau levels. This also accountérom B,cosé as the sample is rotated.
for the simple structure of the experimental curves and the Thus, we attribute the experimental result thgy(B)
value of S, /S, close to 2. The pattern of levels resemblesandp,,(B) curves of totally different form were obtained for
the pattern for a simple nondegenerate bdng) (n the case samples of the sameGe, _,Si,/Gep-Ge, _,Si, system with
of weak spin splitting; therefore, the features with even fill-small differences in the structure, composition, and carrier
ing factors dominate. concentration to the high sensitivity of the experimental re-

In sample Il the Fermi level partially brushes against thesults to the relative positions of the Fermi level and the
lowest Landau level (&) of the second heavy-hole quantum-well subband. Can this conclusion be influenced by
guantum-well subband as it jumps from level to le(lg.  the fact that the simplified model of a rectangular potential
3b). In weak fields such inclusion of a new subband in mag-well was employed in the analysis? One of the principal
netotransport is manifested by a small decreas® inHow-  manifestations of this difference is the disappearance of the
ever, the relations between the dimensions of the steps on tlieatures orp,,(B) curves corresponding to some values of
plot of EE(B) in strong fields remain the same as in samplethe filling factori of the magnetic levels and the appearance
I; therefore, the structure of the experimental curves in stron@f features for other values ofas we move from the samples
fields remains practically the same as in sample I. This isn the upper rows of Table | to the samples at the bottom.
consistent with the value ofE-—E;)/(E;—E;)=1 ob- The existing ideas regarding magnetotransport in the quan-
tained for this samplésee Table)), i.e., when the new sub- tum Hall regime allow us to attribute this behavior only to
band first begins to be populated and strong manifestationthe closing or opening of mobility gaps between the corre-
of this process are not yet observed experimentally. sponding magnetic levels.

The situation is radically different in samples Il and IV, 1. If the analysis is performed for the series of magnetic
where the Fermi level moves along Landau levels of thdevels of only one subband, to explain the significant changes
second subband over a considerable part of the range of magbserved, it would be necessary to postulate radical regroup-
netic fields investigated@ig. 30. The lowest level (8,) of  ing of the levels in that series. For an ordinary nondegenerate
the second subband runs between the second and third mdgs band this would correspond to reversal of the relation
netic levels (2, and ;) of the first subband, dividing the between the spin and cyclotron splittings of the levels. It
gap between them in two. As a result, a situation in whichwould be even more difficult to account for the presence or
three completely filled Landau levels, rather than two orabsence of individual features, rather than the even or odd
four, are separated from the next level by a fairly large gagseries as a whole, as, for example, the absence of the feature
becomes passiblesee step 3 on the plot &g(B)]. For just  with i=4 in sample Ill and its presence in sample IV. Then
this reason, a feature corresponding to the filling factoiit would be necessary to assume that only one magnetic level
i=3 appears on the experimental curves. The step witln the series is displaced by an energy of the order of the
i=4 on the plot ofE(B) can appear in a field in which the cyclotron energy upon passage from one sample to another.
lower (completely filled and upper(unoccupiedl levels  The increase in the ratio between the oscillation periods from
cross, but, as a result, the height of this step will be vanishS,, /S, =2 to 3 or more in samples Il and IV remains totally
ingly small, and the features wiik=4 will not be displayed inexplicable, since it would then be necessary to assume that
on the experimental curves. In our calculations such a situathe levels of an individually taken series form groups of
tion arises when the well widtti=235 A, which exceeds the three. There are too many unfounded assumptions, but we
technologically assigned valuk=200 A. The difference be- can dispense with them, if we accept that the Fermi level
tween the calculated well width and the technologically asteaches a new subband in samples Il and IV.
signed value can be attributed to the approximate character 2. Let us consider an alternative in which we acknowl-
of the calculations. In addition, the real width of the Ge edge the presence of an additional subband, but we assume
layers can differ from the nominal valusuch a situation that its nature is associated with the splitting of the band in
arose, for example, in Ref)6Therefore, it is advisable to the asymmetric potential that appears because of the bending
measure the real width of the Ge layers using transmissioof the well bottom. Here a comparison can be drawn to the
electron microscopy. We find it very interesting that the ab-results of the detailed self-consistent calculations of mag-
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netic levels in Ref. 6 for a potential well known to be asym-in our experimental results. Clearer manifestations of the fea-
metric, which was obtained by unilateral selective doping oftures of the valence band can be expected either in experi-
the barrier. It follows from these calculations that even forments that permit obtaining high resolution in the narrow
asymmetry of the potential known to be greater than in ouranges of magnetic fields corresponding to anticrossings of
case, the splitting of the heavy-hole subband becomes apprievels of different subbands or at populating of the upper
ciable only at energies greater than about 40 meV, whiclsubbands high enough that the Fermi level would surpass the
significantly exceeds the valu&E-=7-8 meV in our gap between the split-off bands of the heavy and light holes
samples. Therefore, we believe that our analysis of the modéi.e., at large densities of the two-dimensional hole gas or a
of a square well permits drawing perfectly realistic conclu-larger well width.
sions, particularly regarding the decisive influence of the sec- We thank G. M. Min’kov and A. V. Germanenko for
ond heavy-hole subband on the experimental results. Gheir computer programs.
course, the bending of the well bottom causes some changes This work was supported by the Russian Foundation for
in the energy differences between the quantum-well levelsFundamental ReseardfProject No. 95-02-04891and the
However, this leads to quantitative refinements, not to &ussian Scientific-Technical Program on Nanostructure
change in the essence of the phenomena. Physics and TechnologyProject No. 95-1006
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Elimination of the electron-phonon interaction in superlattices in a quantizing magnetic
field
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Novosibirsk State Technical University, 630092 Novosibirsk, Russia
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The energy and wave-vector conservation laws impose rigid constraints on the possible electron-
phonon interaction processes in a superlattice immersed in a quantizing magnetic field

directed along its growth axis. If the width of the Landau subband is smaller than the maximum
energy of an acoustic phonon in the superlattice, single-phonon intraband scattering

becomes impossible for all electron states in the subband considered. Therefore, the phonon
contribution to the electron scattering processes can become negligible in superlattices with a large
period in the presence of a quantizing magnetic field. 1998 American Institute of
Physics[S1063-78208)02106-1

1. INTRODUCTION e(k)=go—2A(a)cogka), 1)

Since the resistance of a conductor is stipulated by th¥/Nereeo is the energy of an electron in an isolated atom,
scattering of charge carriers on phonons and crystal-lattic(2) is the real overlap integral of the atomic wave func-
defects, these processes must somehow be suppressedt'%‘s’ andk is the wave vector of an electron in the chain of
achieve the nondissipative flow of an electric current in a0ms. In a one-dimensional chain of atoms the energy and
conductor. While defects can be practically eradicated b)yvave—vector conservation laws for the single-phonon scatter-

!
using modern technologies for fabricating semiconductofNd Of an electron from state to statek” have the form
structures, it is considerably more difficult to eliminate scat-  ¢(k)+Aw(q)=e(k’), k'=k=q, 2)
tering on phonons. It was believed for a long time that the )
phonon scattering mechanism can be suppressed by lowerif§1€red is the wave vector of the phonon,
fche te_mp_erature of the condL.Jc.to.r. Comparatively recent . (q)=wo|sin(qa/2)| 3
investigation$ have shown that if it is possible to purposely | _ ) _
alter the energy spectrum of the electrons in a crystal using % the frequency of an acoustic phonon, asglis the maxi-

sufficiently large number of controllable parameters, zerdnUM fréquency of an acoustic phonon in the chain of atoms.
values of the electron-phonon coupling constants can b@fter (1) and (3) are substituted int@2), the conservation

achieved for some electron states and the interaction of th&WS (2) take the form

electrons in these states with phonons can thereby be elimi-  4A(a)sin (k+q/2)a]sin(qa/2) =% wy|sin(qa/2)|,  (4)
nated. The recently revealed possibility of fabricating artifi- , . )
cial crystalline structures with assigned parameters for thd/here the plus and minus signs correspond to absorption and
energy spectrum of the charge carriers has created a qualitgMission of the phonon by the electron. If the maximum
tively different possibility for suppressing the electron- €nergy of an acoustic phonar=#w, exceeds the width of
phonon interaction: An idea has been advanced that the p#€ conduction bands =4A(a), Eq.(4) has only the trivial
rameters of the band structure should be selected in suchS®lution g==2mm/a (m=0,1,2...), which corresponds
way that the energy and wave-vector conservation law$0 displacement of the crystal as a single unit and does not
would forbid the scattering of electrons on phondis will  alter the interatomic distanee Thus, the criterion for elimi-
be seen below, in a superlattice with a fairly narrow conduchation of the single-phonon intraband mechanism for the
tion band immersed in a quantizing magnetic field directecfcattering of electrons on acoustic phonons has the form
along its growth axis the conservation laws forbid single- ~
; . . . Ae<e. (5)

phonon processes involving the intraband scattering of elec-
trons on acoustic phonons and thereby lead to the disappedtience it follows that the contribution of the single-phonon
ance of phonon scattering in the first order. processes to the scattering of charge carriers for all the elec-

As a model problem, let us preliminarily consider a one-tron states of the band under consideration vanishes in crys-
dimensional chain of atoms with a periad The energy of talline structures with a narrow conduction band, i.e., a value
an electrore in such a chain is specified in the tight-binding of Ae which satisfies the criteriof6). However, when the
approximation by the relation conduction band is very narrow, the multiphonon processes

1063-7826/98/32(6)/2/$15.00 657 © 1998 American Institute of Physics
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can become significant, and they ultimately lead to instabilityr <a, the overlap integral of the wave functions of neighbor-
p

of an electron band state toward the formation of a condenng s-doped layersA(a)~zexp(-a/r). Thus the Landau

son, i.e., a state of the polaron type, which is created by thgubband widthAs~s_exp(—a/r) and the effective mass

interaction of an electron with acoustic phondn%The con- in the subband along the, superlattice growth axis

dition under which the multiphonon processes can be disre- ) ) ) o ) )
garded is m=rh</A(a)a -~ (h-/a“e)exp@l/r). Since the superlattice

period significantly exceeds the atomic period of the crystal,
Ae>e,, (6) the elastic properties of the superlattice are determined
mainly by the elastic properties of the original semiconduc-
tor crystal, and for this reasoa=#cw/a, wherec is the

in all the foregoing arguments we assumed that there is ngpeed of sound in the crystal. Taklr?g Into a‘?cogm the argu-
interband electron scattering. This assumption corresponds f§eNts presented above, we can write the critgsia(7) for

a phonon energy which is small in comparison to the width® superlattice in a quantizing magnetic field as follows:

gq Of the gap separating the conduction band from the

higher-lying energy bands and is valid at values of the tem-

peratureT which satisfy the condition (s_a/wch)exp(—a/r)<1, 8a)

exp(—sq/T)<1. 7)

wheree,~EZ2/\a (E is the deformation potential constant,
andA is the elastic modulus of the chain of atomBinally,

Thus, simultaneous satisfaction of the critef@®—(7) is _
needed for the complete suppression of electron-phonon 0.5(3E%/16amlf\e)?exp2a/r)<1, (8b)
scattering in the first order.

