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The results of experimental investigations of induced photopleochroism of elemésiaye,

binary (IlI-V, [I-VI ), and more complicated diamond-like semiconducttisV—

I1I-V solid solutions, ternary compounds I-IlI-VI and [I-IV-V compouhdsd photosensitive
structures based on them are discussed and generalized. The laws of induced
photopleochroism, which have been established for various types of phototransducers, and their
relation with the parameters of semiconductors are analyzed. The possibilities of practical
applications of induced polarization photosensitivity of isotropic semiconductors in polarimetric
structures and in the diagnostics of the quality of the semiconductors are discussed.
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1. INTRODUCTION tors an external polarizing component and by producing
uniaxial deformatioh' or conditions for photon drag of

A complete description of optical radiation includes, in charge carrieré and for photovoltaic effects$ ™6 In the
addition to the intensity and photon energy, the state of pomost widely used approach a polarization-insensitive photo-
larization of the light wavé:™ In this respect, the present detector is equipped with an external polarizing component
growth of semiconductor optoelectronics based on source-teand the polarization parameters of the incident radiation are
detector information transfer and reception by intensity andietermined on the basis of the intensity measured with the
wavelength modulation of a light flux is one-sided. It is com- photodetector. In such systems there always arises the prob-
pletely obvious that the development of optoelectronic sysiem of spectral matching of the polarizing component and
tems in which the state of polarization also plays the role othe photodetector, and, in addition, the polarizing component
an information parameter will make it possible to increasegenerally introduces additional radiation losses in the optical
system capacity substantially. The need to develop polarizechannel and thereby lowers the detection power of the sys-
optoelectronics is also stimulated by the rapid growth of aptem with respect to polarization. It should also be under-
plications of linearly polarized lightLPL) in science and scored that polarimetric systems with an extefnelative to
technology?~® In this connection, fundamental research onthe photodetectdmolarizing component are also not widely
the anisotropy of photoelectric phenomena is evolving into aised because of structural design complicatidnBolari-
central direction in the physics and technology of semiconzation-sensitive IS photodetectors based on the approaches
ductors. considered above have never been demonstrated explicitly.

A qualitative breakthrough in this field involved the use A major step forward in this problem appeared only with
of natural photopleochroisiiNP) in photoconversion struc- the discovery, in the 1980s at A. F. loffe Physicotechnical
tures based on oriented anisotropic semiconductors from seinstitute, of a new type of photopleochroism induced by ob-
eral crystal classes-’ Thus the first phototransducers, whoselique incidence of LPL on the receiving plane of a
quantum efficiency is determined by the position of the pophotodetectot® This type of photopleochroism is deter-
larization plane of LPL relative to the principal crystallo- mined entirely by the optical processes occurring at the in-
graphic axes of the semiconductor, were develob@tie terface between a semiconductor and the medium from
still inadequate, for large-scale applications of NP, technowhich the LPL is incident on the semiconductor and, in con-
logical familiarity of anisotropic semiconductor materials is trast to NP'° there are no limitations with respect to the
stimulating assessment of the classic cubic semiconductorstructure and phase state of the semiconductor. Thus polari-
whose technological base is well-developed, for use in polametric photodetectors with record-high azimuthal photosen-
rimetric photodetectors. sitivity =~0.2 A/W-deg and wide-band or narrowly selective

For a long time attempts have been made throughout theegimes of photodetection of natural and linearly polarized
world to use isotropic semiconducto(kSs) for analyzing light, as well as with continuous tuning of the induced pho-
polarized radiation, for example, by adding to IS photodetectopleochroism(IP) have been developed. The first demon-
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strations of the possibilities of obtaining gigantic induced
photopleochroisn{GIP) and using polarization photosensi-
tivity spectroscopy for rapid diagnostics of the quality of
finished structures have been performed in the structures ob-
tained.

Many original publications and announcements report- 700 —
ing the results of investigations of IP in various photosensi-
tive structures based on a large group of semiconductor ma-
terials from the basic classes have now appeared at various
levels of scientific conferences. In our review article the
physical mechanisms of the new photoelectric phenomenon
are examined and approaches are developed for obtaining . 50
and controlling the parameters of polarimetric semiconductor Q™
photodetectors based on this effect. The characteristic fea-
tures of the observed phenomena, which could find wide
application in the development of polarization photoelectron-
ics systems and in diagnostics of finished polarimetric struc-

tures, are also discussed. 0 ! J
g 30 60 80
@, ,deg

%

2. PHOTOPLEOCHROISM OF ISOTROPIC

SEMICONDUCTORS WITH OBLIQUE INCIDENCE OF LPL FIG. 1. Diagram of optical processes at the air/IS interface and the com-

puted dependencd? («g) for semiconductors with different refractive in-

There exists a wide range of semiconductor photoelecdi¢estindicated on the curves

tric devices based on isotropic materidls>° Photodetectors
based on elementary, binary, and more complicated crystals,
as well as glassy semiconductors have long been used to Ho=H5+H5=Amy-a']—Bgnea’, 1)

record the intensity of optical radiation. This is due to the here A dB th | litud f the incident
fact that optical transitions in the energy spectrum of isotro-/€T€ Ao ANd B, are he scaiar ampitudes o , € |nC|, en
pic crystal and glassy semiconductors are equally probabl\év"’weh W'th. tge .correspond.mghpolanzatm;nﬁ,, b’, andq |
for any polarization of the radiation. Since anisotropy Wasareht ejur'lgt asis vectonsy d'St e vector 0 t elwa\;]e nofrma
not observed in investigations of their photosensitivity spec—t0 the incident waven, andn, are, respectively, the refrac-

tra, the possibilities of direct detection of LPL using photo-t've |nd|ces_ of air and the seml_cor_1ductor, anglandm, are
- ) . the refraction vectors of the incident and refracted waves
detectors consisting of ISs were not discussed at all in the_: ) : -
A, Fig. 1). We can then represent the intensity of the radiation
scientific literature before the appearance of Ref. 18, wher

- L . . uxes with oblique incidence of LPL can be represented in
the then unexpected possibility of using isotropic semlcon-termS of the radiation bower vectsrand the unit vecto
ductors in a completely newfor them function—as a normal to the interfacepaS' o
photoanalyzer—was predicted and demonstrated. '

=(P.-q)= \2m. .
2.1. Photosensitivity anisotropy of isotropic semiconductors ®=(P;-q)=(C/4m)(ReE;)"m;-q

_ 2
When the surface of an isotropic semiconductor is illu- =(Cl4am)(ReE;)"n; 2)

minated with LPL along the normal to the front plattee  where »,=n, cose;, andi=0, 1, 2.

angle of incidence of the LPk,=0°), thephotosensitivity In this case the intensities of the incident wave can be

(PS is independent of the position of the electric field vectorwritten as

E of the light wave relative to the principal crystallographic S 5 P 5

axes in the semiconductor. Fer,>0°, according to the Po=(Clam)Agro and &y =(C/4m)Byo, &)

Fresnel relations, nonequivalent reflection and refraction ofind the intensities of the refracted wave as

rays with different polarization azimuths, which depend on s 5 P 5

the permittivities of the adjoining media, occur at the air/IS ®2=(Clam)Az7, and &3 =(C/4m)B37,. S

boundary. The intensity of the radiation transmitted into theUsing the Fresnel formulas in the covariant representdfion,

semiconductor is a function of the azimuthal an@leetween  we obtain for the refracted waves

E and the plane of incidencél) of the radiation. For this

reason, forey>0° the density of photogenerated charge car- A2=1{(2m0)/(no+ 72)}A0,

riers in an isotropi.c semicopductor dependséon _ B,={(2ngN,70)/(N370+NZ37,)}By. (5)
We shall consider the simplest case of a flat interface on o )

which an LPL beam is incident at angte, (Fig. 1). The Subst|tut|r_19 the_EresneI for_mgla§) into Eq.. (4) _shows that

electricE, and magnetitd, vectors of the incident wave can when the intensities of the incident LPL with different polar-

be written in the covariant representafibi? as follows: ization azimuths are the samé{=B), the intensities of
the waves refracted into the semiconductor for orthogonal

_ES P_ . . .
Eo=Eg+ Eg=Aca’ +Bg[Nny-a'], polarizations®3 and ®; become nonequivalent for adt,
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#0°. Since the density of photogenerated pairs in an IS is 100—
determined by the intensity of the absorbed radiation, the
photosensitivity(PS for each polarization can be written in

the form B 80°
iP=C.®f, iS=C @3, (6) i 0
n 70
where the constant includes all contributions, which are N
independent of the polarization of the LPL, to the PS, for °n S0 o
example, the optical absorption coefficient, the quantum & L 60
yield, the electron—hole pair separation factor, and so on. o
Then, using Eq94) and(6), we can write the coefficient B 50
of induced photopleochroism - 40°
P,=(iP=i9)/(iP+i%)x 100% 7 -
i 0 PN R T S
can be put in the form 7 2 3 4 5 btn
P\=(B3—A)/(B3+A)). ®

FIG. 2. Computed curveB,(n) for various angles of incidendgndicated
In the simplest case where the amplitudes of the differently" the curves
polarized waves incident on the air/IS boundary are equal

(Ao=Bo), usm_gso—no—'l', the expression for the '”d“C‘?d eters of the IS, predicts slow growth & with increasing
photopleochroism coefficient can be put into the Cova”anbhoton energy in the entire range of FiSg. 3. This law is

form determined by the relatively weak dichroism of the refractive
Pi={(e,—1)(n5—e,7m3)} index of semiconductors in their region of Py the fact
that the refractive index is greater than the extinction index
{4e2m0m°— (821 1)(m5—2275)}, (9 [n>k (Ref. 39] and by the inequality?>1. The main con-

while in the explicit form it expresses the dependence of thdribution to the increase i, is due to the increase in the
IP on the angle of incidence and the refractive index of thedifference in the permittivities of the adjoining media.
semiconductor

. . 2.2. Experimental procedure for investigations of induced
P, ={(e,— 1)Sirf agt/{(so+ 1)[ 26— (85+ 1)SIM ag] P P 9

photopleochroism

+4&, cosag(e, SIF ap) 3. (10 The experimental apparatus for studying polarization PS

Investigations of the functional dependences of the IP coefinduced by oblique incidence of LPL on a flat air/IS interface
ficient of semiconductor phototransducers using @@) led 1S largely the same as that developed for investigating NP.
to the establishment of a number of fundamental laws ofiowever, to use the method of Ref. 10 for investigating IP,
polarization photosensitivity?34 different relations must be established. First, the PS for a
When an IS is illuminated along the normal to the front
plane (@y=0°), theidentity P,=0 should be satisfied and as
the angle of incidence increaseg>0°, the IP starts to
increase continuously for ah>1 (Fig. 1) according to a =
parabolic law

Pi=xa}, (11) I / 2
where the coefficieny varies in a narrow range from 0.010 «4\

to 0.012 with large variations ofi from 2.5 to 5, which

100

o
covers the most important materials used in semiconductor °\h 50k -3
electronics®3® The maximum values of the IP coefficient .y

P'={(g,~1)/(,+1)}? (12

are obtained near glancing geometey,(90°) of illumina-

tion of the surface and for known ISs fall into the range -

55-85%. Since fory=90° the LPL beam grazes along the

surface, the photocurrent§ andi® drop to zero and the

maximum valueP|" is unattainable. /] - | I | L l
Induced photopleochroism can arise onlyjt>n,, and

its growth with the refractive index of the IS is sublinear

(Flg. 2) . B0 . FIG. 3. Computed dependenceg % w) for photodetectors based on GaAs
Finally, in contrast to NP~"the calculation of the spec- (1) 1np(2), si (3, the triangles indicate the experimental datnd ZnS(4)

tral dependence of IP taking account of the optical paramat T=300K («q, deg:1, 2, 4—80,3—75).