It is not difficult to see that the model situation consid-
ered by us can be realized in practice in a concrete physical
object, viz., a superlattice with a large period immersed in a
guantizing magnetic field directed along its growth axis. In
fact, in the quantum limit, where electrons fill only the first
Landau subband, the quantizing magnetic field ensures th€learly, the criterion8c) for the absence of phonon scatter-
quasi-one-dimensional character of the electron energy speing between Landau subbands is virtually equivalent to the
trum described by1), and the fact that the superlattice has arequirement that the magnetic fighl be quantizing. In fact,
large period permits the achievement of a small Landau sulyo observe quantization of the energy of electrons in a mag-
band width which satisfies the key criterion for the effeCtnetiC 'f|e|d7 the thermal spreading of the energy levels must
under discussion, i.e., the inequaliy). To analyze the ef- pe significantly smaller than the distance between the Lan-
fect in greater detail, we concretize the problem by considyay sybbands. As fdBa) and(8h), these criteria can always
ering a superlattice formed b§-doped impurity layers in & e gatisfied by fabricating a superlattice with a sufficiently
semiconductor crystal. In _th's case the quapﬁ@ym (1) is large value of the period. Substituting into(8a)—(8¢) the
ItgtiiSenf)regr)i/ogf,Aa(g)eli(secttr:gnoLlﬁzfp?Fi)rigglj?gleg?tlhseﬂ\:veaigas:l_c- characteristic values for semiconductor materials 10i

cm/s, A~ 10" erg/cn?, E~10 2 erg,r~10"° cm, ande

tions of electrons in neighboring-doped layers, ank is the 14 . L L0
wave vector of an electron in the Landau subband directed’ 107" erg, we find that the criteria for the elimination of

along the superlattice growth axis. As will be seen from thePhonon scatteringga—(8c) can be satisfied in a quantizing
arguments below, realization of the effect under discussiof@gnetic field whera~10"> cm, which corresponds to a
requires that the superlattice periadsignificantly exceed Width of the superlattice conduction badd:~10"° eV,
the atomic period of the crystal. This ensures that the overlap
integral A(a) is small and that the tight-binding approxima-
tion, which was used to derivd), is valid. In the presence
of a quantizing magnetic fieldl, the characteristic electron- )
phonon interaction eneréxscz 2m(352/16ﬁ Wla)\)z (IH iS 1o. V.. Kibis and M. V. mtin, Fiz. Tekh. Poluprovodn28, 584 (1994
the magnetic length, anuh is the effective electron mass in ,[Semiconductor&8, 352(1994). . .
the direction of the magnetic fielth), and the interband sot'ra\é'ts?;:lzlgs?;@d ;;Zifgoiinfg;%nf/ilog Spengllconductor prsics: At
distancee is the distance between neighboring Landau sub-3y. £, peigen and S. I. Pekar, Zhkep. Teor. Fiz21, 803 (1951.
bandst wy, wherewy is the cyclotron frequency. 4L. S. Kukushkin, JETP Lett7, 194 (1968.

Let the 5-doped layers consist of atoms which form shal- 0. V. Kibis and V. S. Shadrin, Fiz. Tekh. Poluprovodi, 185 (1987
low impurity levels in the band gap of the semiconductor [S0v- Phys. Semicon@l, 113 (1987,

. : V. Kibis, Fiz. Tekh. Pol 29, 125(1 i t
crystal. The parameters of such impurity atoms are well 26 (199';']3’ iz. Tekh. Poluprovodre9, 125(1895 [Semiconductor&s,

7 . . .
known" and are characterized by the energy of the impurity 7 m. stonehamheory of Defects in Solids: The Electronic Structure of
level e and the localization length of the impurity wave func- Defects in Insulators and SemiconductoiGlarendon Press, Oxford

. — . . 1975 [Russ. trans., Mir, Moscow1978].
tion r~+#A2%/2m* e, where m* is the effective mass of a (1979 { wo78]
charge carrier in the semiconductor crystal. Therefore, whemranslated by P. Shelnitz

exp—hoy/T)<1. (80
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The density and electron trapping cross section of deep states in sffidoped GaAs were
investigated by means of measurements of the voltage and temperature dependences of

the impedance of a Schottky contact to the structure. It was observed that density-of-states tails
appear in the band gap when the silicon density indHayer exceeds 8 10'2 cm™2.

In our structures the energy characterizing the penetration depth of a tail was in the range
20-100 meV. The characteristic electron trapping cross section of deep stétésyers was of

the order of 1017 cn?. It was shown that saturation of the electron density indHayer

with increasing Si density is due to self-compensation of Si. 1998 American Institute of
Physics[S1063-782808)02206-9

1. INTRODUCTION 2. THEORY

The study ofs-layers started in 1980, when the first ~ Let us consider the specifiper unit arep weak-signal

structures containing such layers were fabricatétbst ex- impedance of a Schottky contact to a structure containing a

perimental and theoretical studies in this field dealt with the>-doPed layer. Let thé-layer lie in thex=Xx, plane and the

investigation of the properties of mobile charge carrisee Shcho;tkfy contadct ifr: the’h:é? plani(see Fig. 1 (\jNe assume
the review in Ref. 2 in a é-layer and the conditions under ]E at | edore Zn 'tﬂ ehr t” i adyer the s_tl;]psrcor) uc:]qrr:s uni-
which very narrow impurity distributions were realizéd. ormiy doped with shatow donors wi .ensmyw ich are

. ; . L . . completely ionized in the temperature interval of interest to
Since the impurity density in &-layer is usually high, deep us. Deep states with densigfz) are present in the plane of
states in the band gap should exist in it, just as in a strongly, P P b

. ) . * SUONG o-layer. Leto, be the constant component of the electri-
doped bulk semiconduct8rThe importance of investigating cal potential at t%e surface of the semiconductor agcbe

these states is obvious, since the frequency dispersion of tf{ﬁe amplitude of the variable component, varying in time as
conductivity in semiconductor devices withtlayers (field- . ~ ' .
y yers( expiwt; were pg<< ¢y. We shall denote the amplitudes of all

effect transistors, photodetectors, and otheen be deter- variable quantities by letters with a tilda. We take as the

mined by their charge-transfer times. Saturation of the SUlteference point for the potential its value in the bulk of the
face density of current carriers at the levek 30'?— 103

T, . : . . _semiconductor. The impedance of the system can be ex-
cm™ < with increasing Si density has been observed in Si . .~ . . L
pressed in terms of the ratio @f, to its coordinate derivative

5-layers in GaAs8 Two mechanisms were proposed in or- =~
der to explain this phenomenon. In the first one saturatiorfo-

was attributed to self-compensation of Gbome Si atoms

; A7 ¢
occupy Ga sites and become acceptols the second 7= am @:(C_Hwe)*l’ (1)
mechanism saturation was attributed to filling of DX centers %0 @
(DX centers sinking below the Fermi leyel ~, ~,
In this article we present the results of an experimental % %o _ xw o
. . . =— =, G=—IM|=—], 2
study of the density and electron trapping cross sections of 47 ®0 41 ®0

deep states in a silicoftdoped GaAs by means of measure-

ments of the voltage and temperature dependences of ti@erex is the permittivity, andC andG are the capacitance
impedance of a Schottky contact to the structure. It wa@nd parallel conductance. . .

found that density-of-states tails appear in the band gap when 10 find zwe must solve the Poisson equation

the Si density in thes-layer exceeds 810 cm™2. In our dme Lt ep
structures the energy characterizing the extent of the tails in  ¢"=——| N (T)Py), T) -
the band gap varied in the interval 20—100 meV. The char- ¢
acteristic electron trapping cross section of deep states iWwhereN,(T) is the effective density of states in the conduc-
S-layers was of the order of 6" cm™2. It was shown that  tion band,®; is the Fermi integral of indek T is the tem-
saturation of the electron density in thdayer with increas- perature in energy units, and is the chemical potential
ing Si density is due to self-compensation. A method is promeasured from the conduction-band bottom in the bulk of
posed for determining the density and electron trappinghe semiconductor. EquatidB) holds everywhere except in
times of deep states ié-layers. the planex=x;.

n|, (3

1063-7826/98/32(6)/6/$15.00 659 © 1998 American Institute of Physics
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Zs

0 X.‘ X

FIG. 1. The band diagram of a Schottky contact to a structure wiheger
with high reverse voltages. The inset shows the equivalent circuit.

The electronic states in th&layer can be divided into

Aleshkin et al.

, , 4o
¢' (X1—0)=¢'(x;+0)+ " 5
~, ~, Ao
¢’ (X1—=0)=¢ (X, +0)+ - (6)
0
o=eNs+e o(e) €, (7)
—o m—etep;
1+exl<f)

where the energy is measured from the conduction-band
bottom in the plane of theS-layer, ando is the surface-
charge density in the layer. In deriving E) we assumed
that the deep states are of donor type; i.e., they are neutral
when an electron is present, and they are positively charged
when there is no electron. If the deep states are of acceptor
type, i.e., they are negatively charged when an electron is
present, them in Eqg. (7) must be replaced by the differ-
ence

0
Ns— f_wg(s)ds.

To find o we shall examine the variation of the electron
population of deep levels lying in the interval fromto ¢
+de under the action of a variable potentia(x,,t). The
variation of the charge density of these states in time is de-
scribed by the equatioh'*

two groups: fast and slow. The electron population of the fas

states can follow instantaneously the variation of the poten- pele,o(X1,1)]—p(e,t)

tial in time. In the present system the fast states are states in p(e,t)= ,

: : h =T 7(e)

the conduction band, i.e., their energies lie above the

conduction-band bottom in the plane=x;. Since in our where 7(¢g) is the lifetime of electrons in deep states and

samples in the surface density of shallow donors in thepe(e,¢;) is the equilibrium value op(e) with fixed ¢;:

5-layer Ns>10" cm™ 2, we shall describe the fast states
. : . eg(e)

quasiclassically, i.e., we shall employ Eq(3). The slow pel€,01)=

states are deep states. We shall assume that the characteristic 14 exp( m—eteq;

extents of the electron wave functions of deep states are T

much smaller than the characteristic scales of variation of the..

®

. 9

potential, so that the charge density associated with them can

be assumed to be proportional to the Dirdefunction
S(X—X4).
Integrating Eq«(3) in the regionx>x; we obtain

~, 4meND@yf(ut+ep)T]-
¢'= , ¢,
% ¢

(4)

where

8 mteop;
Foi @), T)= 7[NCT[®3,2(7')

HnTep;
—‘I’sxz<7j)

In the relation(4) the plus sign is used ip(x;1) = ¢;<0 and
the minus sign is used ip;>0.

Integrating the Poisson equation ngar we find a rela-
tion between the derivativas’ ande’ before and after the
o-layer:

_en(‘Pi_(Pj)]-

nce

(X1, ) =1+ @1 expioT, @1<¢,Tle,

we find the following expression far from Egs.(7) and(8):

g(»s)exp(—” = e‘“)

m—etep;
e

o~
e°py [0

o=—

2d8.
l+iwr(e)]

(10

Let us examine the region<Ox<<x,. For convenience we
introduce the potentiakp, such thatN.®(u+eep,/T)
<n, (¢,<0) butp,>¢y. We note that the contact potential
difference on a Schottky contact teGaAs is approximately
0.8 V, so thatpy<—0.8 V under a reverse bias. The poten-
tial ¢, can be set equal to, for example,(u+ 10T)/e. If
¢1<¢5, then in the region & x<x; the electron charge can
be ignored and the Poisson equation becomes

, 4men
o"'=— . (11

x
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Integrating Eq(11), we find Urg=0e(pu+ep;)vNe
2menx and v, is the thermal velocity of the electrons. The third
Po= P17 X1 (X1 =0)+ ——, (12) assumption is the requirement that the conditior,<1 be
L ~ satisfied. Then Eq.17) can be integrated, and E(L8) can
©0= @1~ X1¢(X1—0), (13 be written in the form
~ o~ ~ _ 2
6=9¢'(x4—0). (14) |m(§) Ui T In] 270 1+2¢1+4/y ] 9
Because of they are unwieldy, the results obtained by inte- $1
grating the Poisson equation in the case>¢, are pre-  \where y= wryexy —(u+ep)/T],
sented in theAppendix From Egs.(12)—(14) and (A.4)—
(A.6) we find the impedance and potential at the surface as ()/3— y)Iny+ Wyz—(y+ y?’)
functions of ;. Uly)= (1422 . (20)
Let us now examine in greater detail the case where
1< ¢,, since this is the simplest case. In this case The functionU(y) has a maximum equal to 0.285 at=1.
_ Therefore,
A 1
e . (15) 5
¢0  ¢1le'(X1—0)=X; Im| —| =0.28%%g(u+eq;). (21
¢l max

It follows from Eg. (15) that the equivalent circuit of the
system can be represented as a capacit@qeex/4mx; and  Thus the maximum of Im§/¢,) is determined by the den-
an impedance; = —iwxg¢' (x,—0)/4mp, connected in se- sity of statesg at the Fermi level. We recall that the argu-
ries. The quantityC, corresponds to the capacitance of thement of the functiorg is measured from the conduction-band
GaAs layer from the surface up to tiéelayer. By virtue of  bottom in GaAs in the plan&=x;. The condition for a
Eqg. (6) we can represerd; Yin the form maximum means that the reciprocal of the electron escape
time equals the frequenay of the external signal for states
at the Fermi level.

Using the expressiof21), we can propose a method for
determiningg(e). Indeed, changing by an amounfA w at

ixed temperaturd changes the energy corresponding to
., ileo iweé? the maximum of Img/p;) by the amountAe=Tln
s =7 71 -7 [(w+Aw) ). Thereforgggs) can be found by measuring the
maximum value of Im§/¢,) at different frequencies. How-

z;'=iwCy+zt, (16)

whereC,=—x¢’ (x,+0)/4m¢, is the capacitance of GaAs
after the s-layer, andzg is the impedance of the deep states

g(s)exy{M_SJre% ever, as Ipng asy is unknown, the point of origin foe is

0 T undetermined.

X . u—e+ep; zde. (17) We shall now show howr, can be determined from
[1+iwr(e)]| 1+ ex;{f measurements of the frequency dependence of the tempera-

_ . o _ _ _ ture corresponding to the maximum of Ia(p,) for a fixed
We thus obtain the equivalent circuit shown in the inset inexternal voltage on the Schottky contact. The potential on
Fig. 1 for our structure. We note thatcan be represented as the semiconductor surface consists of the contact potential

an infinite number oRC circuits connected in paralléf. difference and the external voltagey= ¢+ ¢ey. The con-
From Egs.(1), (2), and(15)—(17) we obtain tact potential difference equals the difference of the work
~ 2 functions of the semiconductor and metal. The temperature
Re(i :|m<~i - CiGlo (18) dependence of the semiconductor work function is deter-
Zsw ¢1) (Glw)*+(C—Cy)?’ mined by the function(T), while the work function of the

metal is virtually temperature-independéhgor this reason,

for a fixed external voltage the temperature dependence of
@0 is determined byu(T). If |@o|>]|¢4|, then the variation

of ¢, with T is much smaller than that qi(T). It can be
SRssumed approximately that, is temperature-independent.
Theno, can be determined from measurements of two tem-
|d In[o(e)]/de], |d In[g(e)]/de|<T . peraturesT; and T, corresponding to the maxima of
Im(a/¢,) for two frequenciesw; and w,, which do not
differ too much, such that

i.e., the real part o, ! can be expressed in terms of mea-
surable quantities. We shall now make three additional sim
plifying assumptions. The first two consist of the require-
ment that the trapping cross section and density of stat
vary slowly with energy:

When these requirements hold, the neighborhood efu
+ep,; makes the main contribution to the real part of Eq.
(17). Then we can set |To—T1|<T1,,  oc(u+eq;)~ const.

(&)= 1oexp(—&lT), Indeed, the conditiory=1 gives the system of equations

where M(Tl)+e§Dl:_T1 |n(0'CUtNC/w1), (22)
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u(To)+e@1=—T; In(oevNe/w)). (23 6000 I |
Using the expressions far, and N, we find from Eqs(22) * x ourdata s
and (23) Ploog et al,

T=300K
27Tﬁ30)1
O~ ——5—
©omeT} —_
e @ 4000
(T)—u(To)+ Ty In(w T 01T5)
XeleMz 2 2112,(24) S
T,—T, NE o\ 156
wherem, is the electron effective mass in the conduction ©, " e ¢
band. 1‘= K188 . —
2000; «
X

3. EXPERIMENT AND DISCUSSION OF THE RESULTS i 181

Silicon-dopeds-layers inn-GaAs were obtained by the
method of organometallic gas-phase epitaxy in a horizontal ) ) ) X
reactor at atmospheric pressure in the systeniCBg), 0 2 4 6 8
—AsH;—SiH,—H,. Growth was conducted on semi-insulating
and conducting GaAs substrates disoriented relative to the N8 x 10-12.cm-2

(100 plane by 3° in thd110] direction. The growth tem-
perature Va”e‘?' in the rfange 550-700 °C. Thé'ﬂhye.r was - g, 2. Mobility u versus surface electron densNy; in the 5-layer. The
embedded by interrupting GaAs growth during the introduc-solid curve shows the dependence obtained in RefThe crosses show the
tion of the impurity. The silane flux velocity and the forma- data for samples with Si density in tidelayer exceeding & 10*?cm™2. The
tion time of the 5-Iayer were varied in order to obtain a numbers near the points correspond to the numbers of the samples in Table
) . o I

different Si density in a layer.

The epitaxial GaAs in which thé-layers were grown

had electron densityn=10"° c¢cm 3 and Hall mobility s : . .
7x10° cP/(V-s) at 300 K and greater thanxa10* ¢/ 6x 10 cm on the applied v.oltagy. It is clearly ewdgnft
from the figure that the functio€(V) has a characteristic

(V-9) at 77 K. Measurement of the density of deep levels in

it by the DLTS method showed the presence of the firsSt€P-like behavior and the cun&(V)/w has a sharp asym-

electron tragEL2 with density not exceeding bcm™3. The metric spike. The results of numerical calculations of these
basic laws of growth and characteristics &fayers have dependences are also presented here. We note that a conduc-
been published in Ref. 14 . tance spike did not occur in structures with Si density in the

2 —2 H
Hall measurements at temperatures 300 and 77 K anf1ayer below 6<10"cm 2, and the conductance is at least

measurements of the capacitai@and weak-signal parallel WO orders of magnitude smaller.

conductances of the Schottky contact at three frequencies F19ure 4 shows the observed temperature dependences
1 MHz, 10 kHz, and 1 kHz in the temperature range 77-3gcf the conductance with a fixed external voltage. It is clearly

K were performed in order to study the electrical propertiesS€€n that as the applied reverse voltage increases, the con-

of the 5-doped layers. The Schottky contacts were prepared
by depositing 500um in diameter aluminum contacts on
250 T T T
GaAs. . a0 o
Figure 2 shows the electron mobilify, versus the sur- » measur

. . [ A A TR G/, calculated
face densityN; of free electrons in theS-layer. The solid 200 —20
curve shows the dependence obtained in Ref. 5 and the dot
and crosses show the results of our measurements. Sample

with Si density in thes-layer exceeding & 10 cm 2 150+ & ¢, measured 1\ 15

25

(marked by crosségpossessed a low mobility, which, more- & C,calculated | [}
. . 3 o L
over, also increased as the temperature was raised from 77 ts T=77K

G/, pF

., . . . 100 +- 1MHz »
300 K. In addition, the electron density in them is apprecia- :

T 10
bly lower than the Si density. Density-of-states tails were ‘l a4 l&
observed in these samples. We note that saturation or even  gg oh® !
decrease of the electron density with increasing Si density in N..d*""
the S-layers was observed earlig?:** Hopping conduction i
in strongly silicon 6-doped GaAs, i.e., actually a metal— 0+
insulator transition, has recently been obseried. 0

Figure 3 shows typical observed dependences of the ca- V. Volt

pacitanceC and conductanc& of a Schottky contact t0 FiG. 3. capacitance and conductance of a Schottky contact to structure
structures with Si density in thes-layer greater than No. 158 versus the reverse voltageat T=77 K at frequency 1 MHz.

(XY T—
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30 T T T 1 computed voltage and temperature dependences of the ca-
o V=3.55Volt pacitance and conductance. We note that the sum of the
o v=3.6Volt — quantitiesN s and N gives the total density of uncompen-

v V=3.65 Voit sated donors. DX centers do not change this density; they
; instead decrease the free-electron density. For this reason, if
20 . ; X
! DX centers were the main reason for saturation of the elec-
: tron density’ then as the Si density in &-layer increases,
the total number of uncompensated donors in it would also
i increase. It is evident from the data presented in Table | that
10 : as the Si density in thé-layer increases, not only the surface
electron density but also the total density of uncompensated
| donors in the layer increase. This means that some Si atoms
i occupy As sites and become acceptors, i.e., self-
0 | | | ¢ e || compensation occurs.
" 80 90 100 110 120 We note as the quantity of Si in &layer increases, the
T K density and depth of deep states increase, while their electron
i trapping cross sections decrease. We believe that these facts
FIG. 4. G/ of a Schottky contact to structure No. 158 at frequency 1 MHz Can be explained by a sharp increase in fluctuations in the
versus temperatur@. The curves were measured for three values of thedjstribution of Si atoms when the density exceeds 1®'2
reverse voltagd. cm 2. A similar fact has been observed with beryllium
5-doping of GaAst®
ductance maxima decrease and shift to higher temperatures. This work was supported by the Russian Fund for Fun-
This character of the dependence corresponds to a continfj’-""mem"’II Research under Grants 95-02-05606 and 95-02-
ous energy density distribution of deep states. If only one’°870-
level of deep states were present in the plane ofsteyer,
then only the amplitude of the conductance maximum and- APPENDIX
hot its poszition would change as the applied reverse voltage ¢ ©1>,, then it is convenient to divide the region
increased? 0<x<X, into two subregions. The Poisson equation has the
To describe the observed voltage and temperature dggrm (3) in the regionx,<x<x, and (11) in the region
pendences of the capacitance and conductance we C°6'<x<x2. In the planex=x, the potentiakp(x,) = @,. Inte-

structed a numerical model on the basis of a theoreticaérating the Poisson equation in the region ¥<x, we find
analysis. The calculations showed that if the density of deep

states contains a pronounced péfk example, the density 5= VF(@2,¢1,T)+ (¢’ (x;—0))?, (A1)
of deep states has a Gaussian spectrum whose maximum is ~

G/, pF

separated from the conduction band edge by an amoum,:47Te¢’1 n—N.® (I‘“Le‘Pl " ¢(x1=0)¢; (A2)
greater than the dispersigrthen a clearly expressed maxi- Y2 xPy T T ®5 ' '
mum appears in the computed curves of the capacitance ver- 5
sus the applied voltage. Such maxima were not observed, men , 2
experimentally. On this basis we assume that the density of® (¢2=¢o) (@' (x,=0))%, (A-3)
deep states in our structures decreases monotonically away
from the conduction-band bottom into the band gap, i.e., it, — 4 4+ (x.—x,) 2men(X; —Xs) @é}, (A.4)
has the form of tails. For this reason, in the model the energy
dependence of the density of deep states was assumed to be ~ ~
exponentialg(s) = Ns/soexple/so), whereNs is the surface ,r_ _ 4mengo L $2%2 (A5)
density of deep states. 0 Pl Y '
Table | shows the parameters of three structures, which _
were grown at 650 °C and, which differ by the Si densities in~ ~ |27men(X3—Xs) 2menx  ~,
the é-layer. The quantitiedlg, €5, ando were chosen so as Po=%s @2| T (X1 %s) x 2
to obtain the best agreement between the experimental and (A.6)
TABLE 1.
Mn N, Mns Ns,
Sample Silj, Growth  Sidensity, cm?/(V-s) 10" cm 2 cm(V-s) 10" cm 2
No. ml/min  time, s  relative units T=300 K T=77 K Ng, 10 cm™2 gy, meV o, 107 cm 2 x;, um
156 20 50 1000 2670 15 2400 20 5 30 0.55 0.15
158 67 10 670 2200 13 2600 18 4 20 1.4 0.12

181 100 120 12000 1300 14 1040 15.6 9 70 0.4 0.43
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where
f@q de A7)
Xs=X1—Xp= , )
L e (e, )+ (9 (X1 0))2
~ ’(;11 J“Pl d(,D
Xs= ’ + ’ /2
@' (x1=0) e [F(e,01,T)+ (@' (x,—0))?]?