haw,eV
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sion coefficient of the air/IS interface for LPL and therefore
the photosensitivity of the isotropic medium become depen-
dent on the position o relative toZ. The intensity of the

LPL flux transmitted through the detecting plane will be de-

7 / and the angle of incidence,>0°. As a result, the transmis-
\
\\ E termined by the relation

AN

=D o[ 75(ag)coS O + 73 ag)si? O], (13

fiw where®, is the intensity of the incident LPL flux® is the
A azimuthal angle betweel and the rotation axig, and 7p
FIG. 4. lllumination scheme for investigation of induced photopleochroism"a‘!r]d TS. are the amplitude transm_ISSI.on coefﬁmen_ts of the
in semiconductors. air/IS interface fors and p polarizations. Assuming the
photoflux to be proportional td,, we find that for a fixed
angle of incidence 0% a3<<90° of the LPL beam the sensi-

fixed photon energy is measured as a function of the azitivity will obey the periodic law
muthal angle® betweenE and the plane of incidence of the
LPL on the receiving plane of a uniform IS or photosensitive
structure fabricated using an IS. However, if the measure-
ments of the NP are performed only for the angle of inci-
denceay=0°, then in the case of IP such a measurement i§herefore, under oblique incidence of LPL on the surface of
not enough and detailed measurements of the azimuthal dan IS, because of the anisotropy of the transmission of the
pendences of the photocurrent must be performed for eaaladiation through the detecting surface, the PS shows the
fixed angle of incidence of the LPL in the range<0&, same azimuthal dependence as for a uniaxial semiconductor
<90° with the step inr, determined in each specific mea- for a,=0°.2° This matching is not random and is deter-
surement. The azimuthal photosensitivity dependenges mined by the fact that the symmetry of the absorption oscil-
obtained by scanning the angle of incidences¥,<90° lator in a uniaxial crystal and the energy losses at the air/IS
and wavelength of the LPL in the PS range are fed into thédoundary are the same whe+0°. The coefficient of IP,
data acquisition and processing system. An imaging systemefined as the ratio of the difference in the photosensitivities
is used to survey and process the PS dependences andtdaotheir sum for orthogona andp polarizations of the LPL,
compare the experimental data with the computed deperns conventionally used as a numerical characteristic of in-
dences of the polarization paramet&ts. duced polarization P&:%°

The analysis of the PS dependences for the case where The predicted new mechanism of polarization"P8as
the polarization plane is also the plane of incidence of themmediately demonstrated for the basic materials and pho-
LPL—EIIPI for iP(ay) and in ELPI for iS(ag)—becomes totransducers used in semiconductor electronics devices fab-
especially important. Comparing the experimental curvesicated from crystal and glassy semiconductdrs.
iP(ap) andiS(ap) with the expected curves from analysis of An example of the typical polarization curves of the
the transmission of a light wave through the air/IS boundaryshort-circuit photocurrent of a serially produced Si photodi-
using the Fresnel formulas opens up the possibility of rapidde is shown in Fig. 5. When the front plane is illuminated,
diagnostics of the quality of the front plane of the semicon-the photocurrent withxg=0° does not depend on the azi-
ductor and for monitoring antireflection. Polarization inves-muthal angle® (curve 1), while for oblique incidence of
tigations of PS require that the ratio of andiS for a LPL (curve 2) the experimental values of the photocurrent
=0° be determined carefully. If=iS, then there is a basis start to vary in accordance with E(L4).
for concluding that there is a relative absence of NP, while  The experimental angular dependen&éa,) for a Si
iP=iSfor ag=0° implies that both natural and induced pho- photodiode(Fig. 5 also demonstrate the correctness of the
topleochroism appear together. Special test measuremeritavs predicted from the analysis of the optical processes oc-
are required in order to distinguish the contributions of theseurring at the air/IS interface. In fad®, =0 for illumination
effects which are of a different nature. along the normal, and asg, increasesg,>0°, induced pho-

The method for investigating IP consists in the follow- topleochroism arises and increases in accordance with Eq.
ing. Let an LPL beam be incident alongon the front plane (11). Induced photopleochroism was also found to have the
of a photodetector consisting of an (S5ig. 4). If XIN, where  remarkable property that the spectral dependenc®,ois
N is the vector normal to the front plane of the semiconduc+elatively weak in the entire range of PS of a structure based
tor, then the photosensitivity will not depend on the polar-on an isotropic semiconductor.
ization, since in the absence of induced anisotrdpy ex- We note that even these first experimental observations
ample, uniaxial deformatigrthe absorption of radiation with of IP have confirmed the high potential of the new photo-
arbitrary polarization is equally probable. If the front plane electric phenomenon for producing a component base for
rotates around th& (or Y) axis, the normaN’ becomes polarization photoelectronics using existing technologies and
noncollinear with the direction of propagation of the LPL devices.

ig=1"cog®+iSsirf 0. (14
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lE oz After the discovery of IF® such structures actually became
o the first object used for thorough investigation of the basic
laws of the new photoelectric phenomerfdr®!

The barriers for polarization investigations were pro-
duced on wafers witl{100) or (111) orientations of homo-
geneous crystals or epitaxial layers of the binary compounds
GaAs and GaP, as well as the solid solutions @apP_, ,

Ga _,Al,As, and Ga_,Al,P. Unilayer Au and Ni or bilayer
Ni—Au coatings were deposited by vacuum sputtering or
0 90 780 chemical deposition. The film thicknesses were ordinarily in
the range 100—200 A. The films were deposited on mechani-
cally and then chemically polished surfaces of the indicated
semiconductors and on the growth surface of epitaxial layers
without any additional treatment. It is important that during
polarization measurements the surface of the barrier contact
is illuminated with a parallel LPL beam as close as possible
to ag—90°, where the photocurrent can still be measured.
Accordingly, special attention is devoted to eliminating vi-
gnetting of the detecting plane of the barriers and eliminating
any possibility of illumination of the end planes.

100 —

50

Py

3.1. Wide-band induced photopleochroism

The wide-band photosensitivity of Schottky barriers with
respect to natural radiation is well knoWh>? The structures
obtained by the method described above showed a high, for
0 phototransducers of this type, photosensitivBy. Their
=90 0 90 wide-band character is illustrated by the large total widths

%o deg 610 Of the spectra at half-height with illumination from the
barrier contact sidéTable ).

FIG. 5. Polarization curves of the photocurrén, deg:1—0, 2—75; \

=0.95um), the curvesP(a,) [3—experiment—dots, solid curve— Inves'gigaFions of_the obtained structures in LPL showed
calculation using Eq(11)] and P,(%w) (4, ap=75°) for an—p-Si struc-  that polarization PS in Schottky barriers on bulk crystals and
ture. epitaxial layers, in the presence of positional disordering in

the solid solutions and irrespective of the nature of the met-

als employed and the method for depositing the metals on
3. INDUCED PHOTOPLEOCHROISM OF SCHOTTKY the surface of isotropic Ill-V semiconductafBable ), first
BARRIERS BASED ON Ill-V SEMICONDUCTORS AND THEIR appears only when the direction of the LPL beam deviates
SOLID SOLUTIONS ) :

from the normal to the barrier surface. The azimuthal depen-

It has been known for a long time that Schottky barriersdences of the photocurrent of all barriers with+ 0° follow

based on 1lI-V semiconductors and their solid solutions aréhe periodic law(14), and the inequality”>iS, which fol-
sensitive to radiation intensif{=*? This is due to the fact lows from a Fresnel analysis of the transmission through an
that absorption in crystals with a sphalerite lattice is isotropicair/IS interface, holds in the entire region of P&
because of the degeneracy of the states of the upper valence For Schottky barriers with a mirror receiving plane, the
band, and for this reason such materials have not been cotypical angular dependences of the photocurrents, their po-
sidered at all for application in polarization photoelectronics larization differenceAi=iP—iS, and the coefficienP, are

TABLE I. Photoelectric properties of Schottky barriers based on 1lI-V semiconductdrs-800 K (illumi-
nation from the barrier-contact side

Semiconductor Barrier S;, AIW 112, €V P, *% A wp, eV o, , A/W-deg
n-GaAs Ni 0.12 0.6 6280) 1.4-1.8 0.15

Au 0.11 0.3 68-7¢80) 15-2.6 0.14

Ni+Au 0.16 0.5 7080) 1.4-1.8 0.22

n-GaP Au 0.14 0.75 680 2.4-3.6 0.18

Al 0.14 0.80 6880 2.5-35 0.19

Au 0.15 0.70 7480) 2.3-3.6 0.21
n-Ga _,Al,As Au 0.07 11 4575) 1.8-3.6 0.065
n-Ga _,Al,P Au 0.07 1.0 3075 2.0-3.6 0.055
n-GaRAs, _, Au 0.14 1.0 7480) 2.2-3.4 0.2

Note: *The angle of incidence is shown in parentheses.
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“ B Au/n-GaP(1, 3) and Niln-GaAs (3, 4 at T=300K.
= 1 P 50
QN / 79
J/fP\ close to the known values for ISs. This can serve as a basis
g for concluding that the anisotropy of the optical processes is
/4 \ determined mostly by the properties of the semiconductor,
/ /’/ \ while the semitransparent thin layer of metal is neutral in this
0 LM/O . , \ 0 respect. o
a 90 Finally, we shall analyze the dichroism of the parameters
2, deg of the IP of Schottky barriers with wide-band photosensitiv-

ity with respect to the radiation intensity. As one can see
FIG. 6.7 (1), 1% (2), Ai (3), andP, (4) for a Ni/n-GaAs structure versus  from Fig. 7, for Schottky barriers on GaAs and GaP the IP
the angle of incidence of LPL from the Ni sid& €£0.87um, T=300 K). coefficient remains virtually constant far,=const in the

entire range of PS. Therefore, whereas the NP in anisotropic

shown in Fig. 6. The main laws are as follows. When theSemiconductors is sharply selecfi8the IP is constant and
polarization plane is also the plane of incidence, the photoSOVers the entire range of photosensitivity of the IS, in agree-
currenti? increases, reaches a maximum near the BrewstdP€nt With the analysis in Ref. 34. ,

anglea®, and then decreases. At the same time, as soon as, The maximum aglmuthal PS of Schottky barriers, deter-
ao>0° the photocurrentS decreases monotonically. The Mined from the relatiof?

fact thatiP(ag) andiS(a,) are different demonstrates the ®,=2SP,, (15)
validity of the classical Fresnel analysis of the processes . - .
leading to transmission through an interface between tw eac_hes ret_:ord-h|gh values for structures con5|st|ng_of aniso-
media®’ An important parameter for estimating the perfec- ropic semiconductorgTable ). It is evident from Fig. 7

ton of the outer surface of the barrer s the photocurrent B T RS i R e e e harac-
ratio A=iP/i§, wherei andif are, respectively, the values

of the photocurrent at the maximum and fag=0°. Experi- ter. Since®,~Ai,> it is evident that the polarization PS of

mental investigations of Schottky barriers show that in high—SChOttky barriers is of practical interest in their range of

quality structuresA>1 corresponds to a decrease of reflec—er:\)/('erlnel;mthpZztosa?'gggnggﬂe%cgOt;[:?é Eg;gg;sti;?zllogg'
tion losses. As the quality of the receiving plane of the 9 9 y b

structures decreases, the ratio decreases to such an extent trrff‘ar{] eters for structures of this type. The position of the long-

A<1 could happen just as for tleewave in the case of even wavelength edge in them is determined by the bandégap

an ideal surface. FoA<1 the dependend&(ao) becomes while the short-wavelength dropoff of the PS is suppressed
qualitatively simi.lar 10i%(aro), though the ineq?JaIity"P>iS by an effective barrier. For this reason, controlling the band
with ay=const remains. 19his character B(ag) does not gap during the formation of 1l1-V solid solutions makes it

agree with the results of the conventional analysis, using th ossible to control the long-wavelength edge of the IP, and