4me +e
<]

Xpp— QD'(Xl_O)ZD'(Xl_O)] .

(A.8)
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Electron-phonon interaction and electron mobility in quantum-well type-Il PbTe/PbS
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Electron mobilities in PbTe layers were calculated, taking into account electron scattering by
longitudinal polar optical phonons, for low-dimensional structures — multiple PbTe/

PbS quantum wells, which are type-Il structures. Comparison with the electron mobilities
obtained from Hall coefficient and magnetoresistance investigations in undoped multiple PbTe/
PbS quantum wells versus the magnetic field intensity showed good agreement between

the computed and experimental results for these structuresl998 American Institute of Physics.
[S1063-782628)02306-0

1. INTRODUCTION of the layers. For this reason, decreasing the layer thickness

The main scattering mechanisms that limit carrier mobiI-d n I_ow-dme_nsmnal structures will have the eff(_act of in-
ity in undoped narrow-gap bulk IV—VI semiconductors and creasing the mfluencg dF modes on charge-carrier trans-
their solid solutions in the temperature range important foiPOrt @ compared with boundeldO modes. In the case
practical applications 77—-300 K at&:1) scattering by polar wherelF modes dominate, this decreases the charge-carrier
longitudinal optical(LO) phonons, 2 scattering by the de- mobilities in the individual layers of a multilayer quantum-
formation potential of acoustic phonons, ang sgattering Well structure, while in the case where the bounded
due to the disordering of the alloy potential. Of these mechamodes dominate, the mobility increasesdadecreases. It is
nisms the dominant one for the present group of Semiconmerefore important to determine the relative contributions of
ductors is the interaction of electrons with polar longitudinalthe bounded O andIF modes for interpreting experimental
optical phonongzw o~160 K3 (Ref. 3], which can be results and for designing devices using low-dimensional
accurately calculated without using adjustable parametersiructures.

This type of scattering determines the maximum electron and  In connection with the large values of the static permit-
hole mobilities in undoped narrow-gap IV-VI semiconduc-tivities &5 in 1V=VI compounds (for example, in PbTe
tors in the temperature range=70 K. £s>400 atT= 300 K and increases with decreasing tempera-

In low-temperature structures size quantization influ-ture because of the softening of the transverse optical jnode
ences both the energy spectrum of the charge carriers and thtiee influence of thdF modes is effective in these com-
spectrum of optical phonons. We have therefore investigatedounds. It should appreciably change the charge-carrier mo-
scattering by optical phonons for low-dimensional structuresilities as compared with the mobility in bulk crystals, espe-
— PbTe/PbS multiple quantum welsQWs) — under the  cially in thin layers of such structures.
assumption that, just as in bulk narrow-gap IV-VI semicon-  The interaction of electrons with optical phonons in a
ductors, this mechanism of charge-carrier scattering is thepSnTe quantum well and in a three-layer structure PbTe/
main mechanism determining the maximum values of theehSnTe/PbTe was studied earlier in Refs. 5 and 6, taking

electron mobilities at temperatur@s>70 K. into account the nonparabolicity of the band spectrum but in
the approximation of infinitely high barriers. In the present
2. THEORY article we report the results of an experimental study of the

Optical oscillations in PbTe/PbS quantum wells have€nerdy spectrum of current carriers in multiple PbTe/PbS
been studied in the dielectric continuum mod@CM).# In  quantum wells(see, for example, Ref. 7 in a two-band
this model the optical phonons in low-dimensional structuredane model, with allowance for the nonparabolicity of the
decay into bounded O andTO modes and surface-likn- band spectrum and the finite height of the barriers with car-
terfacia) IF modes, and the bounddd modes do not con- riers populating the first two subbands. In this system the
tribute to charge-carrier scattering. The polarization fields opffset of the valence bands &t=77 K is AE,=0.32£0.05
the bounded_O modes are formed by volume charges andeV, while the distance between the conduction-band edges in
charges at the boundaries of the layers, while the polarizatioRbTe and PbS fsAE.~0.4 eV. Since the conduction-band
field of thelF modes(symmetrics and antisymmetri@a are  edge in PbTe lies below the conduction- and valence-band
produced only by surface waves of charges on the interfacesdges in PbS for the layer thicknesses60 A being con-

1063-7826/98/32(6)/3/$15.00 665 © 1998 American Institute of Physics
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FIG. 1. Computed electron mobilities for scattering by different phonon mddésHs+a, LO, s+a) and experimental€¢) data on electron mobility for

multiple PbTe/PbS wells as a function of the well periodrat77 K. The experimental data for PbTe/EuTk)!* and PbTe/PgSr, ,Te (M) superlattices

and PbTe/Pfg Sy, 13TE (¢ )1°and PbTe/PfSm, ,Te (*, @) quantum wells are also presented. The solid curve at the top refers to calculations of electron
mobility in PbTe/PRgSn, ,Te quantum wells onl(O+s+a) modes. The symbdl on the right-hand ordinate marks the experimental values of the electron
mobility in perfect single crystals and “thick”d=3 um) epitaxial PbTe quantum wells with electron density of the order &f ¢63, where the highest

electron mobilities are observed. The arrow on the right-hand ordinate marks the maximum computed values of the electron mobility in PbTe single crystals
in the two-band nonparabolic Kane model, with allowance for the scattering of current carriers by longitudinal optical phonons only.

sidered here, the PbTe/PbS structures are type-ll structuredimensional structures in Refs. 5caf . The computational
It has been shown that these structures possess semimetahésults for the case of multiple PbTe/PbS quantum wells are
conductivity for layer thicknessési=60 A. Longitudinal  shown in Fig. 1. It is evident from the results presented in
transport is realized by electrons in PbTe layers and holes ithis figure that on switching from bulk samples to short-
PbS layers. The electron mobility in the PbTe layers is sevperiod multiple quantum wells and superlattices it is impor-
eral times higher than the hole mobility in the PbS layers. tant to take into account the electron scattering Iy

An expression for the scattering rates of an electron wittphonons.
the emission {) and adsorption<{) of one phonon can be

obtained by applying the Fermi rule to the structures stud-
ied: 3. EXPERIMENT AND COMPARISON WITH CALCULATIONS

o0 . The following parameters of the materials and their band
W(i,f=> 7|<f|Ha|i>|25(—8f+8iiﬁw). (1) structure were used in the numerical calculations of the elec-
“ tron mobility atT=77 K: band gafEy(PbTe)=0.21 eV and
wheree; ande; are the total electron energies in the final E,(PbS)=0.31 eV, static permittivitys(PbTe)=650 and
and initial states. The electron-phonon interaction Hamil-s;(PbS)=195; dynamic permittivity e..,(PbTe)=37 and
tonian is e(PbS}=19; longitudinal optical phonon energy
hw(PbTe)14.1 meV andh w,(PbS)=26.3 meV; and the
H,=> > e9°T(q,9,2)[a;(a).9,) +& (—qj,—,)], transverse optical phonon enerlyy(PbTe)=3.4 meV and
a Y% hw(PbS)>8.2 meV. Here we have presented the experi-
@ mental data of Refs. 3 and 9 and in some cases we used the
wherel’ ,(q,9;,2) is the coupling function, which describes Lyddane—Sachs—Teller relatien /e ..= (o w;)?.

the interaction of an electron with am mode of optical Type-Il PbTe/PbS structures, grown by the hot-wall
lattice vibrations. The form of this function is given in Ref. 4 method on KCI(100) dielectric substrates with PbTe or PbS
for different phonon modes. buffer layers of the order of £6- 10° nm thick, were used to

Since the electron-phonon interaction is an inelastic proobtain the experimental values of the mobility. The measured
cess, a variational methbevas used to calculate the carrier values of the PbTe and PbS layer thicknesses in multiple
mobilities. This method was first used for quasi-two- PbTe/PbS quantum wells ranged from 60 to 508°Ahe
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anomalously strong dependences of the Hall coefficient obThese values are higher than the observed electron mobilities
served for such structures, even in weak magnetic fields, ath PbTe/PR,Sn gTe quantum wells and other IV-VI com-
test to the presence of two types of carriers with differentpounds, indicating that it is necessary to take into account
signs and make it possible to determine in the multilayemther scattering mechanisms, of which apparently the most
conductivity model the density and mobility of electrons in noticeable could be scattering by interfacial irregularities,
PbTe layers and holes in PbS layéts. since in the other IV-VI structures, in contrast to PbS/PbTe
The large difference in the lattice constants of PbTe andtructures, interdiffusion of the components at the interfaces
PbS @,=6.46 and 5.94 A, respectivelyn quantum-well is substantial. The experimental values of the charge-carrier
PbTe/PbS structures leads to the appearance of a substantiabbilities in other low-dimensional IV-VI structuresee
number of misfit dislocations at the interfaces. However, itFig. 1) is, as a rule, three to five times lower than that ob-
has been showhf that in the system PbTe/PbS the transi-served in bulk crystals of these materials.
tional layer where misfit dislocations are concentrated be- In closing, we note that scattering by longitudinal optical
tween the layers does not exceed 10-20 A, while the layemshonons is the main mechanism of scattering in multiple
themselves are mechanically unstraifegjving hope that PbTe/PbS quantum wells at temperatufes 70 K. For
the mobilities in them will be high. Moreover, the tempera- quantum well widthsd<150 A scattering bylF modes
ture at which multiple quantum wells are obtained by thedominates in both PbTe/PbS and PbTg/%3m, gTe struc-
hot-wall method? did not exceed =350 °C so as to prevent tures. This causes the mobility to decrease with decreasing
mixing of the components at the interfaces, since in a PbTdAyer thicknesd.
PbS system mixing does not occur at temperatures
T<400 °C.* The presence of a large number of misfit dis- 1¢ ¢ sizov, G. v. Lashkarev, M. V.. Radchenko, V. B. Orletsiind E. T.
locations at the interfaces likewise prevents mixing in the Grigorovich, Fiz. Tekh. Poluprovodii0, 1801(1976 [Sov. Phys. Semi-
System PbTe/Pb§ 2COT]CI.:I.O, 1075(1976)]. ) ) )
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The stability of tunneling-thif2—3 nm SiO, films during prolonged flow of high-density

currents (16— 10° A/cm?) was investigated. A sharp increase in the charge which a tunneling
MOS structure is capable of transmitting without degradation on switching from
Fowler—Nordheim injection to direct tunneling C1G/cn? and 10 C/cn?, respectively was
observed. The degradation of Sifims was investigated using Al/Si®n-Si/p™-Si

thyristor structures with a positive bias on the semiconductor, i.e., with reverse bias of the MOS
structure. The use of these devices accounted for the uniformity of the current distribution

over the area and made it possible to monitor the state of the insulator layer by measuring the
device gain in the phototransistor mode. 1®98 American Institute of Physics.
[S1063-782628)02406-3

1. INTRODUCTION 2. FACTORS DETERMINING THE DEGRADATION OF MOS
STRUCTURES WITH “THICK” AND TUNNELING-THIN

The interest which has developed in MIS structures with NSULATORS DURING CURRENT FLOW

tunneling-thin ¢&1.5-3 nm) silicon dioxide(SiO,) films is A substantial volume of data has been accumulated on
due to the fact that the thickness of the subgate insulator irelatively thick (>4 nm) SiO, films carrying a current-®In
field-effect transistors is now at the tunneling lévéland, such structures appreciable currents start to flow only in
moreover, it is becoming clear that tunneling Sléyers can  fields of the order of 10 V/cm in the insulator. Under
now be used as the subgate insulator to improve substantialfjowler—Nordheim injection conditions electro(i®les en-

the basic device parametér$he possibility of using tunnel- ter the allowed band of the oxide by tunneling through a
ing MOS structures in this manner makes their applicationdriangular barrier(see, for example, Figs. land are then
more realistic in other fields, in particular, as efficient ransported along it. Such transport is dangerous from the
charge-carrier injectors in Si in transistors and thyristors Withstandpomt .Of degradatlon bgcause energy rglaxatlon of these
a tunneling MOS emitter, especially since a substantia lectrons directly into the oxide layer is possitiiand—band

t of data h b lated in this Fidi carrier recombination as well as recombination through lev-
amoun 9 .a ahas no.w 'een accumu "f‘ ed in this TIE1A. - o5 in the band gap of Sid Large amounts of energy can be
The indicated applications of tunneling MOS structures