Fresnel formula&; of the optical processes during transmis- and its extent in the short-wavelength region can be con-
sion through the interface between two media. trolled by the nature and method of deposition of the barrier

The important conclusion that the polarized difference ofmatenal.
the photocurrents in Schottky barriers reaches a maximum o _
nearag‘ also follows from Fig. 6. This quantity also depends 3.2. Selective induced photopleochroism
on the optical quality of the barrier contact and the quantum  The transition from wide-band to selective detection of
photoconversion efficiency. LPL, often required in practice, was discovered on surface-

As follows from Fig. 6, the IP coefficient is O fa,  barrier structures immediately after wide-band structates.
=0°, and foray>0° it increases according to the quadratic Structures in which a flat surface of the semiconductor
law (11). For fixed anglesy, the value ofP, is determined could be illuminated with LPL in oblique geometry and the
by the semiconductor used in the barrier structure and ispposite surface of the semiconductor contained a barrier
essentially independent of the method of deposition and thevere produced for these investigations. In sun light the pho-
nature of the metal. Estimates of the refractive index fromtosensitivity spectra of such structures are narrow-band spec-
the experimental values &, , using Eq.(10), are ordinarily  tra (Table Il). This is due to the influence of radiation ab-
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TABLE II. Photoelectric properties of Schottky barriers based on IlI-V |2'75

semiconductors af =300 K (illumination from the IlI-V side. =10
S, 812, lex* Afwp, D,

Structure AW meV % eV A/W -deg

Au/n-GaAs 0.13 20-24  4H75) 1.38 0.003

Au/n-GaR), ;As; 3 0.14 120-130 680 2.18 0.020

Note: *The angle of incidence is shown in parentheses.

sorption in the interior volume of the IS. The energy position
of the short-wavelength edge of the PS is determined by the
thickness of the semiconductor wafer and by the character of
the interband transitions. For example, the width of the spec-
tral band of PS in GaAs barriers is much narrower than in an
indirect-gap solid solution with a flat absorption edge.

As one can see from Fig. 8, the angular dependences of
th_e polarization charact_eristics with Fhe Schottky barrier illu- 5 o P, (1, 2 and Ai (3, 4 spectra of Aun-GaAs (1, 3 and
minated from the semiconductor side are the same as fQfu/n-GaR As, (2, 4 structures with illumination from the semiconductor
illumination from the metal-layer side. This corresponds toside atT=300K.
the conclusion that the semiconductor plays a determining
role even when the structure is illuminated through a half-
transmitting contact. It should be noted that when the same ) ) ) ) ] ) ]
structure is illuminated from the IS side, the rafidis ordi- e polarimetric regime is possible, just as in the geometry
narily higher than for illumination of a metal-coated wafer Where th_ese structures are illuminated from the barrier-
by LPL. It follows from this fact that the optical quality of Ccontact side. _
the free surface is higher than that of the metal-coated sur- A Sharp short-wavelength dropoff neg appears in the
face. On the whole, the tunable cur@(«,) shows that spectral dependence of t.he IP cqefflc_lent on switching toa
when barrier structures are illuminated from the IS side, #€0metry where the barriers are illuminated through the in-

transition from a polarization-insensitive regime, &0) to  terior volume of the semiconductor, while in the region of a
weak optical absorption the IP remains nonselective, while

the values ofP, (Table Il) give a value ofn close to the
known value for the semiconductor. The nonselective char-
acter ofP,, as follows from Fig. 9, is observed for different
PS mechanisms, such as interband absorption and photo-
emission of electrons from the metal into the semiconductor.

It follows from Eqg. (15), taking into account the spectral
contour of the polarized difference in the photocurrents with
a maximum neaEg of the semiconductofFig. 9, curves3
and4), that the maximum azimuthal photosensitivipy of
Schottky barriers illuminated from the IS side has the form
of a narrow band with a maximum neg, . It is evident that
the spectral position of the maximum of the azimuthal PS
can be controlled in a wide spectral range from infra(iéy
to ultraviolet(UV) by varying the band gap by adjusting the
wafer thickness and the atomic composition of the com-
pounds and their solid solutions.

The values ofb, and the spectral band widths presented
in Table Il demonstrate the suitability of Schottky barriers on
IlI-V crystals for use in selective photoanalyzers of LPL.
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4. INDUCED PHOTOPLEOCHROISM OF ITO/SI(l1I-V)

Xy

FIG. 8.iP (1), i (2), Ai (3), andP, (4) for a Au/n-GaR, ;As, 5 Structure
versus the angle of incidence of LPL from the Gaks,; side (\
=0.57um, T=300K).

STRUCTURES

Wide-gap high-conductivity oxides, including mixtures
of indium and tin oxides(ITO), are used to increase the
quantum efficiency of phototransducers for sunlifht’ In-
vestigations of the polarized PS of such structures have been
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TABLE lll. Photoelectric properties of ITO/811-V) heterojunctions at a b
=300K. 2k 2
@ 1
S, O1/2, pimin * D, B ,x’x\&
Structure AW eV % AW -deg 3 x" 2 \
-
< \
ITO/n-Si 0.09 2.0 270) 0.08 5] ) S 2
ITO/n-GaP 0.1 1.0 180) 0.04 w3 [ EA
ITO/n-GaR, 4,ASyss 0.1 0.9 275 0.045 7L X 2
ITO/p* —p-InP 0.1 2.0 270) 0.08 £z <R
4 7] 2 Q™ H.\
Note: *The angle of incidence is shown in parentheses. +7' "~
X 5+ #
N F A1
™ +/+3
undertaken in the last few years and have led to the obser A 0 0

vation of a number of interesting features of induced 0 90
photopleochroisme—5°

4.1. Polarized photosensitivity of ITO/GaP  (GaP,As;_y)
heterojunctions . 50
The structures were produced by magnetron sputtering"«\
of an indium and tin target in an oxidizing oxygen—argon | »
medium. The films were deposited on 1190 plane of GaP 7 2 3
and GaRAs;_, single crystals. All structures possessed hw,eV
wide-band PS spectri@able Ill). The angular dependences
P,(«g) in the heterojunctiongHJ9 based on the GaP and
n-GaRAs; _, wafers illuminated from the ITO sidéig. 10
follow the quadratic law11). The difference observed in the
values ofP, for various HJs and foey>30° with the same
n-ITO entrance plane could be due to oscillations of thewas attributed to a possible superposition of additional selec-
refractive index as a function of the technological conditionstive photopleochroism of unknown nature on the IP.
On the basis of an analysis using EdO) the valuesn
=1.4-1.8 can be correlated to the experimental curves.2. polarized photosensitivity of ITO/
P,(ap), which agrees satisfactorily with the known values

for ITO.5® . ’ - . )
lutions of mixtures of indium and tin chlorides on the surface

The typical spectr®, (% w) for HJs of this typgFig. 10, : . i
: f heated(111) Si and(100) InP wafers. When illuminated
4) also sh h weaker IP with tto?
curvess ana ) also show a much weaker P with reSpect 10, uu" ight ITOR-Si and ITOp-InP HJs exhibit wide-

a Schottky barrier based on these materials. It can be corf¥ d PS(Table IiI q . d mini indicati
cluded on this basis that the induced photopleochroism O?an (Table I, anc maxima anc minima, in |caF|ng
ITO/GaP(GaRAs, ) HJs is determined by the anisotropy interference of the radiation, can be clearly resolved in the
of the optical processes at the air/ITO interface, while inpho'fl(_);]:u”ent Ispe;:tra. q f the phot ts footh
Schottky barriers the determining processes were those at the € angular gependences of the photocurrents fopthe
air/IS interface. A large difference between HJs based Oﬁnds_waves acquire sensmwty to the incident-photon energy
ITO and Schottky barriers is dichroism & , which con- precisely for such HJs. Figure 11 shows two types of depen-

: : . - dences observed for the photocurrafisy,) andiS(ag). In
flicts with the analysis in Ref. 18. In Ref. 58 this new feature . 0 0
y one dependencé-ig. 11a, curved and 2) the angular de-

pendences’(a,) andiS(«a,) are similar, indicating that the
reflection losses decrease for bgihand s waves simulta-
20 neously. The distance betweéh(a,) andiS(ag) for the
same values ofxy depends on the photon energy and is
different for different HJs. It should be underscored that the
observed increase iff with a and the attainment of a maxi-
0 mum photocurrent near the Brewster angle do not corre-
spond to the Fresnel analysis of the transmission of radiation
2 4 through the air/ITO interfac’ One can also see from Fig.
- W 11b (curvesl and 2) that in the same structure there are
< 3 spectral ranges wheré'(a) andiS(ap) are in complete
agreement with the Fresnel analysis of the transmission of a
light wave through the interface between two métfia.
It is important to underscore that the angular dependence
of P, in ITO-based solar cells is described by a quadratic law
(Figs. 11, a and b, curvesand4). However, in contrast to

FIG. 11.iP(ag) (1), i%(ag) (2), P(ag) 3—P,, 4—P?, #w, eV: a—1.0,
b—1.2%, and P,(fhw) (ag=70°) (5 for an ITOM-Si solar cell atT
=300 K.

p-Si(p-InP) solar cells
The structures were obtained by pulverizing alcohol so-

hw,eV

FIG. 10. P («ay) (fiw, eV:1—1.91,2—2.82 andP,(% ) (aq, deg:3—75,
4—80) of ITO/GaR 4,ASyss (1, 2 and ITP/GaR3, 4 HJs atT=300 K.
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TABLE IV. Photoelectric properties of 1lI-V/IV heterojunctions &t 300 K.

Structure S, AW o™ eV Sy, eV P".*% Afiwp, €V &, A/W-deg
p-GaAsh-Ge 0.02 1.38 0.025 609) 0.7-1.6 0.02
p-GaPh-Si 0.16 1.4-16 0.6 585 1-2.3 0.18
p—n-GaPh-Si 0.04 2.6 0.26 4G5) 2.3-2.7 0.06
n-GaPp-Si 0.15 1.8-2.0 0.8-1.9 58-6%) 1.2-3.1 0.17
n-GaAs/p-Si 0.015 1.33 0.17 575 1.35-1.45 0.026
n-GaAs, &P, -/ p-Si 0.1 1.8-1.9 0.69 605 1.3-2.3 0.11
p-n-GaAsh-Si 0.02 1.39 0.06 58—605) 1.3-1.45 0.0024

Note: *The angle of incidence of LPL is indicated in parentheses.

Schottky barriers, for ITQy-Si and ITOp-InP HJs the IP  tor electronics for a new-generation of optoelectronic de-
coefficient fluctuates for different structures and changes iwvices. Until very recently, photoelectric phenomena in such
the PS range. A typical example of the spectral dependencgiructures were studied only in sunlight. Investigations of
P,(Aw) for such HJs is presented in Fig. 1durve5). The  photosensitivity using polarized photoelectric spectroscopy
oscillatory character of the IP, which in Refs. 59 and 60 ishave been carried out only recentff®-"*We shall review
attributed to the interference of LPL in the entrance windowthe main results of these works.
of solar cells, is clearly seen. Turning to the spectral depen- The objects of polarized investigations of PS were struc-
dences of the quantum efficiency pf and s-wave pho- tures obtained by gas-phase epitaxy in an open chloride
totransducers, it is evident that the oscillations of the photosystem’®~"® The substrates consisted of 0.3—0.4-mm-thick
currents i and i° oscillate in antiphase. Therefore a (100 Si and Ge wafers with approximately 4—6° disorien-
minimum of i® corresponds to a maximum of and vice  tation from the[110] direction. The thickness of the epitaxial
versa. For this reason, siniB>iS, as is characteristic for films and structures based on them was controlled in the
IP, the maximum value oP, occurs in the region of the range 1—25wm by the growth conditions. The basic types of
maximum ofi” and the minimum of® and the minimum of  experimental structures and their photoelectric parameters
P, occurs near the minimum of and the maximum of%,  are given in Table IV. For illumination from the wide-gap
where the polarized difference of the photocurrents is minicomponent side, a wide-band effect appears for all HJs. The
mum. The new hypothesis that the maximum antireflectionong-wavelength edge of the PS with respect to the radiation
effect corresponds to the condition intensity is determined b¥g of the substrates, while the
P,=0, (16) short-wavelength edge is determined by absorption in the

wide-gap film. The regiot ™ of maximum PS and the total

. P . S . . .
so thati ™ =7, was advanced on the basis of these investiga,ig s, , of the spectra at half-height depend on the doping
tions. In this respect, the spectral dependences of IP make it itions and the 11—V film thicknesses.

possible to determine directly the photon energy range cor- Under illumination with LPL polarization photosensitiv-
responding to maximum antireflection. Taking into accounti,[y iP>iS arises only forrg>0°. For perfect epitaxial layers
this condition near the maxima &f, the important conclu- in all HJs the dependences o} andiS on the angle of
sion can be drawn that the maximum polarized difference ol‘

the ohot ts reflect : keninasaf ncidence agree with the Fresnel anal$isf the transmis-
€ photocurrents Tefiects maximum weakeningsabave g, of | p_ through an air/IS interface and indicate a de-
antireflection. For this reason, an estimatenofrom the

. . . crease of the reflection losses only for thvavave (Fig. 12,
maximum of P, gives for ITOp-Si and ITOp-InP solar .\ 0oq 5ng 2). The relationi®>i° remains valid in HJs
cells virtually the same value=1.4—1.8, which is close to with a relief surface(Fig. 12, curves3 and4), but oblique
the value known for ITG® o 9. 14, ; T q
On the whole. the above-considered studies of I_I_O_lnmdence no longer gives rise to an increase in the photocur-
based HJs, to eth,er with the experimental values of the azr_ent with increasingr, for eitherp or s polarization. There-
muthal PS(,Tal?Ie I1l), show that t?lese phototransducers Can*ore, just as for Schottky barriers the polarization measure-
be used as wide-band photoanalyzers for LPL, and polarizarpef{?]tS fo_lf thef phqtocurrﬁgt are obviously related to the quality
tion measurements themselves can be used to monitor tl% € fims forming a H..

antireflection properties and to adjust the conditions for ob- . Th? coefﬁqent of IP in s.tructures of the type under con-
taining solar cells of this type sideration varies as a continuous function of the angle of

incidence of the LPLP,~ «3. An estimate of the refractive
index taking account of the experimental dataRnand a
(Table IV) gives close to the known values of for the
semiconductors through which the LPL enters the active re-
Interest in epitaxial films of IlI-V semiconductors on gion of the structures. For the same HJ of this type, in prin-
silicon and germanium substrates arose relatively long agoiple, there exist two different tunable curves(ay), and
and investigations in this direction have been continuouslyhey are different only because the difference in the refrac-
expandind}~®" since they give hope of combining the func- tive indices of the materials used for the upper epitaxial layer
tional possibilities of the principal materials of semiconduc-and substrate are differefitlt should be underscored also

5. INDUCED PHOTOPLEOCHROISM OF 1lI-V/Si(Ge)
HETEROJUNCTIONS
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ance of a short-wavelength edge in tRe spectra is deter-
mined by the effect of absorption of LPL in the wide-gap
component of the HJ. This is confirmed by the polarized

8 investigations of the PS of Schottky barriers, for which the
§ short-wavelength edge d, did not appear at aff®*® The

< position of the long-wavelength edge Bf corresponds to
5 the onset of interband transitions in the substrate mat@rial.
o It is important to note that IP in both geometries of pho-
"~ todetection of LPL has the same positive sign becalise
s >iS, and in this respect it differs fundamentally from NP,

whose sign changes as soon as absorption appears in the
interior volume of an anisotropic semiconductdf.For HJs
based on anisotropic semiconductors, for example, GaP/Si,
the increase in optical absorption in Si with illumination
from the substrate side and férw>1.2 eV decreaseP,,
P s because the layer of photogenerated charge carriers moves
FIG. 12. Photocurrentél, 3—i", 2, 4—i>, A\=0.49um) versus the angle . . e
of incidence on the surface of p—n-GaPh-Si structure(1, 2—mirror av_vay from the active reglor_1 of Fhe _H‘]' A similar resu“_ ob-
surface of GaP3, 4—relief surface and theAi( w) (5, 6) andP,(fiw) (7,  tains foriw>2.4 eV under illumination from the GaP side.
8) spectra of an-GaPp-Si (1-5, 7—illumination from the GaP side6, =~ The short-wavelength dropoffs &, are due to this. How-
8—from the Si sidep—8—a,=70°) atT=300K. ever, since the absorption of LPL in Si and GaP is isotropic,
the absorption depth qf- ands-polarized radiation is found
to be the same. For this reason, since for transmission of LPL
that in all HJsP,(a,) vanishes atxo=0. This shows that through air/Si and air/GaP interfaces in oblique geometry the
photopleochroism, which can arise, for example, because a@ibsorption coefficients satisfg”>«®, the relationi”>i®
directed deformation of a thin epitaxial film grown on a thick holds. This is why a sign change dfi and P, is not ob-
substrate, in the HJs obtained is negligible compared witt$erved in the entire range of photosensitivity of HJs consist-
the photopleochroism induced by the oblique incidence ofng of the isotropic semiconductors Si, Ge, and IlI-V com-
LPL. pounds, while changing the atomic composition and the
The Spectra| dependences of the p0|arized difference dhicknesses of the epitaxial films makes it possible to control
the photocurrents of 111-V/$Ge) HJs in Fig. 12(curves5  the widthA% wp of the bands of constant IP.
and 6) are illustrated for am-GaP/Si structure in two pos- The high azimuthal P$Table 1V) and the possibilities
sible photodetection geometries. The spectral contouxiof ~Of controlling its spectral range by adjusting the atomic com-
is identical to the spectral dependence of the photocurrent iRosition of the films and substrates show that there is prom-
unpolarized light, since the angle, determines only the ise in using the HJs obtained as wide-band and selective
magnitudes of the photocurrerifsandi®. It is evident from  photoanalyzers for LPL.
Fig. 12(curvess and6) that when the HJ is illuminated from
the GaP side the spectrum Af is mdg-pqnd and _|t is dif- 6. INDUCED PHOTOPLEOCHROISM OF CdS/InP
ferent from zero betweeRg of the adjoining semiconduc- HETEROJUNCTIONS
tors. Therefore the polarized PS induced by oblique inci-
dence of LPL exhibits a polarized “window effect.” When Photosensitivity based on direct-gap II-VI and -V
the HJ is illuminated from the Si side, the window becomescompoundgespecially CdS and Infhas long been of inter-
substantially narrower, and the spectrdvn becomes selec- est as a means for obtaining high-efficiency conversion of
tive and is bounded on the short-wavelength side by absorpsunlight into electricity. Even though the conditions for join-
tion in the narrow-gap component of structures of this typeing substances with different types of lattices and different
The photodetection geometry strongly influences thdattice parameters were unfavorable, this difficult problem
spectral contour of IRFig. 12, curves? and8). Thus, when was solved and solar cells with high radiation resistance and
the HJ is illuminated from the GaP side the IP coefficientefficiency up to 18% were obtainéd-2° Switching from the
remains constant in a wide spectral region, while for illumi- conventional investigations of PS to polarized investigations
nation from the side of the thicker Si substrate the spectrumevealed the relationship between the polarization parameters
of P, becomes selective, remaining constant only withinof such HJs and the conditions for matching their compo-
812 The short-wavelength edge Bf seemingly “follows” nents. This could find applications in the diagnostics of the
the dropoff inAi. This behavior was manifested for HJs with quality of structures of this typ#:8?
epitaxial GaRAs, _, films, where asx increases, the short- The n-CdS films were deposited on single-cryspainP
wavelength edge oP, starts to shift in a regular manner in wafers with(100), (111)A, and (111B orientations by the
the direction of lower photon energies because of the degas-phase method in a continuous-flow system using hydro-
crease inEg.’° For n-GaP/Si structures it was also estab-gen. Deposition was conducted at temperatures in the range
lished that the spectral position of the short-wavelength edg@00—750°C. The most photosensitive HJs were obtained
of P, also shifts into the long-wavelength region as the thick-when 2—4xm thick p-InP epitaxial films were additionally
ness of the GaP films increas8$® Therefore the appear- grown on(100) InP wafers with 4—5° disorientation in the

2.0
@,, deg haw, eV
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HJ atT=300 K. The structures are illu-
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[110] direction in the continuous-flow system In—-RSH,,  can be grown reproducibly on InP substrates with (A1)
after which then-CdsS films were grown on them. The maxi- and (111 orientations, the experimental cuni€§e,) and
mum PS of such structures reaches 0.13 A/W, and the effeé?(ao) agree with the analysis based on the Fresnel relations
of the window with respect to the radiation intensity is ob-for the amplitude transmission coefficient of an air/CdS in-
served between the band gaps of these semiconductors. Ttesface for LPL%" The photocurrent® decreases monotoni-
maximum widths of the PS bands are obtained by growingally with increasinga,, while for i a sharp maximum
CdS on the (1118 plane of InP* appears near the pseudo-Brewster reflection angle, while the
For illumination with LPL along the normal to the CdS ratio A reaches values of 1.2—1.3, indicating substantial sup-
plane, the photocurrent of the HJ was found to be indepenpression of the reflection losses HilPI polarization. This
dent of the position of the polarization plane. This makes itdecrease is maximum in a HJ with (1Blgrystallographic
possible to draw the important conclusion that photoactivedrientation of the substrates, once again indicating that the
absorption in the HJ CdS/InP remains isotropic in the pres€dS films grown on the (11B) InP plane are of higher
ence of the changes made in the crystallographic orientatioguality.
of the InP substrates. For oblique incidence of LPL, IP ap-  For HJs on100) InP wafers(Fig. 13, curved and2) the
pears in these structures and grows in accordance with thehotocurrents® andiS, retaining their polarization depen-
law (11) without showing sensitivity to changes in the orien- dencei">iS, showed a monotonic decrease with increasing
tation of the substratd§ig. 13, curve and3’). Using Eq.  a¢>0°. This phenomenon was already observed in polar-
(10) we obtain, on the basis of the experimental curveszed measurements on Schottky barriers and HJs with a re-
P,(ap), n=2.5 for CdS/InP structures, in agreement with ceiving plane of lowered quality. On this basis the character
the data for CdS® This gives a basis for assuming that the of the dependence$(«,) in HJs on(100) InP substrates
photoelectric anisotropy induced in a HJ by oblique inci-can also be attributed to the degradation of the optical quality
dence of LPL does not depend on the orientation of the subaef CdS films with such InP orientation. Therefore the polar-
strates but rather it is entirely determined by the nature of thized changes of the photocurrent make it possible to deter-
CdS films. mine the refractive index and the quality of the entrance
At the same time, as one can see from Figs. 13, a and lmaterial in finished structures.
the HJs are clearly sensitive to the orientation of the InP  The polarized difference in the photocurrents of CdS/InP
substrates. For CdS films with a mirror outer surface, whictHJs appeared at energies betwé&gnof the adjacent media.
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By changing the InP orientation it is possible to control the
spectral contour of the azimuthal PS, sirRein the region

of the maximum polarized difference in the photocurrents
remains essentially constaffitig. 13, curved) in accordance
with Ref. 18, while its value is chosen from the dependence
on the angle of incidence of the LPL. It is important to note
that the magnitude of the IP in CdS/InP HJs “does not feel”
the changes in the orientation of the InP substrates. The drop
off of the IP coefficient in the short-wavelength region, just
as in the HJs llI-1V/SiGe), corresponds to the onset of in-
terband absorption in the wide-gap component CdS of the
heterojunction. The maximum azimuthal photosensitivity of 0 | ! 1A 1 !