_ ) instantaneously released in the process of such relaxation,
presume that the latter operate in a reverse-biased mode Wiglh this is accompanied by the generation of new defects.

a quite high current densitjup to 16 A/lem” when used as In contradistinction of what we have described above, in
an injectof**~*3. This makes it important to investigate the MOS structures with a thinner SiQayer (<3 nm) appre-
“stability” of a tunneling-thin oxide against a current, since ciable charge transfer starts in substantially weaker fields in
systematic investigations of the degradation of tunnelinghe insulator(for example, 16 V/cm), where the predomi-
MOS structures during charge transpdvihich has been nant mechanism of charge transfer is direct tunnelifig.
studied extensively for a long time for thickee@ nm) SiO, 1b). As a result of this circumstance, right up to a definite
films®~9 have not yet been undertaken. The existing data ooltage corresponding to a transformation of the tunneling
the degration of tunneling structures are extremely limitegParrier from trapezoidal to triangular, current flow is not ac-
They cover only the current range below 1 AfctRefs. 6 companied by the appearance of injected carriers in an al-

: . . . lowed band of the insulator.
and 15) and almost exclusively the direct-bias regime of : . .
15 For this reason, for tunneling structures it can be ex-
MIS structures-

, .._._pected that, in the first place, there will be a substantial in-
_Inthe present work we endeavor to determine the "sta o se in “stability” against current flowfquantitatively
bility” of tunneling MIS structures, i.e., the maximum trans- .paracterized by the total transported charge giving rise to
mitted charge that does not give rise to degradation, as weljegradationas well as a catastrophic decrease of this stabil-
as the physical reasons determining the magnitude of thigy with a definite voltage on the oxide corresponding to a
charge at high current densities £2010° A/cm?) and under  transition to Fowler—Nordheim injection. This feature of
a reverse bias. MOS structures with direct bias was observed in Ref. 1 for

1063-7826/98/32(6)/5/$15.00 668 © 1998 American Institute of Physics
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In this case the structure consists of a thyristor with a
tunneling MOS emitter on “top,” an inducep base(inver-
sion layer at the oxide/Si boundansi volume playing the
role of an base, and @* emitter at the “bottom.” The
current-voltage characteristic of such a structurg-ghaped
(Fig. 2b. The device can operate in the active mddsgime
of relatively low currentsand it can also switch into a self-
maintaining on state with a uniform current distribution over
the ared? The on state is maintained, first, by the standard
“thyristor” positive feedback®® and, secondly, byAuger
ionization of the Si atom$*2 by hot electrons injected from
the metal into the semiconductor by a tunneling MIS junc-
tion.

In the preswitching regimes the current through a struc-
ture is determined by the delivery of majority carriers into
the thyristor basdespecially, into the inversiop basg as
FIG. 1. Charge transport in MOS structures with a Si@yer. a — Thick V.Ve” as by“mtenSIf!,Catlon .Of the “top (tu_nnell_ng MOS S?C-
layer, b — tunneling-thin layer. tion) and “bottom” transistors. A thyristor in this regime

can be controlled by supplying a base current and by illumi-

nating the structure. Degradation of the §il@yer sharply
samples with an insulator layer with a relatively large thick-decreases the gain of the tunneling MOS transidtecause
ness of 3—4 nnithe change in the charge transport mechaf an increase in hole leakage from the inversion layer into
nism occurred at current density 19-10"* A/cm?). the meta); i.e., the current through the device in the active

As far as functioning of a tunneling device in the direct regime depends strongly on the state of the tunneling oxide.
tunneling regime is concerned, in the complete absence of The devicegFig. 29 were fabricated on the basis of an
electron-trapping levels in the band gap of the oxide  epitaxial structure: p-type substrate with resistivity
possibility of energy relaxation with a substantial energy re»=0.005 Q-cm with a 9um-thick epitaxial n layer
lease, the “service life” of the device is unlimited. Indeed, (p=0.3 2-cm); the total wafer thickness is 308m. The
in Ref. 15 it was observed that the critical charge giving risetunneling-thin oxide was grown by thermal oxidation in dry
to degradation of a tunneling MOS structure is very large 0xygen atT =700 °C; the SiQ film was about 2.5 nm thick.
(>10° Clcr); tests were performed with current densities The diameter of “top” aluminum electrode was equal to
<1 Alcn?. 400 wm. During the measurements the required thermal con-
tact with a copper radiator was provided by a layer of liquid
eutectic alloy In-Ga, located between the backside of the
substrate and the radiator.

3. FORMULATION OF AN EXPERIMENT ON THE
INVESTIGATION OF THE DEGRADATION OF TUNNELING
MOS STRUCTURES. SAMPLE PREPARATION

The structures Altunneling-thin SiQ)/n-Si/p*-Si
(Fig. 29 with a positive bias on the semiconductor were ~ The measurements consisted of putting the device into
investigated in the experiment. the “on” state, which corresponds to a uniform current dis-

4. EXPERIMENTAL RESULTS

FIG. 2. Schematic diagram of the Al/Sj@n-Si/p*-Si thyristor structure used for studying the stability of tunneling-thin ,Sins (a) and typical
current-voltage characteristi€®/C) of such a structuréwith SiO, thicknesst= 2.5 nm) in the relatively low current density rangb). a: 1 — tunneling-thin
oxide, 2 — In—Ga liquid alloy,3 — Cu cold duct b — IVC: 1 — in the dark;2, 3 — with different intensities of external illumination. Device area
1.26x10°3 cn?.
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u,v were observed when the structures were tested for 40 h at
82123 28 2.7 ) current density 350 A/cfn
~ :. - 10° The devices degraded much more rapidly when the cur-
§10‘- * A ri rent density was increased to 700—-1000 Adcamd at 1200
< a ;10" Alcm? they could operate for only a few seconds. The charge
6%10" s ~ 10 transported before device degradation was of the order of
o . , . L 10° C/cn? with a large variance from one device to another.
10 500 700 900 1100 2 3 4 s We underscore that Joule heating did not play an appre-
Js A/cm? v, v ciable role in any regime.

FIG. 3. a — ChargeQ,, transmitted through a tunneling-thin Siayer
prior to degradation as a function of current dengifypottom scalgand as

a function of the estimated voltad¢ across the insulatgtop scalg. b —
Current-voltage characteristic of the experimental structure in the “on”
state with high current density.

5. INTERPRETATION OF THE EXPERIMENTAL RESULTS

As one can see from the data presented, the assumption
that the stability of MOS structures against current flow in
principle increases on switching from Fowler-Nordheim in-
jection to direct tunneling is confirmed experimentally. In-
tribution, and holding it in this state for a prolonged period deed, the charge transferred without degradation of the struc-
of time — right up to the onset of degradation of $ith the  ture increases radicalljpy four orders of magnitudewhile
course of the tests the voltage and the current through théne decrease in stability to the level of thick MOS structures
device were periodically decreased briefly and the gain in théwith a definite current density=1000 A/cnf) is a conse-
active regime with a fixed applied voltage and intensity ofquence of a transition to charge transport by the Fowler—
external illumination was monitored. In addition, the changeNordheim mechanism. The transition from high to low sta-
in the properties of the structure could be judged accordingpility occurs in a rather narrow interval of current densities
to the change in the parameters of tBeshaped thyristor (Fig. 33.
current-voltage characteristitvC). For definiteness it was This is completely understandable, since for any param-
assumed that “degradation” consists of an appreciable deeters of the tunneling system the fraction of the Fowler—
crease in the gain of the structure in the phototransistor moddordheim componenjgy in the total currentj,, through
(approximately by 10% SiO, increases sharply from 0 to 1 when the tunneling barrier

The range of currents through a sample with degradatiotransforms from trapezoidal to triangular. This can be veri-
time from several seconds up to tens of hours ranged frorfied by calculating this fraction as a function of the voltagje
0.5 to 1.5 A(the current density ranged fromx4l0? to  on the insulato(Fig. 4a.
1.3x10° Alcm?), while the typical voltage drop across the We shall employ the following expression for the
device was equal to 3—4 V. tunneling-current density

Estimates of the possible current-induced heating of the
sample showed that because of the small size of the top

*
electrode, the temperature differenad between the most i = 4mmed dE : E)VdE
: s )1 E—Er/kT] o #EJIE
highly heated region of the sampleear the SiO/SiQinter- h +exf (E—Erm)/kT] Jo
face and the radiator does not exceddl =6( K/A] I, Y

wherel q is the currentin A) through the sample. This shows
that the thermal phenomena were not responsible for the deg¢hereE is the total energy of the electroR, is the energy
radation of the structures. of the electron motion in the direction of tunneling(,E,) is
The main experimental result is the demonstration of thehe tunneling probability;* my is the effective electron
high stability of tunneling-thin(2—3 nm) oxide against the mass in the plane of the Si/Si@nterface[ m =2.1m, (Ref.
flow of a high-density currentup to 1¢ A/cm®) in the  16)]. The energyE is measured from the conduction-band
direct-tunneling regime. The critical transported charge giv-bottomE_, (Fig. 4b. The integration limits should be taken
ing rise to degradation of the Sj@Im is much larger than in as O<E<y,, wherey, is the conduction-band offset at the
the Fowler—Nordheim injection regim&ig. 3). Si/SIO, interface, to calculate the direct tunneling current,
For example, in the case of a current with densitywhile y. and x.+qU should be used for the Fowler—
j=500 Alcnt the degradation became appreciaftle gain ~ Nordheim current. Figure 4a shows an example of the results
decreased and the parameters of $hehaped IVC changed of such a calculation, from which it follows that the fraction
somewhatonly after approximately 40 h of operation, which jgy of the Fowler—Nordheim current in the total currgg
corresponds to a transported charge of the order>ol® increases from 0 to 1 as the voltage across,S#Ovaried
—10® Clen?. This is much greatetby approximately 4 or- over an approximately 0.4-V range.
ders of magnitude than for “thick” MOS structures For practical applications it is of interest to know, be-
(Fowler—Nordheim injection regimefor which the trans- sides the current densities, the electric fi€lih tunneling-
ported charge leading to complete degradation of the strudghin SiO, in the regimes investigated. In the experimental
ture is approximately 0 C/cn? with oxide thickness of reverse-biased structuréBig. 4b), in addition to the voltage
about 4 nnt~° No appreciable manifestations of degradationdropU across the insulator, there is also an appreciable drop



Semiconductors 32 (6), June 1998 Grekhov et al. 671

b
a
ot y &4 o 0
4

Ea77
'§ Le gV=4.0
09T £ gVpm=0.6
3 Al -

'-0'5L [ h 7! ‘E//////ALr

N 4 s i qV,'D? F’o
26 28 3.0 3.8 AL Si0, n-Si pH-st
u,v

FIG. 4. a — Computed fraction of the Fowler—Nordheim current compojgnin the total currenf,,as a function of the voltage across the insulator.
Computational parameters: Electron mass in ,9i®=0.5my, x.=xm=3 €V, SiQ thicknes — 3 nm; b — energy band diagram of the experimental
structure in the “on” state; the numerical values of the potential differences are given in eV Bdgris the Fermi level in the metaEg, is the Fermi
quasilevel for holes in the inversion layét;, is the Fermi level in the bulk of the materiaI,Eép is the Fermi level in thep™ substrate.

in the voltage across the inversion layé&f,, across the small fraction of the volume. In the case of small thick-
space-charge layer in theregion,Vy, and across the*—n  nesses, however, it can occupy the entire volume of, SiO
junction, V. and its role thereby increases.