the HJ CdS/InP isb =0.13 A/W-deg atT=2300K, which is 1.5 2.5 3.5
comparable to the possibilities of photoanalyzers based on hw, eV

Sc_h(?ttky barriers. The w@e-band character of the ql'l"’mt"”’EIG. 14. P, spectra for the structure oxide/GaAhs, 3/GaAs (T=300K,
efficiency of photoconversion and the IP coefficient show, =7s¢, illumination from the oxide side

that CdS/InP solar cel$SC9 can also be used as wide-range

(1.2-2.4 eV highly sensitive photoanalyzers for LPL. It is

also important to keep in mind that improving the optical

quality of the outer surface of CdS films, which is monitored14). This is due to the changes occurring in the character of
by polarization measurements of the photocurrent, can addihe angular dependences of the photocurrent within the entire
tionally increase the quantum efficiency of photoconversiorphotosensitivity range of the HJ. Fbw<1.5eV the depen-
near the pseudo-Brewster angle and therefore raise by aBences®(a,) andiS(a,) are standard and are described by
other=30% the azimuthal photosensitivity obtained in Ref.the Fresnel formulas® whereas foriw>1.5eV they be-
82. come similar ta P(ag), making it possible to interpret them
as a decrease of reflection lossesgeiands-polarized light
as a result of interference effects. The presence of a maxi-
mum in the angular dependencesiBfshows that the front
plane of the phototransducers oxide/GaAlAs/GaAs is of high
The discovery and fabrication of the first ideal GaAlAs/ optical quality.
GaAs HJs under the leadership of Academician Zh. I. Alf- A distinguishing feature of the IP of the structure studied
erov at the A. F. loffe Physicotechnical Institute was in its in Refs. 88 and 89 is the strong dichroism Bf (Fig. 14).
time marked by the development of a new generation offhe IP coefficient is constant only in the long-wavelength
devices: semiconductor lasers, high-efficiency solar cellsspectral regionfw<<1.4eV), just as in Schottky barriers in
and so orf>~® Efficiencies of 24.69%4AMO, 100 sunyand the entire range of P¥:>! An estimate, using Eq10), from
27.5% (AM 1.5, 100 suns have already been attained in the experimental value®,=20-22% (Fig. 14 gives n
solar cells based on such structuféFhe method of polar- =1.8, which matches the data for the anodic oxide
ized photosensitivity spectroscopy, which can be used to obGaAlAs®® On this basis the IP of the experimental HJs in the
serve the relationship between the polarized PS and the ateng-wavelength range can be attributed to optical processes
tireflection effect, has been used only recently for studyingat the air/oxide interface. The “dip” observed in the spec-
HJs of this typ&®®® trum of P, at energies from 1.5 to 3 eV corresponds to the
The photoconverting structures for polarized measureregion of maximum antireflection of the structures, in agree-
ments were obtained by liquid-phase epitaxy from a limitedment with the measurements of the optical reflectiomn
volume of a Ga—Al-As fluxed solution on(@00 n-GaAs the same HJs. When reflection losses fjoand s polariza-
wafer. Epitaxial GgsAly-As films up to 2um thick were  tions start to decrease with increasing angle of incidence of
coated with a=1.5um thick anodic oxide film. A wide- the LPL, the angular dependences of the photocurrents are
band spectral characteristic of PS;p=1.7-1.8eV) ap- observed to converge (a,)—i5(ay), and P, decreases at
pears in all HJs, and the efficiency reaches 20%. the same time. According to this ideology, the antireflection
Polarized PS is not observed when the LPL is incidentffect is maximum when”=iS. As one can see from Fig.
along the normal to the plane of the anodic oxide. This bed4, the maximum antireflection in the experimental HJs oc-
havior is attributable to the isotropic properties of the absorbeurs from 2.2—2.8 eV, wherB,=0. It is obvious that such
ing medium and the absence of directed deformations ipolarization monitoring of the antireflection region in HJs
Ga) JAlg 7As films because the parameters of the crystal latcan be used to adjust the technological conditions.
tice match. For this reason, NP in such structures turned out In the absence of antireflection coatings in GaAlAs/
to be negligible in the entire range of photosensitivity. GaAs HJs, the maximum azimuthal RB=0.1 A/W-deg
The inequalityi®>i% and induced polarized PS, which (T=300K, ao=75°) occurs in a wide spectral range from 1
follows the lawP,~ o3, arises for oblique incidence of LPL to 3 eV because of vanishing of the interference antireflec-
ag>0°. This law holds in the entire spectral range of PS,tion. This motivates the use of such HJs in a new field for
whereasP, was found to depend on the photon enefBig.  these devices—polarization photoelectronics.
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7. INDUCED PHOTOPLEOCHROISM OF GaAlAs/GaAs
HETEROJUNCTIONS
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8. INDUCED PHOTOPLEOCHROISM OF CulnSe ,-BASED
THIN-FILM STRUCTURES

Ternary semiconductor compounds and their solid solu-
tions are being increasingly used in research as materials for
high-efficiency radiation-resistant photovoltaic systéing>
The most efficient thin-film solar cells(TSC9 have
been produced from Gn, Ga Se polycrystalline films
(CIGS).%2 We shall examine the results of investigations of
thin film structures based on CulnS€CIS) and CIGS by
polarized photoelectric spectroscopy®

8.1. Polarized photosensitivity of  n-CdS/p-CulnSe, thin-film
structures

P .
i, LS, arb. units

CulnSe films with thicknesses 2—am were deposited
on a glass surface by magnetron sputtering of a CIS tdrget.
CdSIn) films with thicknesses 2—mm were deposited on
the post-growth CIS surface by vacuum sublimation. The
photosensitivity of the best HJs reached 0.5 mA/W, and for
illumination from the CdS side it was observed in the region
between the band gaps of the components of the HJ.

The angular dependences of the photocurrent are de- 20
scribed by the Fresnel formulas. These dependences show
that in the HJs photopleochroism arises only whey>0° °
and follows the law(11). According to Eq.(10), the experi- a
mental valueP,=64% at«y=280° corresponds tm=3.1,
which is higher than the known refractive indax= 2.5 for
CdS® and closer to the value=3.0 for CIS% This gives 2.0 3.0
us a basis for inferring that the anisotropy of the PS of thin- hw, ev
film HJs illuminated from the CdS side is determined mainlyFIG 15, 0iS ) p e P 4P hue2.0eV) and
by transmission of light through the heterojunction and SUb'P,(ﬁw) ('ag‘i";é;(g)(?gr); ;n(;;g&)SECUn,Iéa)SQ i ﬁ‘l"n:sc')laer C)eﬁ”;t
sequent absorption in the narrow-gap component. The obr_3q0 k.
served increase iif’ with a indicates a decrease of reflec-
tion losses without deposition of an antireflection coating
and simultaneously attests to a high quality of the cadmiungause of the absorption in CdS and then also in ZnO. The
sulfide films. width of the spectral photosensitivity bands of TSGs,

The coefficient IP of CdS/CIS structures fep= const =1.3—-1.6eV, al' =300 K depends on the thicknesses of the
remains high in the entire range of photosensitivity and isvide-gap films. Equidistant peaks in the PS spectra of the
virtually independent of the photon energy, in agreemenbest TCSs were first observed in Refs. 95 and 98. These
with the analysis in Ref. 34. peaks could be due to interference in the ZnO film.

The maximum azimuthal PS in HJs of this typeds Only IP is characteristic for TSCs in polarized light. As
=5 mA/W-deg (T=300K, @,=80°) and characterizes follows from Fig. 15(curvesl and?2), the inequality between
them as wide-rangé0.8—2.5 eV analyzers for LPL, which the photocurrents”>iS arises foray>0°, and the angular
at ap=0° lose this capability and become sensitive only todependences df” andi® show a similar behavior. These
the radiation intensity®°’ dependences attest to a high perfection of the front surface
on the one hand and to a simultaneous decrease @ktand
s-wave reflection losses on the other. Therefore antireflection
is attained in these TSCs for both polarizations. The IP co-
efficient of the TSCs increases continuouslyPas- aﬁ (Fig.

The CIGS films were deposited on molybdenum-coatedl5, curves3 and4). Characteristically, the values & with
glass plates by vacuum thermal evaporation from individuakvy=const for different TSCs differed somewhat from one
sources. The composition corresponded to the rati@nother and fell into the range 10—20%. An estimaten of
In/(In+Ga=0.25. A CdS film was deposited on the CIGS from the experimental values &,, using Eq.(10), gives a
surface, after which a ZnO film was deposited by magnetromefractive indexn=1.2—1.7, which is less than the known
sputtering of a ZnO target. The total thickness of the strucvalue for ZnO® The observed decrease of the experimental
tures is 3—5um. Under AM-1.5 illumination conditions the values ofP, relative to the values estimated from E40)
efficiency of the best structures is 15%. using the refractive index for ZnO could be due to interfer-

The long-wavelength photosensitivity edge of TSCs isence of LPL in the ZnO films.
determined by direct transitions in CIGS and two thresholds  Sharp oscillations arise in the spectrum Bf for HJs
appear on the short-wavelength side in the PS spectrum be4th the maximum efficiencyFig. 15, curves). These oscil-

8.2. Polarized photosensitivity of ZnO/CdS/Culn,GaSe , thin-
film solar cells
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FIG. 16. P\(ap) (1, Aw=1.15eV) andP,(hw) (aq, deg:2—0, 3—50, ; ; e e .
4—75) for a n-Mnlin,Te,/p-Si HJ at T=300K. lllumination from the LPL with azimuthal photosensitivityp~0.2mA/W-deg at

Mnin,Te, side. T=300K, which can be continuously controlled by the
angle of incidence of the LPIFig. 16).

Igtﬁons correspond to inter'fe'rence features in the phqtos.ensi'—ol INDUCED PHOTOPLEOCHROISM OF A
thlty SpeCtrUm. As the Eﬁ|C|ency decreases, the OSC||Iat|On$.|ETEROCONTACT OF POROUS AND SINGLE-CRYSTAL
decrease to such an extent that the specfryoses dichro- g icon
ism in a wide spectral range, although the valuePgpfre- .
mains less than that estimated on the basis of the refractive A NeW approach to controlling the fundamental proper-
index. The oscillations in the experimental valuesPpfand ~ {i€S of semiconductors that is based on the formation of
their weak spectral dependence can be explained by the aR@nosize clusters in a semiconductor matr|0>é [‘035 been under
tireflection effects in the ZnO film. Taking as a measure of2ctive development in the last few ye_ﬁ?sl. ' Inl%geas-
antireflectionP,~0, the authors of Ref. 101 concluded that Ndly, the dimension in semiconductors is lower€R:*we
the strongest antireflection in TSCs was obtained with apShall consider the m.amfeos}??tjon of polarized PS in structures
proximately 1000 nm thick ZnO films. based on porous silico? _
Therefore CIGS-based TSCs can be used as wide-band f\og??cgc etching of wafers has been used to obtain
photoanalyzers, and polarized spectroscopy of their photd?JS: This made it possible to form films of porous sili-
sensitivity can be used for making adjustment in the Tsceon (PS) with thicknesses ranging from several to tens of
technology. microns. Under |IIu_m|n_at|on from the PSi side, as a _rule,
wide-band PS obtains in these HJs. The energy position of
the long-wavelength PS edge is determined by interband ab-
sorption in Si, and the total band width &,~=1.3eV for
approximately 1Qum thick PSi films and increases with de-
Photosensitive structures produced using semimagneticreasing thickness. For example, in HJs witk & xm thick
semiconductors are of great interest because of the possibilrSi film the photocurrent was not found to decrease to 3 eV
ties of extending the functional range of optoelectronicat all. The photosensitivity spectra of the HJs usually con-
devices?21%3 After the complicated problem of obtaining tains up to 20 equidistant peaks, which, taking into account
thin films of one of such semiconductors, MgTie, was the refractive index of PSt* make it possible to estimate
solved, the induced photopleochroism of structures based dilm thicknesses in agreement with the directly determined

9. INDUCED PHOTOPLEOCHROISM OF MnlIn,Te,/Si
HETEROJUNCTIONS

them was investigatel§*1%° values. The fact that a rich interference pattern is observed
Vacuum thermal sputtering was used to deposit 0.1-0.&self indicates very high perfection of the PSi filf8:112
um thick p-Mnin,Te, films on a(111) Si wafer. The PS It follows from polarized investigations of the photosen-

spectra of these HJs illuminated from the MyTlg, side are,  sitivity of PSi/Si HJs that only IP appeared in such struc-
as a rule, wide-band&;,=2.2 eV) with maximum photo- tures, since the photoconductivity is isotropic in both com-
sensitivity 0.1 mA/W aflf =300 K. ponents. The dependences of the photocurréhtand iS

The photopleochroism observed in such structures is, bgven in HJs with a mirror outer PSi plane showed a non-
its very nature, induced and follows a l&®y~ o3 (Fig. 16.  monotonic dropoff foray>0° (Fig. 17, curvesl and2) and
At ag=75° the coefficient?,=55%, which makes it pos- differ from the dependences expected from the Fresnel
sible to use the method to estimate-3.0 for the ternary analysis of the transmission of LPL through the air/PSi
compound used in films. The authors of Ref. 105 believe thainterface®’ The authors of Ref. 111 were the first to observe
the simply obtainable HJs can be used as photoanalyzers foscillations in the angular dependenced$pbf such HJs. In
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their opinion these oscillations are due to the interference of
LPL in the PSi films(Fig. 17, curve3). The growth of the IP “0
with increasinga approximately follows the quadratic law
(11), and estimates using EQLO) and the experimental val-
ues P,=20-25% (o=70°) give n~1.7, which differs
from the known values ofi for crystalline Si and makes it
possible to attribute the polarization photosensitivity of HJs
to phenomena at the air/PSi interface. The spectral depen-
dences oP, of the HJ PSi/Si show oscillatory behavigfig.
17, curved), which is due to the interference of LPL in the ol | | , .
PSi film. 1 2 3
The observed oscillations of IP in the HJ PSit&are of R, eV

fundamental importance and could find application in seIechG. 18. P, spectra ofn-GaN/p-Si HJ (1—sample 59.1.1260.1.2.1,

tive photoanalyzers of LPL. In addition, they demonstrat%_eo.llz and an-GaN/p-GaP HJ(4—sample 106-Irat T=300 K and
new possibilities of polarized photoelectric anisotropy for ,=75.

fast diagnostics of the quality of nanostructural films.

%

N a0t

P

In both types of HJs, as the angle of incidence of the LPL on
11. INDUCED PHOTOPLEOCHROISM OF GALLIUM-NITRIDE- the GaN surface increasd®, increases according to the qua-
BASED HETEROJUNCTIONS dratic law (11), i.e., just as in the absence of interference

. o . . . henomena.
Gallium nitride is one of the semiconductor matenalsp L . .
which are now being intensively studied. The substantial Investigations of Ip spectra in the HJs GaN/Si and GaN/

. S . GaP(Fig. 18 show that the magnitude of the IP varies from
progress made in the technology of this wide-gap semicon- . L
) . - . sample to sample and in most cases undergoes oscillations,
ductor has made this material promising for use in short= " e .
. . varying within the range of PS. Estimates based on(EQ),
wavelength and high-temperature optoelectronics, pho- 7" = S
B rY e e taking into account the known refractive index of GHN,

totransducers, and so ofr. It is of special interest to

. AR AN i X
sohve i provems of megraing GaN wih S and 1 912 A T vabe o B eehed U
semiconductors. This could open up applications of the cur-Structures and fopr a definitg hoton enetBig. 18 gurve4)
rent electronics materials not only as substrates for large-ar % this samole. the IP decrpeases relatg/}g.to ,the com. uted
GaN wafers but also for real integration of the unique func- pie, . P

. " . value P,=35-40% away from this energy and also on
tional characteristics of such semiconductors. We note thaéwitchin 1o other structures. This decrease of the photobleo-
the overwhelming majority of investigations of photoelectric -ning ) ' . P P
phenomena in GaN and GaN-based structures have been pch_r0|sm can be attributed to changes in the parameters of the
formed with unpolarized radiation. We shall examine some aN films, which changes the antireflection effect,

) e . The induced photopleochroism obsert®€d?° in HJs
results of these investigations of GaN performed using po; : o '
: . 120 based on gallium nitride films demonstrates that such films
larized photoelectric spectroscopy:

The GaN layers were grown on th@11) and (100 can be used as selectifeig. 18, curved) photoanalyzers of

. ) : ., LPL with maximum azimuthal photosensitivig =10 mA/
planes ofn- and p-type Si and GaP wafers by chemical W-deg (T=300K, ag=75°), while the dependences estab-

deposition from the gas phase in an open gas-transport sys-
tem. For the GaN/Si structures it was established that the P%he.d for th_e values ano_l spectra_\l contourspfcan be used
or diagnostics of GaN film quality.

reaches=0.15 A/W with (111) Si substrates, and the photo-
sensitivity of the HJ is two to four orders of magnitude lower
for the (100) Si orientation. The GaN layers on Si substrates
were 10—20um thick, while the GaN layers on GaP were A central problem in the fabrication of photodetectors
only 0.5 um thick. In both types of structures the PS spectrafor LPL is ensuring high photopleochroishit follows from
were wide-band sy ,=1.8eV in GaN/Si and;;,=0.7eV in  the expressior{12) that the maximum IP coefficient for a
GaN/GaB. uniform IS is determined by the value afand for known
When such HJs are illuminated along the normal to thesemiconductors falls in the range 55-85%. The experimental
GaN films, photoactive absorption is isotropic, while underdata examined above f&, of the most diverse diode struc-
oblique incidence of LPL the inequalify >i° holds in the tures in isotropic semiconductors and multilayer systems
entire PS range. For GaN-based HJs the character of tHeased on them also demonstrate ARt 100%. In 1993, at
angular dependences of the photocurréftsndiS depended A. F. loffe Physicotechnical Institute, a qualitative break-
on film quality. In the HJ GaN/Si with a rough outer surface through was made in this problem and a new photoelectric
of the GaN films, the photocurrents fpr ands-polarization  effect was observed experimentally—gigantic induced
decreased with increasing angle of incidence, while in the@hotopleochroism, where P, increases sharply P,
HJs GaN/Si and GaN/GaP with mirror surfaces of the GaN— + «,%0121-123
films the photocurrents® andi® increased witha,. This The fundamental idea is to get the sign of the photocur-
behavior is determined by the decrease of the reflectioment to change on switching fromto s polarization. Then it
losses and is due to interference of LPL in the wide-gap filmis easy to see from E¢7) thatP, overcomes the 100% limit.

12. GIGANTIC INDUCED PHOTOPLEOCHROISM
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tinuity appears in the angular dependemtéa,) and pho-
200 topleochroism approaches infiniti, — £, while the ex-
perimental values are at the level(400—700)%.
Therefore polarity inversion of the photocurrents at a
definite angle of incidence of the LPL gives rise to GIP,
100 whereP,— =« (Fig. 19, curve3).
Interesting behavior is also observed in the azimuthal
dependences of the photocurrents, where the rati§ ahd

=5 iS, as well as the inversion of their polarity at definite values
3 PN of ay andfw, are controlled by the azimuthal anghe

3 0 &~ Inversion of the photocurrent polarity occurs in the spec-
Z“: tral dependences’ andi® of such structures fop and s

polarizations at different photon energies, and in the region
between these points there exists an energy at which the
-100 photocurrents are equal to one another in amplitude but dif-
fer in polarity. According to Eq(7), the GIPP,— = arises
precisely under these conditions. An example of the spectral
dependence dP, for one of thep—n-GaPfp-Si structures is
. " . . 200 displayed in Fig. 19curve4). The spectral dependencerf
0 9010 2.0 has the form of a hyperbola; the energy position of the as-
a,,deg hw, eV ymptote of this hyperbola is determined from the condition
that the amplitudes of differently directed photocurreifts
andi® are equal. The GIP,— = arises precisely near the
asymptote, and the energy position of the asymptote can be
displaced continuously by applying an external voltage,
thereby accomplishing rapid tuning of the spectral position
As follows from the analysis presented above, none of th@f the narrowly selective GIP.
structural types allowed this to occur. To obtain GIP in Refs. ~ Gigantic IP has also been obtained in double-barrier
121-123 structures with two active regions, which differstructures of a different type, Am/GaAs/Au and Au/
with respect to the direction of the electric fields, were de-N-GaRBAs; _/Au. The possibility of controlling the compo-
veloped on the basis of isotropic semiconductors. sition of the solid solution serves as an additional channel for
We shall examine the behavior of the GIP for structuregnonitoring the spectral range of the Gipt?212%
with two n—p junctions on a Si substrate. To obtain such a  In summary, a new photoelectric effect—GIP, which
structure, first a 3—4um thick n-GaP epitaxial fim was Was first predicted and then observed, thus opens up the pos-
grown on a Si substrate. As a result, the structure containingibility of applications of double-barrier structures based on
an-GaPp-Si HJ and ap—n-GaP homojunction accounted isotropic semiconductors as highly sensitive, tunable, nar-
for the inversion of the sign of the photocurrent upon illumi- rowly selective photoanalyzers for LPL.
nation with sunlight. The inversion stems from the fact that
in the long-wavelengtlirelative to the inversion pointw
region thegPS is detgrl?nined by the |s|-\Bi/n—GaPp whileli)n 13. SIMULTANEOUS APPEARANCE OF NATURAL AND
. : ’ INDUCED PHOTOPLEOCHROISM
the short-wavelength region the sign of the total photocurrent
is determined by the upper, relative to the LPL beam, homo- In connection with the fact that the physical factors for
junction p—n-GaP. the appearance of NP are absent in isotropic semicon-
For structures illuminated from the GaP side by LPL ductors®® in all variants of detection of LPL examined
which inverts the sign of the photocurrent, photopleochroismabove the polarization PS was determined primarily by light
arises as soon ag,>0°, just as in noninverting structures. transmission through an interface. It is obvious that for pho-
Irrespective of the polarity of the photocurrent, the sign oftodetectors based on anisotropic semiconductors as soon as
the IP remained positive and the angular dependence of thee incidence of LPL becomes oblique photopleochroism is
IP followed the periodic law11). caused by the superposition of the photopleochroism induced
New behavior arises near the wavelength at which thdvy oblique incidence and the natural photopleochroism. The
sign inversion of the photocurrent and IP as a result of thgroblem of the summation of the contributions of these dif-
change ina (Fig. 19. For each photocurrenf andiSthere  ferent photoelectric phenomena in an anisotropic medium
appears an angle of incidence at which the sign changes, amas been examined in Refs. 9 and 124-126. The main results
the angular dependences themselves can no longer be d#-this analysis reduce to the following.
scribed by the Fresnel formul&$.This occurs because the Let a light wave whose polarization plag&ss parallel or
competition between the photocurrents from eaelp junc-  perpendicular to the plane of incideng& be incident in the
tion is also superimposed on the anisotropy of light transmiseirection OX on the illuminated surfac&Y of the structure
sion through the air/IS boundary. In accordance with®&y. (Fig. 4). For oblique incidence of LPL on th&Y plane the
because of the sign inversion i8f andi® a point of discon- amplitude of the refracted wave is determined by the Fresnel

FIG. 19.iP(ag) (1), i%(ap) (2), Pi(ay) (3), andP,(fiw) (4, ag=75°) for a
p—n-GaPp-Si structure atT=300K. lllumination from the GaP side,
1-3—\=0.500um. Inset: lllumination scheme.
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100 photopleochroism increases continuously relative to the posi-
tive NP as g increases. For example, the characteristic
valuePy=21% for structures withh v =1.91 eV can be con-
tinuously increased to 63%(=80°), i.e., by a factor of 3.
Characteristically, the maximum value &' as ay— 90°

A does not depend on the natural anisotropy of CdGet is

entirely determined only by the refractive index of the semi-

conductor.
Conversely, increasingg in cll'YZ orientation decreases

P! relative to Py with P+ becoming negative. It is also

evident from Fig. 20 that aB increases, the value of, at

which the photosensitivity of the structure loses the natural
anisotropy and becomes photoisotropiz=0) shifts in the
direction of large angles of incidence of LPL. This occurs
because in such an illumination geometry the sign of the IP
a@,,deg ho,eV is opposite to that oPy, and at the point of inversion ¢+
the natural and induced components of photopleochroism are

6—2.00;1, 3, 5—clXZ, 2, 4, 6—cllY Z, solid curves—calculation using Eq. equal ”? amplitude Ry=P,). The different influence, ob- .