+_ v —F — + + + =
Xm~ QU= XemBgmqViut qVat qVpn v V=0, (@ o sions

wherey is the barrier height at the metal—insulator bound-
ary (Fig. 4b. Therefore, knowing the voltagé across the
entire structure it is possible to estiméateg(or &, if the theory

of a transistor with a tunneling MOS emitter is usét).

For the most interesting regimé=V,, corresponding
to a transition to fast degradatiorifrom experiment
V.=4 V), the voltageVy=0.7 V, since in the “on” statein
which the measurements are perform#te excess of holes
which enter the Si/SiQinterface is ejected into the volume
of n-Si.”®1113The typical depthqV,, of the quantum well
formed at the Si/Si@boundary equals about 0.58 eV in the
experimental regime§:** The band gap in Si iEg=1.1 eV,
while the characteristic voltage drop across pk@ junction
under these conditions is essentially equaV/{p=0.6 V. If
it is assumedas is the case, for example, in Ref. 1ihat
Xm=Xe (Fig. 4b), then the relatior{2) givesU=Uy=2.5V
(the field in the insulator i€=10" V/cm). Under our as- 2 ' .
sumptions, the quantity, is identical to the barrier heights tates mor_utorlng of the oxide de_gradanon. e
X5 and y.: ie., these values can be estimated to be. . We wish to express our gratitude ‘t‘o the _Mult|d|SC|pI|nary

¥~ v.=2.5 eV from the experiment performed. Science and Technology Program “Physics of solid-state
Xm T)r(;z values ofU presented in Fig. 3a were calculated nanostructures” for their support. M. I. Veksler thanks the
similarly on the basis of the models of Refs. 11, 13 , and 14Competitive Center for the Fundamental Natural Sciences

The fact that the barrier heightg,, and x. are less than (GRACENAS, St. Petersbuygor support under the grant

approximately 3.1 e\(Ref. 16 (Fowler—Nordheim injection Re;t:arch prcijhects. we ?ISO t??ﬁk O.V. IYlsyshenko for
starts at a voltagel = 3.1 eV across the insulajcshould not assistance in the preparation ot theé samples.
be surprising: The band offsets at the Si/gh@terojunction
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Let us summarize the results.

It has been demonstrated experimentally that the charac-
teristic charge that can be transmitted through a tunneling
MOS structure without a degradation of the structure in the
case of direct tunneling is several orders of magnitude
greater than in the Fowler—Nordheim regime’ @cn? and
10°— 10* C/cn?, respectively. The latter value is identical to
the corresponding value for “thick” MOS structures. The
transition from high to low stability occurs in a rather narrow
range of voltages across the oxide. For the structures inves-
tigated the change in the charge transport mechanism occurs
at current densities 500—800 A/ém

A new method has been proposed for investigating the
“stability” of tunneling-thin (1.5—-3 nm SiO, films, assum-
ing the use of thyristor structures with a tunneling MOS
emitter. This gives a uniform charge distribution and facili-
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A physical model establishing a relation between the surface density of the free electronic charge
in an inversion layer and the surface density of statiorilryalized electrons trapped in

surface states at a semiconductor—insulator interface is constructed. It is established that at
moderately low temperatures this relation is close to a direct proportionality. The presence

of surface states, which localize some of the surface electronic charge, is manifested as a decrease
in the effective electron mobility in the channel of a MIS transistor. The well-known

decrease of the surface mobility with increasing transverse electric field is attributed to field-
induced variations in the position of the percolation level that separates bound electronic

states from free states. @998 American Institute of Physids$1063-782@08)02506-X

In Refs. 1 and 2 the question of the relation betweerfact that the surface carrier mobilitys is several times
localized surface electronic chard@gapped surface staes lower than the values of the standard bulk mobility of a
and the surface density of frédelocalized electrons in the semiconductor and that it has a markedly different tempera-
semiconductor in a MIS structure with different inversion ture dependenc®Since upon taking into account the bound
levels, determined, as is well knowy the temperature and surface states the total surface electron den@itgecom-
magnitude of the applied voltage, was investigated in detaiposes into two parts, a free pa@y;=[1/(1+«)]Q and a
in a development of a previously proposed theory of fluctuabound parQ,=[ «/(1+ a)]Q, the effective surface mobility
tion surface states of the semiconductor—insulator interis 1+ « times lower than its true value determined by the
face3* It was discovered that there exists a rather wide temeorresponding scattering mechanisms.
perature range where the localize®,] and delocalized Our further investigations showed that proportionality of
(free) (Qq) electronic charges, which increase with the ap-the free and bound charges is not a specific property of the
plied voltage, are virtually directly proportional to one an- model of fluctuation surface states that was studied in Refs. 1
other,Q,(V)~ a(T)Qq(V). It was established that the limits and 2 , but rather it must occur in virtually any situations
of this temperature range are determined by the inequality where the bound and free states are not separated from one
another by an energy gap but rather are separated only by a
A2<T<2A, @ so-called percolation level— the energy below which the
electronic states are localizébdound and above which they

where : , .
are delocalizedfree). To prove this more general assertion,
e? 2 we shall examine a very simple model of a MIS structure in
= eote, (4ma) which we shall consider only the resulting energy spectrum

of the bound surface states without being concerned with the
is the characteristic magnitude of the fluctuations in the elecphysical nature of their appearance. This formulation of the
trostatic energy in the skin layer of the semiconductor of goroblem, which is much simpler than in Refs. 1 and 2, will
MIS structure which arise as a result of the spatial fluctuaenable us, in addition to giving a clearer physical picture of
tions in the density of charged centers in the insulatotthe results, to make substantial progress in determining the
(built-in charge density It should be underscored that for temperature dependence of the effective surface mobility and
typical values of the effective surface density of the built-into investigate the question of its dependence on the voltage
chargec=o, + o_~10' cm 2 the characteristic energy of or transverse field at the semiconductor—insulator interface.
the fluctuations isA~0.025 eV ~300 K. Therefore, the For subsequent quantitative analysis we shall employ,
range (1) encompasses several hundreds of degrees nefirst and foremost, very simple relatiéhfer the charges and
room temperature, where, as is well known, most experimenthe surface potential in the inversion regime of a MIS struc-
tal data on the electric properties of MIS structures and theure:
corresponding electronic phenomena are concentrated. It

should be underscored that the dependepgce Q4 estab- d o—2¢g\| |¥?
lished in Refs. 1 and 2 is of fundamental importance for a¥=¢+ .~ 2&i200N| ¢+ T exp—= +aQi(-
correct understanding of the nature of the surface electrical 2)

conductivity in MIS structures and transistors, since it gives
a simple and convincing explanation of its main feature: thelThe corresponding band diagram is shown in Fig. 1. In Eq.

1063-7826/98/32(6)/4/$15.00 673 © 1998 American Institute of Physics
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FIG. 2. Free charge density of a MIS structure with—(4) and without(5)

'surface states: calculation for an exponential spect&)r(solid lineg and a
step spectruni) (dashed linesof surface state€, , eV: 1 — 0.003,2 —

0.013,3 — 0.026,4 — 0.052.

FIG. 1. Band diagram of the surface layer of the semiconductor MIS struc
ture in a deep inversion regime.

(2) V>0 is the voltage on the structufminus the flat-band _ ) )
voltage and ¢ is the surface potentiboltage on the semi-  Analyzing the plots presented here, it should be noticed
conducto). The second term in E@2) is the voltage drop in first that the threshold voltagé, is virtually identical for ::_1II

the insulator layer. Here the square root corresponds to thgirves and therefore does not depend on the attenuation rate
total charge of the acceptors in the depleted layeiig the ~ Ecn @nd the value ofQo itself. The quasilinearity of these
acceptor densityand the charge of mobile delocalized elec- CUrves forvV>V, indicates the desired proportionality of the

trons in the inversion layer bound and free surface charges.
/ Of course, the numerical results can also be represented
2egoN |1 \/ ©o—2¢g in the form of the dependence®(Qq) and us= u,Qq(Qq
qu=q( q ) Z[ e+ T exp—F—- Ve|. 3 +Q)) %, which are directly of interest to us. However, it is

_ ) desirable to simplify the computational procedure at this
while the charge due to the localized electrons can be €X30int, which, it seems to us, will also make it easier to un-

pressed in the conventional manner in terms of the density Qigrstand the physics of the results obtained. We will accord-

surface statesls(E) ingly disregard in Eq(3), as is conventionally done for the
o — o—E+2¢g+E deep-inversion regime, the change in the charge defity
qQ,=dJ dENs(E)/| 1+exp T 50 of the depleted layer; i.e., we shall assume that
0
2egoNp| 2 egeggN 12
@ 12( : ¢ %2( Oq QDB) = const.

In Egs. (3) and (4) E is the energy of the states, measured

from the conduction-band edge into the band gap of thefter this simplification of Eq.(3) we can explicitly express

semiconductor, 2g=2TIn(N/ny) is the characteristic poten- in terms of the electron density, the Boltzmann exponen-

tial of the onset of deep inversioy=TIn(N./N), where tial appearing there

N.=2(mT/2742%)2~10" cm 2 is the effective density of

states in the conduction band of the semiconductor. ex;{ 90—290B_E0) _ 0Q4(Qq+2Qy) ®)
Using the relationg2)—(4) presented above, we shall T 2e8N(T)T

now calculate the dependence of the mobile ch&geon  and then obtain, substituting the expressiéninto Eq. (4),

the voltageV for the case of surface states with an exponenan explicit relation between the localized and delocalized

tial energy spectrum: charges
N E) =QoE g exp — E/Eqy), 5 = 288oN(T)T
s{E)=Qq ch EXH ch) ) QIZJ' dEN(E)/| 1+ _T_ZO () —= .
whereQ, is the so-called total density of states, dgg, is 0 9Qu(Qut2Qs)expl )
the characteristic energy scale of the distribution. The com- @

putational results foT=300 K, Qu=10" cm 2, N=10Y  The results of a numerical integration of E) with the
cm 3, d=2x10 % cm and certain typical values of the at- distribution function(5) with the parameter®q,= 10" cm 2
tenuation ratde, are presented in Fig. 2, where the curve ofandE.,=0.026 eV in the interval of characteristic tempera-
charge accumulation in the ideal situatigr surface states, tures 0.009-0.045 eY100-500 K are presented in Fig. 3.
Qy=0) is also shown for comparison. With the exception of the curve corresponding to the lowest
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IG. 4. Field dependence of the effective surface mobilityK: 1 — 200,

FIG. 3. Relation between localized and free charges: calculation for ai —300,3 — 400.

exponential spectrum db) (solid lineg and a step spectrur8) (dashed
lines) surface statekT eV: 1 — 0.008,2 — 0.018,3 — 0.026,4 — 0.036.

the percolation level that separates the free and bound states,
temperature, they demonstrate a quasilinear behavior with afe right-hand side of the relatia®) must be multiplied by
average sloper, which decreases with increasing tempera-exq q/(Q, +Qy)/se4T] and correspondingly the lower limit of
ture. integration in the resulting Eq(7) must be replaced by
To determine how strongly the results presented above—qz(Q,+Q)/ee,]. Then, for example, for the stepped
depend on the form of the energy spectrum of the surfacgpectrum(g)’ where the integration in Eq7) can be per-
states we performed similar calculations after replacement qbrmed ana|ytica||y, we obtain the fo”owing expression after

the exponential distributiob) by a step distribution simple manipulations:
1 |1, E<2E, T
NsdE)=Qo3e—| o E=2E,,. ®) Qe%ghln( Qu(Qq+2Q)

The corresponding results, represented by the dashed lines in 2E+0l(Q1+Qy)leeq
Figs. 2 and 3, attest to the fact that the character of the xexp( T )
charge accumulation and the relationship between the free

and bound surface electronic charges which we are studying 2eeoN(T)T 2eeggN(T)T

do not depend too strongly on the form of the spectrum of THQd(QdJFZQl)“L —H
the states, and that they are determined mainly by the total

density and the average energy of the distribution. ©

Finally, let us consider the most interesting part of ourProceeding from this expression, we calculated the effective
investigation. We shall estimate the effect of the intrinsicsurface mobility of the inversion layeps=w,[Qq/(Qqg
electric field on the relation between the localized and freet+ Q,)] for a series of temperaturds=200, 300, and 400 K
surface charges. We start from the intuitively obvious idedor the following values of the numerical parametefs: 2
that the transverse electric field in the semiconductor part ok 1077 cm, Qu=10" cm™2, N=10"° cm3 and Eg,
the MIS structure at the boundary with the insulator, which=0.026 eV. We used in this case for the volume mobility the
presses electrons to the surface, will lead to additional localstandard relation., = 1500(T/300)" %" cn?/(V -s). The cor-
ization of previously delocalized electronic states and a corresponding results are presented in Fig. 4 in the conventional
responding decrease in the density of free states. In othdorm (the mobility as a function of the total electric field in
words, the transverse electric fiefgd which produces an ad- the oxide part of the structurg(Q,+ Q,+ Qg)/egp). They
ditional asymmetry of the potential well in the boundary partare very close to the corresponding experimental depen-
of the semiconductor, gives rise to a corresponding shift oflence§and show, just as the experimental curves, a mobility
the percolation leveAE={(&), where( is the correspond- drop with increasing transverse field or voltage on the struc-
ing characteristic transverse lateral percolation length. Weure. According to the model which was developed, this drop
cannot give an exact analytical expression forbut it is is due to an increase in the density of bound states with
natural to assume that it should be of the order of several teriacreasing field due to the corresponding shift of the perco-
of angstroms, just as the quantum localization lengtHation level.