(17), dashed curves—calculation using H48) and P,(hw) [ay, deg: ~ SETVEd in the course of these measurements, of the relative

7—0, 8, 9—70; 8—clXZ, 9—clYZ the arrowsA, B, and C mark the  oOrientation of the plane of incidence of LPL relative to the

interband transition energies for CdGeRef. 127]. tetragonal axis in an anisotropic crystal on photopleochroism

is due to the fact that foel XZ a light wave withE_L ¢ which
is weakly absorbed in CdGeRs reflected more strongly,

formulas? Assuming that the change in the state of poIariza—Wh'le for cl'YZ orientation reflection of the wave witgllc

tion of the incident radiation as a result of being refractedWh"fI!]h'S strongl?/ absorbed f'n r(}:nglﬂon;:na}tes.f
can be disregarded, the photopleochroism for uniaxial anisoE e spectral contours of photopleochroism for structures
d

ropy of the medium withcl XZ orientation of the tetragonal ased on amsotropyoc semlconFJuctorSOQt=0° |s.e.>nt|rely
axis will have the form etermined by NB:** The maximum of the positive pho-

topleochroism of these structures is reached in the region of
P'=[i,~i%coS(ag—y) /i, +i%coS(ao— )], (17)  directA transitions, and as thB and C transitions, which
dominate inEL c polarization, of electrons from valence-
band subbands split off by the crystal field and spin-orbit
P =[i,cos(ag— i) —i°)/[i,cos(ao— i) +i°], interaction into the conduction band, the positive photopleo-
(18 chroism P decreases virtually to zero in the regidnw
where i ;=i cog y+i°sir? ¢, y=sin"(sinay/n), and i®  >2.1eV(Fig. 20, curve?).”**" Under conditions of oblique
andi€ are the photocurrents observed with illumination of incidence of LPL(Fig. 20, curves3 and9) photopleochroism
the semiconductor by the ordinar( c) and extraordinary in the entire region of photosensitivity wittiXZ increases
(Ellc) light wave. From Eqs(17) and(18) follows the well-  and atay=70° it reaches 30—40% in the short-wavelength
known relation for NP for illumination of an isotropic me- region.
dium along the normal to the receiving plane,&0°) by an The shape of thé® spectra remains unchanged under
LPL beam®10 oblique illumination, because the spectral contour of pho-
P = (19— E)/(i04iF) (19 topleochroism is determined by the energy spectrum and the
N= (=TGRS, selection rules for interband optical transitions in the aniso-
which for an isotropic mediumiP=iF) givesPy=0. tropic semiconductor, while the observed changes in the
The typical experimental angular dependences obtainethagnitude of photopleochroism are determined, right up to
for photopleochroism by illuminatingh—p-CdGeR struc-  sign inversion, by the processes involved in the transmission
tures with LPL with several photon energies from the pho-of LPL through the air/semiconductor interface. Since these
tosensitivity range are compared in Fig. @0rvesl—-6) with processes do not change the spectral contoBggfthere are
the dependences computed using EdY) and (18). The  grounds for assuming that they are nonselective. This con-
values of the photopleochroism at,=0° are determined clusion agrees with the analysis in Ref. 34.
only by the NP, which depends on the fundamental proper- The laws of formation of photopleochroism which were
ties of this semiconductor. It is important to note that forexamined forn—p-CdGeRB structures have also been con-
ap>0° the experimental values of the photopleochroismfirmed by investigations of the photoconductivity of uniaxial
start to differ fromPy, and the experimental angular depen- CdSe crystals with a type of positional ordering of the atoms
dences ofP! and P* correlate satisfactorily with the com- different from that in chalcopyrit&®
puted curves obtained using Eq$7) and (18). Therefore combining NP with IP opens up new possibili-
The next important law of the superposition of inducedties for rapid control of the magnitude and spectral contour
photopleochroism on natural photopleochroism is that whemf the polarization photosensitivity of phototransducers
the PI coincides with the tetragonal axisof CdGeR the  based on anisotropic semiconductors.

50
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FIG. 20. Experimental curveB () (hw, eV: 1, 2—1.60;3, 4—1.91;5,

and incllYZ orientation
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14. PRACTICAL CONSEQUENCES OF THE OBSERVATION and, as a rule, diagnostics are performed before the contacts
OF INDUCED PHOTOPLEOCHROISM are deposited, while PPMPis also applicable even if a con-
tact grid is present. It is also necessary to take account of the
The main practical consequence of the new photoelectrigact that reflection measurements under conditi@rs0 re-
phenomenon—induced photopleochroism—and the subseuire quite large areas, while PPM can also be used for areas
quent detailed experimental study of its laws on diverseon the order of 0.X0.1 mm. For this reason PPM enables
types of phototransducers, which were produced under labatiagnostics with a light probe diameter of about 0.2 mm and
ratory conditions for a specific problem, undoubtedly mustthereby yields information about the local uniformity of the
be treated as a polarization sensitization of isotropic semiantireflection regions, which reflection measurements cannot
conductors and structures based on them. This qualitativgo. Finally, for relief surfaces the standard methodRohea-
breakthrough solved the problem, which arose after the dissurements is unsuitable because of diffuse scattering, and it
covery of NP° of the shortage of anisotropic semiconductorsmust be made more complicated. For PPM the surface struc-
meeting the technological requirements of semiconductoture does not limit diagnostics in any way.
electronics. In other words, the wide practical applications of  Polarization investigations of the photosensitivity have
anisotropic semiconductors as materials for polarized photaalso led to the development of a new approach to increasing
electronics were held back because the technological base ftite efficiency of photodetectors for LPL, making it possible
these materials had not yet expanded beyond the researtt eliminate the complicated and expensive technology for
laboratories. This made it very tempting to use isotropicproducing antireflection coatingé® This approach is based
semiconductors for which the technological base is commeren the fact that when the polarization plane of LPL coincides
cially well-developed for the needs of polarized photoelec-with the plane of incidence, the short-circuit photocurrent
tronics. The realization of these hopes is completely anawith a receiving surface of good optical quality exhibits a
lyzed for the first time in the present review. Induced maximum asag increases, just as in the case of a Si photo-
photopleochroism is a universal photoelectric phenomenorgiode(Fig. 21, curvel). The photocurrenit” reaches a maxi-
which is observed in virtually any semiconductor. For thismum near the Brewster angle, whe®e-0.2 As p polariza-
reason, record-high values of azimuthal photosensitivity, fotion continuously transforms inte polarization the increase
example, 0.22 A/Mideg in Nilh-GaAs structures, for semi- on the photocurrent with increasing, decreases and van-
conductor photoanalyzers have already been obtained in phishes. For this reason, the observed increase’ afith in-
totransducers based on the main materials used in semicoereasing angle of incidence on a mirror front surface of a Si
ductor electronics—silicon and IlI-V compounds. photodiode is explained by the elimination of reflection
Now that after the discovery of IP polarized photoelec-losses. The increase of the photocurréhtat the Brewster
tronics has been supplied with the well-known semiconducangle is achieved in the entire range of photosensitiifity.
tors the problem of a materials shortage in this field can b@1, curves2 and 3), and the efficiency atvo=75° is 47%
regarded as solved. For this reason the prospects for takifggher than that atv,=0°. This increase corresponds to
semiconductor optoelectronics to the polarized level are nowomplete elimination of reflection losses in the entire range
quite real. of photosensitivity. As one can see from the analysis pre-
The development of the physical principles of tuning of sented above, this phenomenon is observed in all phototrans-
the magnitude and spectral range of IP is one of the moglucers with a perfect front plane, and the efficiency increase
important practical consequences of research on IP. Sooffnished as the quality of the front plane decreased.
after the discovery of GIP in IS-based structures the value  Therefore, oblique incidence of LPL makes it possible to
P,<100%, the limit determined by the refractive index of eliminate reflection losses in the entire range of photosensi-
the semiconductor and previously thought to be an unsurtivity of a phototransducer. An important point is that this
passable maximum value, was surpassed, making it possibiRfienomenon makes it possible to do away with the search
for a photoanalyzer with gigantic induced photopleochroisnfor and the complicated technology for producing, as a rule,
to operate in the selective regime. multilayer antireflection coatings and thereby to decrease the

The development of the method of polarized photoeleccost and simplify the process of producing phototransducers.
tric Spectroscopy also Opened up new possib”ities for d|aglt should be underscored that the phenomenon is suitable for
nostics of the optical quality of photoconversion structures?ll semiconductors. This is especially valuable for new ma-
and thereby for optimizing their fabrication technology. terials, for which antireflecting coatings have not been devel-

Finally, it should be noted that the polarization diagnos-oped at all.
tics of antireflection is conducted in the region of high PS,
wh.|ch. .makes it pOSSIb|e' F'Eo det%rmlne to a high Qegrge 0&5. CONCLUSIONS
reliability whether or noti™ andi> are equal. Considering
that the conventional method for finding the region of anti-  This review shows that in the years after the first obser-
reflection by means of optical reflection measurements isation of induced photopleochroi¢fhimpressive progress
conducted for low values of the reflection coefficie®® ( has been made in physicotechnical investigations of the phe-
—0), the advantages of the polarized photoelectric methodomenon and in its diverse applications, in the control of the
(PPM) become more than obvious. For finished structuresparameters of photosensitive structures based on isotropic
where the front plane of the phototransducer is equippedemiconductor materials, and in finding actual practical ap-
with a contact grid, the reflection method becomes unusablplications. The level that has been achieved for the polariza-
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FIG. 21.iP(ay) (1) and the spectrif (A w) (2) andi (% w) (3) and the load
characteristics(4, 5 of a Si photodiode atT=300K (1, 4, 5—\
=0.63um; P, mWi/cn?: 1—0.9; 4, 5—0.2; o, deg:3, 5—0; 2, 4—75).

tion parameters on Schottky barriers and heterojunctions
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modern physics and technology of semiconductor structures.
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The effect ofin situ photoexcitation of the electronic subsystem of a semiconductor as a result of
implantation of low ion doses on the formation of complexes of radiation defecidyipe

Si is investigated by the DLTS method. Theype Si samples were irradiated with 150-key O

and N, ions at the same dose 2@&m 2 and Ar" ions at doses X 10" and 2

X 10 cm™2. With the exception of the latter case, the ion energy and dose were chosen so as
to produce approximately the same number of initially displaced Si atoms and the same

depth distribution of such atoms from the target surface. The temperature wtype Si samples
during irradiation was 300 or 600 K. Photoexcitation of the semiconductor was performed

using UV radiation with various power densities. It is shown that radiative heating of the samples
during ion implantation suppresses the formation of radiation-defect complexes, while
photoexcitation oh-type Si, in contrast, intensifies their formation. It is found that the effect of
illumination increases with decreasing ion mass and with increasing target temperature.