(A%/mgE)Y® of electrons in the inversion layer. We shall In conclusion, let us formulate the main result of this
treat the exact value of as an adjustable parameter in our study: The main reason why the surface mobility in the in-
theoretical model. Taking into account this energy shift ofversion layers is lower than the bulk mobility of the material
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is trapping of the carriers of the inversion layer in compara-charge, which is functionally related to the surface electron
tively shallow surface states whose energy spectrum adjoingensity and to the electric field.

an a_ll_owec_j bgnd. The ch_araqenstm decrease pf the surfacg, Gergel and G. Shpatakovskaya, ZHp. Teor. Fiz102 640 (1992
mobility with increasing field is due to the relative increase [Sov. Phys. JETRS, 342(1992].

in the density of bound states, which can be characterized byV- Gergel’ and G. Shpatakovskaya, Fiz. Tekh. Poluprovaaih. 923
(1993 [Semiconductor®7, 500(1993].

a corresponding shift of the percolation level — the energys,, Gergel’ and R. Suris, Zh. l&p. Teor. Fiz84, 719(1983 [Sov. Phys.
separating localized and delocalized electronic states of theJETP57, 415(1983].
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' . cond.17, 398(1983].
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eliminated by introducing instead into the boundary condi- 1979,
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A rigorous analytical theory of the blocking state of electrostatically controlled thyristors and
transistorf ECT9 and a buried gate of arbitrary shape is constructed. The problems of

the distribution of the potential in the base, the height of the barrier for electrons, and the current-
voltage characteristics in the subthreshold region are solved in quadratures by the method of
conformal mappings. It is shown that the subthreshold curjgrior ECTs with an undoped
and lightly doped base depends on the gate potemdigland the drain potentialUy as

Injgq oc—Ug(g—Ud/Ug)S’z, irrespective of the type of conduction, whegés the blocking

factor. If the base is strongly doped with acceptors, thely m—(gUg—Ud)z, but for
electrostatically controlled transistors with a heavily dopestpe base the problem is

impossible to solve analytically. As an example, the variant of a deep buried quasielliptical gate,
which corresponds to the configurations of real devices, is studied. Simple formulgs for

and the parameters of the current-voltage characteristics as a function of the dimensions of the
ECT cell, base doping, and gate voltage are obtained in limiting case4998 American

Institute of Physics[S1063-78268)02606-4

1. INTRODUCTION with

A rigorous analytical theory of subthreshold characteris- 2mL+I<x<2(m+1)L—| andyzyé(x),
tics of electrostatically controlled transistors and thyristors
(ECT9, where the minimum gate—source distadcis neg- Po(X,W)=Ug+Vy, 4)

ligible compared to all other dimensions of the device, hasyheres=(H —h) is the gate thicknesd/,=qns/2e ¢, the

recently been developéd.This assumption made it possible function y=y§(X) describes the position of the gate bound-
to reduce the problem of calculating the potential distributionary, and the remaining notation is defined in Refs. 1 and 2.
#(x,y) in the space-charge regi¢8CR) to the well-known  Moreover, as a result of the translational symmetry of the

Dirichlet problem for a strip and to obtain comparatively ECT, the following relation evidently must hold:
simple formulas for subthreshold IVCs and the blocking fac-

tor of ECTs with a planar gate of arbitrary shape. However, de(:L,y) _ dpo(£L,y) -0 (5)
an important class of ECTs with a buried gtehere § is IX X

usually comparable to the gate width and greater than th?or 0<y<h and H<y<w, ie., in the source—gate and
distance between them, remained inaccessible in this theo(r%

. e -~ gJate—drain gapésee Fig. 1a This means that the harmonic
petermlnlpg the su'bthreshold characteristics of such devic nction eo(x,y) is a solution of not only the Dirichlet prob-
is the subject of this study.

lem for a multiply-connected SCR of the ECT but also the
so-called mixed boundary-value probleni2)—(5) for a

2. POTENTIAL DISTRIBUTION AND BARRIER PARAMETERS single simply-connected cell. A method, described for ex-
IN THE GENERAL CASE ample, in Ref3 , for solving such a problem consists of the
following. Let the functionT(z) realize a conformal trans-

We shall seek the potential distributian(x,y) in the  formation of the ECT cell into the upper half-plane of the
SCR under the same assumptions as in Refs. 1 and 2 but fpr g1 j + plane in a manner so that its boundary is trans-

an ECT the cross section of one of its cells in the compleXormed into the real axis=0, while the pointsz=*L,

planez=x+iy is shown schematically in Fig. 1a. The func- ;= +| +ih, z=+L+iH, andz=+L+iw are transformed

tion @o(X,y) determined by the equation into the pointst=+a, t==* 3, t=* v, andt=*1, respec-
o(X%,Y) = @o(X,y) — Voy?/s?, (1) tively (Fig. 1b. If the functione,(6, ) is harmonically con-

. . ) , _jugate topg(6,7), then
is a solution of the Laplace equation with boundary condi-

tions at the electrodes D(t)=¢1(0,7) +igg(0,7) and E(t)=dd(t)/dt
©o(X,00=0, 2) are analytic functions in the upper half-plane, and the bound-
5 ) ary values ofg(t) on ther=0 axis, which follow from Egs.
®o(X,y) = —Ug+Veyg(x)/s (3 (2)=(5) and the Cauchy—Riemann conditions, have the form

1063-7826/98/32(6)/6/$15.00 677 © 1998 American Institute of Physics
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a iy -1
- - E(t)= [vo+vat?+Vex(1)], ©)
; w /1ern \/m s
I
: ' where
I
[ | 2 (vdy%(0',0) 0’ \JG(6') do’
| o | vo=2 12 a
~ T T T = mJB deo 6'2_t2 S
i ) ) |g-d8c
pelf FRN _‘}‘_ :_ ’source The solutioneq( 8, 7) of the boundary-value problef2)—(5)
i ] H & follows directly from the definitions oE(t) and ®(t):
~1L -1 0 l L =z
@0l 0,T)=|mf E(t)dt. (10
b 0
it Substituting the expressiof8) and(10) into the relation(1),
we obtain the desired potential distribution along the source
axis as a function of-
-1 -y pxap y 6 y2(7)
_ _ _ @(0,7)=—voP(7) +v,Q(7) = V{ ——+R(7)|, (11
FIG. 1. a— Model of an electrically controlled transistor ¢8&CT) with a S
buried gate, used for calculating the potential distribution in the plane
=x+iy=2(t); b — ECT cell in the plang=6+i7=T(z) . where
pi= [ Q= [
T)= , T)= ,
. 0G(i7") 0VG(i7")
ReE(t)=——=0 for a<|6|<B andy<|6|<1, (6)
ar R(7) x(it")d7'
T)= ———
im E(t) = % o JG(iT")
a9 The constants andv, can be found using Eq10) and
0 for|6|<a and |6|>1; the boundary conditions following fagy( 6, 7) in thet plane
) from Eqgs.(2)—(4):
=14 Vs dyg[x(6,0)] (7
2 dg for <[ 6|<y. ~ Qo=(Ug=Vh=VsR,p) = Qup(Ug+ Vi +VeRy.)
> vo~ PopQo-t QugPo- ’
The solutionE(t) of the boundary-value proble(8) and(7), 12
unbounded at=*+ «, = B, = v, and* 1 but integrable, can RV
be represented in the form Vo= Po=(Ug~Vn= VsRap) + P“ﬁ(ud+VW+VSR°“)_
q 2 Pa,BQOOC_I—QaBPOOC (13)
1 |2V (-8 dy, de’
E(t)= ——{ — f —2JG(0") — y o
VG(t) | 7s?| /-y do’ 0—t The quantities appearing in Egél2) and (13) are deter-
mined by the equalities
2 ’
v dyg de
+ | = JG(0') — Po=P(®), Qpx=Q(®), Rp.=R(x)
B deo’ o—1
b _ B dé - fﬂ 6%d6
—(v0+vlt+v2t2+v3t3)+E(OO)], (8 ClaIG(o)] < JaG(o)]
where Rap= fﬁw
« |G(9)]

G(t)=(a?—t?)(B*—t3)(y*—tH)(1-t?)

and the branch/G(#6) of interest is positive on the segment
|6|<a of the real axis;v; are integration constants. This Pow=Pag=P,1,  Qow=—QupTQy1,
solution was obtained exactly in the same way as the well-

known Keldysh—Sedov formula, containing the function Ro»=Rap TRy =(HTh)/s, (14
G(t) of a different(asymmetri¢ form and therefore much whereP,,, Q,;, andR,, differ from Pz, Q,5, andR,z,
less convenient for further use in our case, which is symmetrespectively, only by the integration limits.

ric relative to thed=0 axis. As a result of this symmetry Equations(9)—(13) give the complete solution of the
v1=v3=0, while the functiondyé/de must be odd. More- problem of the potential distribution, if the parametersg,
over, since the complex field(t) must evidently approach and vy of the conformal mappind (z) are known and if the
zero at infinity, Eq.(8) can be simplified SCR fills the entire base of the device, i.e.=d. In the

and are related with one another by the relations
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opposite caséwhich it makes sense to study when the base

A. S. Kyuregyan
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~ 2 ~
~ T T
is doped with donor®) w<d and the position of the SCR (p=(po(—) (4——3), (21
boundary, next to the drain, must be determined from the 7o 7o
conditionV ¢(x,w)=0. This is easy to do since in the cases ;
of practical interest the relation E=\/1—- 2 , (22
2
w—H=2L (15) T
is satisfied with a wide margin. As a result, for any shape of 7= 2| ot TSJF 2 0 d) , 23
the gaté 2 Ug
4 F{ WW—H)<1 where
y=4 expg — & <l.
2 L ATgUg B
It can be shown that the real boundary of the SCR deviates %0~ — 6aB7Q.p’ Uo=0nUg,
from the planey=w by a negligible amount of the order of )
y*w, andw is determined by the equation . _Qup 9N [dY(O,O)
v W . A ssoU dr '
L7 — /U2
-2 2o Qas
Substituting into Eq(16) the base thicknessfor w gives an A(goP ot Po=)
equation for the drain potenti&) 4 i, Which distinguishes Vv
these two cases. A=1— U_h_ (Raﬁ X1Pag— X5Qup)»
3. PARAMETERS OF THE SADDLE POINT AND THE
BLOCKING FACTOR f v dy’ (‘9 0 VIG da
In a ECT with an undoped base the saddle point is lo- ‘9/ x?
cated at V, .
=0o| 1 77— 7 (Rag=x1Pup)
e 2o 200 o g°[ Uy Uy et XaFes
U2 POOCUg+Pa[3Ud, VW Vs
and the minimum value of the potential is U, U_Q(RO“’_XlPO“)' (24)
o(T)=p=—v,[72P(7)—Q(7)]. (18)  If the base of the ECT is doped so lightly thef< a?, then

Since?P(7)>Q(r) for 7>0, the conditionp=0 determin-
ing the threshold voltage can be satisfied only4f0. It thus
follows from Eqgs.(12) and(17) that the blocking factor

Qo
Qaﬁ .
Near the threshold, where

90— 1 —_—,
Uy~ Qap
the right-hand side of Eq18) can be expanded in a series in

powers ofr, which gives

9=0o= (19

_ Ud 3/2
¢=—kU (g——) , (20)
[*] Ug
2VQup ~ap2
wherek= 3apy (9oPapt Pox) 7%

If N+0, while the coordinate of the saddle point can
be calculated analytically only # 2<«?, so that the expan-
sion of the right-hand side of E¢L1) in powers ofr can be
limited to terms proportional te , and since as a result of
the symmetry principldin this case — relative to the real
axis) for the conformal mapping (t) the expansion of the
function y(0,7) contains only terms with odd powers of
we obtain

there exists a range of values of the drain potential deter-
mined by the inequalities

_Ud

TS< T% 0 <a%, (25)

g
for which Eq.(21) holds and can be put into the for(20)
with g=gy andk= 3agy (Pom+g0Pa5) , While

the blocking factor igy . The latter assertion, which holds
for a p-type base with arbitrary doping, is justified for a
u,—u

Uo
U, is the drain potential for whick=0 in accordance with
Eq. (22), is small*? In our case

0
, where

n-type base only because the quantipy=

37'3
8a

3U, 3
" 16UOT

(26)

so thatp<1 only for 7§<a2. If the thickness of the-base is
so large that) ;<Uy min, then when calculating from Eq.
(24) the value
7 Ug—Vh—Vo(Rus— X1Pa
W=Wo= —L g h sl B X1 ﬁ)’
4 QaﬁVL
obtained from Egs(12), (13), and(16) with Uy3=U,, must
be substituted on the right-hand side.

(27)
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The situation changes qualitatively in the case of a Yy B Y Y
heavily doped base, so tha§=«?. The region of applica- X3= E+ 5 @22( E) —2‘1’24( E) (35)
bility of a relation of the typg20) vanishes. However, if the
base is doped with acceptofse., N=N,<0 and 73<0), a[y(Bx,00—h|" x1~Mdx
then close to the threshold, where Dym(a)= ;amlzf [ a-n } -

1 J(x2=1)(aZ—x?)
al o (36)
Uo— Ud<4ug7__§' (28) For a gate whose cross section is an oval, the mapping of

_ the half-plane Imt>0 on the SCR of the ECT cell can be
the conditiont 2<a? still holds, it follows from EqQ.(23)  represented in the form

that q
t t
2 2 2 2 2 2 2
o2 Up-u 2= [ 16,071+ CAF= O P~ P -,
=1 O—d<|70| (29 o 2 VG(1)
| 7ol 4U, (37
and Eq.(21) assumes the form where both roots in the integrand are positive on the segment
- (Ug—Uy)? || <« of the real axis. The constan®, C,, «, 3, v, and
(PZ_V—A’ (30) N must be determined from the condition that the points

match under the mappingee Sec. R In our case we obtain

N
where VA=3Z% [a,By(dy(O,O)/dr)(Pow+goPaB)]2, - s 2
0 = ——{w——I h
and the region of applicability of30) expands afN, in- “ exp{ ZL[W i n(coshy) } coshu/ ’ (38)
creases. However, if the base is doped with donors
_ ~2 2_ 2 T S
(N=Np>0 and 7,>0), thenr “>715=a“ and the expan- ,8=exp{ —,u,——[wgd——ln(cosh,u) ] h
sion employed in the derivation of Eq€1)—(23) is incor- 2L 2p coshu (39

rect. Moreover, the barrieqe=qeo, which remain when
U4=Uy,, can still be so high that the electron current through ~ y= 8 exp 2u, (40
it is negligible. On the other hand, as noted in Refs. 1 and 2 dy(0.0) 2L

, for U4>U, a potential well filled with electrons, which =
compensate for the donor charge close to the saddle point, dr Ta

forms near the source. For this reason, our approximation iWherewgd=(w— H +h/2) is the distance from the center of

which the base is completely depleted breaks down neahe gate to the drain, and the parameteis the solution of
threshold and it is impossible to calculate analytically thethe equation

|-V characteristic of an ECT with a base.

(41

_2m(L—Du
tanh u=sin —.
4. BURIED OVAL-SHAPED GATE ALp—ms

The general but complicated formulas obtained abovat is evident from Eqs(38)—(40) that the inequalities em-
greatly simplify if the inequalities betweem, 8, y, and 1, ployed in the present section are satisfied, and that the width
which determine the functio(t), are satisfied. The number 2L Of the cell is less than the gate—source distémaed the
of possible variants is too large for us to analyze all of themdaté—drain distances—H. The gate boundary can be de-
For this reason, as a concrete example of the application gicribed by the parametric equations

(42

the general theory we shall consider only one characteristic 1 —g\1°t
L Y= B
case, wherew<g and y<1. Disregarding terms of order X(6,0)=L— —|arcsi oy
o/ 8% and y? compared to 1, we obtain 4
2 2\ p2 _ 2.2
A S AN S 2 x| arcsin T2V E0 Y
PRy ay—p2 " By a(ytP) (y"=p%)0
(3D 2 22
8 4 +arcsin——,———|, (43
Qug=tanti 1=,  Qqu.=In——, (32) Y'=B
4 y+B
(60,00=h+ In 6/ (44
h y(6,00=h+s .
<Raﬁ—xlpaﬁ>=<1>zz(%) +2g<1>12(%), (33 In 15
An analysis of these equations shows that right up to values
0% y v/ =100 this oval differs by no more than 5% from an
(Ro=~ X0Pox) = 27 B — Py B ellipse with semiaxesl(—1) and s/2. Substituting the ex-
N pression(44) into Eq.(36) makes it possible to calculate the
n Y| Y functions ®,(a) by numerical integration, whose results
T2 q)lz(ﬁ) q)m(ﬂ” 39 are shown in Fig. 2.
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¥ 7 1.7

For (L—1+s/2)<L the perimeter of the cross section of
the gate is small compared with the period of the ECT cell

and
ms+2(L—1I)
S I T “0
If the gate is round, thee=2(L—1) and fors<L
TS
r=50 (48)

This limiting case was studied earlier in a development of
the theory of electronic tubes; the well-known formula for
the gain of a flat vacuum triode with a thin dfid

1 L1 1yl 1 b4t bl

1 70 100 _ mdgq/L—In(cosh 7-rs/2L) mdgq

a 9= jncothmsizl)  LnzLizs) 29

FIG. 2. Computed function® ,(a) for a deep buried oval gate.

is obtained by substituting the expressigd8) and (38)—
(40) into Egs.(32) and(19).
Finally, for | cosh@rg/4l)>max(,L—1), so that y> g,

Using the results of the numerical solution of E42), ﬁl_nd,u is determined by the equality

which are presented in Fig. 3, we can calculate the subthres
old characteristics of the ECT for any ratios of the gate di- TS
mensions if 2 <h, (d—H). A purely analytical calculation K= T (50)
is possible in a number of limiting cases.
If s<min(l, L—1), then the gate has the form of a thin We shall study this limiting case in detail, since, in the first

horizontal plate and place, the blocking factor is largéhis is important for prac-
tical applicationy and, in the second place, the formulas
ﬂ:tanhl(sinz L__|> (45) from the preceding section simplify substantially because of
2 L the inequalityy> 8. Indeed, using the data of Fig. 2, it is

easy to show that foy> g all terms in the final formulas
containing the factol are negligible, since ordinarily/
<Ug. In addition, it follows from Eq. (31) that
Po-<P,s<9oP .. Taking this circumstances into account,
it can be shown that

For (L—1)<min(sL) the gate has the form of a thin
vertical plate and

I3 o N «g gg
0% SIIRG v S S gSSS 4215 V3 Y
. -
(Ug—Vp)?
P o 8 VL [B)\? -
a_qT2Ug—Vha ' (52)
T 8 Vv
ro 2~ (4—), (53
/L / 71 w2 JUg(Ug—Vy) @
S 2 v, | -3/2
, = 3_B —— s |n<4E (54)
/ « \/Ug_Vh- a
~f
10 ™ Y
28 B
VA:;VL go |n 4; y (55)
10.2 / I L L 2 B _ 1 wh |
w* w? w0t w1 w1 P TR L (56)
s/l
Vh VW
FIG. 3. Computed curves gf versuss/L for an oval gate. The numbers on On=0ol 1——|— —, (57)
the curves are the values of the parameter [()/s. Ug Ug
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_mW— H TS
9=7 L M2 )
and the “threshold” thickness of the SCRig=min(wg,d),
where

m Ug—V, TS
Wo=-—L 9 exp 5 |-
4 Ug 2|
The applicability condition(25) for Eq. (20) becomes
a  Ug—Vy 2Uo—ud< Ug—Un|? @
BViIn(4pla)]  Ug Vi B

(58)

(59

4
1<

and can be satisfied only if

4
: (60)

o
VE<(ug—vh)2(E

This inequality is necessary in order thgt<l and the

blocking factor of an ECT with a-type base be determined

by Eq.(57). The presence of the small factar/(8)* on the

A. S. Kyuregyan

tion in the base and gate are the same. All parameters of the
subthreshold IVCs, including the blocking factor, can be cal-
culated as soon as the conformal mapping of the upper half-
plane onto the cross section of the SCR of a unit cell of the
ECT is known. These results are absolutely rigorous to the
extent that:

the completely depleted SCR approximation is appli-
cable;

the penetration of the SCR into the source and gate can
be neglected; and,

the boundary conditiofb) is satisfied in the source—gate
gap, i.e., the normal fiel&, =0.

The latter assumption is justified, strictly speaking, only
for the above-studied ECTs with a buried gate. However, all
results are equally applicable in the case of contiguous gate
and sourcdi.e., for a= B), since the conditions at the “ab-
sent” section of the boundary do not influence at all the
distribution of the potential. For this reason, in the lirnit
— B all formulas in this paper should be identical to the
corresponding results from Re2 , assimple but very cum-

right-hand side of Eq(60) distinguishes this condition from bersome calculations confirm. In all other cases it is neces-
the similar condition for the case of contiguous gate andsary to solve the boundary-value problem inside the SCR as
source? and it has the effect that the subthreshold IVC gnd well as above the ECT surface with interfacial value€of

can be calculated analytically only if thebase of the ECT

which are not knownra priori. This can be done, for ex-

with a deep buried gate is very lightly doped. On the othemmple, by a method similar to the method employed in the

hand, the region of applicability of the quadratic 1480) is
greatly expanded for an ECT with @type base: This law
should be observed when

Upy—U 32 9oV 16 V h
0 d<_go Lln(4,3)< L (28

Uy 2 Ug al 7w Ug—Vy L

which holds all the better, the deeper the gate and the heavi

the doping are.

5. CONCLUSIONS

present paper. The functiorts, () in the interval a<é

< B will have to be determined by solving a singular integral
equation, following from the standard conditions on the in-
terface of insulators. The results of this very complicated
program could quantitatively differ substantially from the re-
sults presented above. It is obvious, however, that the char-
acter of the potential well in the SCR and its evolution under

'Y variation of the voltages on the electrodes cannot change.

For this reason, qualitatively, all the results obtained by us
are completely general.
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