The effect of UV illumination on defect formation mtype Si as a function of sample temperature
during ion implantation is established. It is found that the density of divacanciesyipe

Si saturates with increasing illumination intensity. 1®99 American Institute of Physics.
[S1063-78262900205-1

1. INTRODUCTION amorphous regions of disord¢RD).1%'! The overlapping
of individual RDs, which causes the regions to grow in

It has been shown in a number of studi€ghat expo- size and become amorphous, occurs starting at doses
sure to UV light of the surface of Si samples irradiated with10*—10'* cm 2 (Ref. 10. For this reason, substantially
accelerated ions or electrons changes the character of thewer implantation doses make it possible to avoid effective
accumulation of radiation defects produced in the semiconaccumulation of radiation defects as a result of overlapping
ductor by the particles. Specificallin situ photoexcitation of RDs and therefore prevent the formation of anomalously
of the electronic subsystem of Si under certain conditionsntense sources for nonequilibrium — photogenerated, in the
decreases the degree of radiation damage near the surfacecohtext of our study — charge carriéfs® Secondly, the
the crystaf® and the effect of the light flux does not reduce spectrum of radiation defects in Si irradiated with low ion
simply to additional heating of the target, which gives rise todoses depends on the type of conductivity of Si and the type
partial annealing of the simple defects. In Ref. 7 it was esof ion** (of course, a comparison can be made provided that
tablished, by comparing the experimental results on ion imdifferent ions produce the same number of initially displaced
plantation in doses 18- 10'* cm™2 in p-type Si samples at target atomp On this basis it is obvious that for low implan-
liquid-nitrogen temperature andttype Si samples at room tation doses, where there are fewer electrically active defects
temperature, that the UV produces a nonthermal effect. Ruithan dopant atoms, the effect of illumination and of the tem-
therford backscatteringRBS) spectrd of the accelerated perature ofn- and p-Si samples must be studied separately.
ions show thain situ photoexcitation affects most strongly In this article we report the results of an experimental study
the degree of radiation damage of Si at low temperaftive of the effectiveness oin situ UV illumination during im-
K) and that the effect of illumination is substantially weaker plantation on the formation of complexes of radiation defects
for a silicon target at room temperature. This dependenc# N-Si samples held at two different temperatures during
cannot be extended directly to substantially lower doses ofmplantation of low doses of three different types of ions.
implanted ions for at least the following two reasons. In the
first place, the ch.aracter of the r.adllayon Qama_ge in SE_ EXPERIMENTAL CONDITIONS
changes greatly. It is known that an individual ion with mod- )
erate mass and kinetic energy in the range 20—160 keV pro- The n-type Si wafers(KEF-20, (100)) were irradiated
duces in Si either very simple defettsr microscopic non-  with O, and N, molecular beams with the same dose

1063-7826/99/33(5)/4/$15.00 504 © 1999 American Institute of Physics
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10 cm™2 and ion current density 2.5 nA/énand by Arf
ions with doses % 10'° and 2x 10'* cm™2 and current den-
sity 1 nA/cn? with the ions accelerated to 150 keV. lon im-
plantation was conducted in samples held at room tempera-
ture, T;,=300 K, or heated toT;=600 K resistively, i.e.
using a furnace. Photoexcitation @fSi was performed using
a high-pressure mercury lamp. The power density of the light
flux on the target surface was 4 mW/gnand for implanta-
tion of Ar" ions high illumination power densities 10, 17,
and 25 mW/crh were also used. According to Ref. 1, illu-
mination increases the Si temperature during ion implanta-
tion by no more than 15°C with light power density/
=60 mWi/cnt. It is assumed, therefore, that illumination L
with W=25 mWi/cnt heats the target hardly at all. 200 240 260 320

According to calculation using the TRIM code, © or T, K
N; and Ar" ion do_ses of lﬁ' and 7x 1010 cm 2’_ rg_spec-_ FIG. 1. DLTS spectra ofi-type Si samples implanted with 150-keV Ar
tively, gave approximately the same number of initially dis-ions with dose % 101° cm™2 at temperatured; =300 (1), 600 K (2), and
placed Si atoms+6x 108 cm™3) with essentially the same 600 K with in situ illumination (3).
spatial distributions of the primary defects. Since the ion
doses used in our experiments are low, the molecular &ffect ) ) )
was disregarded in the calculation of the densities of radiac'®ase in the amplitude of the peBk in the DLTS spectra
tion defects produced by accelerated molecular ions. More@btained for these samples, signifying a decrease in the den-
over, low ion current densities allowed us to ignore the deSity of divacancy complexes.
pendence of the production rate of radiation defects in Si on ~Photoexcitation oh-Si was found to have an effect op-
the dose accumulation rafeee, for example, Ref. 16 posite to tha_\t of_ heatmg._ Comparison of c_ur@andS in

The degree of compensation of the irradiated Si layer byid- 1 (Ar" ion implantation and the data in Table I (N
radiation defects was determined by the method of capacnd G ions) shows that illumination of the samples during
tance—voltage measurements. No shift was observed, igplantation of different ions increases the peaks in the cor-
within the 10-15% accuracy of this method, in the lowerrésponding spectra. . _ .
plateau of the capacitance—voltage characteristics of the test We note that for implantation of Dions the amplitudes
samples. This shows that the change in the density of th@f the E; and E; peaks, just like the amplitude of tHe,
majority charge carriers is small. Correspondingly, the denP€ak, in the DLTS spectra depend on the experimental con-
sity of electrically active defects in the irradiated samples digditions (heating or illumination of the targetHowever, as
not exceed 15% of the dopant densityX(20*4 cm™3 for ~ One can see from Fig. dcompare curved and 2), the in-
KEF-ZO); i.e.. it did not exceed S 103 cm™3. crease in the temperature of Si during the implantation of

The parameters of the deep levels produced by radiatioAr~ results in an increase in the amplitude of the p&ak
defects were determined by deep-level transient spectroscoé}hough by a small amountagainst the background of a
(DLTS). For the measurements, Schottky barriers were prodecrease in th&, peak. _ .
duced on the front side of the irradiated samples by vacuum  The effectiveness of the influence of temperature iand
thermal sputtering of Au and ohmic contacts were produce@itu photoexcitation ofh-Si samples on the accumulation of
on the backside. The DLTS spectra were measured with dadiation defects in their interior volume during ion implan-
— 2V constant reverse bias and+2 V carrier pulse ampli- tation can be judged from Figs. 2 and 3. These figures show
tude. In the text below and in the DLTS spectra the pdaks that amplitude ratio of th&, peaks, which have changed the
(E.—0.18 eV), E, (E.—0.46 eV), andE; (E.—0.5eV) Mmost under the action of temperature and light, as a function
are due to the formation @ centers E,), divacanciesk,), of the masaM of the ion bombarding the silicon. Curdein
and multivacancy complexe&). Fig. 2 shows that for “dark” implantation the difference

arising in the density of secondary defects as a result of the
different sample temperatures during irradiation decreases

S

=\
3
I L B

>

DLTS signal, arb.units

W

<

-
D
<

3. EXPERIMENTAL RESULTS AND DISCUSSION TABLE I. Ratio of the divacancy densityE, peal to the electron density
in n-type Si irradiated with 150-keV Nand G ions with dose 18 cm™2.

The DLTS spectra ofh-type Si samples irradiated with
Ar" ions at room temperatueurve 1) and at 600 K(curve E,
2) are ShOV\{n in Fig. 1. Thg normglizeq value; of the diva—Ti’ K W, mWicn? Nj o;
cancy densitythe peakE,) in n-Si irradiated with @ and

N; ions are presented in Table |. We recall that in the latter?90 f 8-11;35 8§§12
case a single peak, is observed in the DLTS specttalt 0 0.032 0.025
follows from these data that the increase in the temperature 4 032 0.060

of the samples during ion implantatiofi;} results in a de-
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of ions, the effectiveness of UV irradiation decreases irre-

3'0_ spective of the temperature of theSi samples.
- The following should be noted with regard to Figs. 2 and
B 3. First, in these figures the masses of the &hd N" ions,
20: rather than the masses of the molecular ions, are plotted

along the abscissa, following the conventional assumption
that molecular ions decompose over a path on the order of
several lattice constants of the irradiated crystal. Secondly,
the left-most points(curves2), which correspond in both
figures to the implantation of N ions, are separated well
from the other two points which represent the implantation
- of O, and Ar" ions. Clearly, this difference stems from the
ool L L fact that upon implantation of Nions in small doses, diva-
10 20 30 40 cancies are basically the only type of radiation-defect com-
M,z.u. plexes encountered heYeThe amplitude of thé, peak in

_ _ _ _ the DLTS spectrum, which corresponds to them, is much

FIG. 2. Amplitude ratio of theE, peaks in the spectra af-Si samples

corresponding to temperatures 308,§) and 600 K @gq9 Vversus the ion larger than th,e amp“tUd? of the Sam? peak in the gnalogous
massM. 1 — Dark implantation2 — implantation with photoexcitation of ~SPectra ofn-Si samples implanted with Dand Ar" ions.
silicon. For this reason, even the change produced in the amplitude
of the peak by UV illumination of siliconFig. 2) or by
heating of the silicor{Fig. 3) as a result of bombardment by
monotonically with increasing ion mass, i&zq/Agoo— 1 nitrogen ions is greater than the change in the same peak in
HereAy is the amplitude of thé, peak in the DLTS spec- the spectra of-Si samples implanted with either of the other
trum of the sample irradiated at the corresponding absolut&vo ions.
temperatureT; . Under photoexcitation conditions with in- As shown above, photoexcitation ofSi becomes inef-
creasing target temperatuigee curve? in Fig. 2) the ampli-  fective for higher-density cascades of atomic collisions pro-
tude of theE, peak increases with the implantation ogN duced by the ion stopping in the crystal with a fixed total
and Ar" and decreases with the implantation of O number of primary radiation defects introduced by these
In Fig. 3 the amplitude ratio of th&, peaks during ions. For example, illumination of-Si has virtually no effect
photoexcitation Qjign) and in the absence of photoexcitation on the amplitude of the divacancy peak even fof Aons
(Aqand is plotted along the ordinate. Comparison of curtes (see Fig. 3. However, as the argon ion dose increases to 2
and 2 in this figure shows that photoexcitation acts mostx 10t cm 2, the effect of photoexcitation of the semicon-
effectively on the formation of secondary defects at a highductor again becomes appreciable. Specifically,BEhgeak
target temperaturéin Fig. 3 curve2 lies above curvel). in the DLTS spectrum of silicon irradiated at room tempera-
Moreover, as the ion mass increases, i.e. as the linear densityre in the presence of illumination is 1.8 times greater than
of generation of point defects increases"(br O* ions pro-  the same peak in the spectrum of Si implanted with ions with
duce ~0.2 displacements/ionA, while Ar* ions produce no illumination.
four times more displacemenfswith the same total number The density of radiation-defect complexes depends on
the UV illumination intensity. This dependence is shown in
Fig. 4 for implantation of Af ions with dose 7
x10'° cm™2: the increase in the divacancy density starts to
decrease substantially &/~10 mWi/cnf and approaches
zero as the light power density increases further. At the same
time, the change in the density Afcenters(Fig. 4, curve2)
and multivacancy complexd§&ig. 4, curve3) is of a differ-
ent character: this pair of curves is virtually symmetric with
respect to a line which is parallel to the abscissa and which
intersects the ordinate at the point corresponding to the half-
sum of the amplitudes of the; andE; peaks. If the vacancy
nature of both types of defects is taken into account, it is
obvious that the change in the illumination intensity deter-
mines the change in the number of elementary vacancies
minus the vacancies which are used in the formation of di-
vacancies which are needed to form #theenters and mul-
M, z.u. tivacancy clusters.
FIG. 3. Amplitude ratio of thée, peaks in the spectra oftype Si samples The resu'_ts in Fig. 4 thus show that the process leadmg
with implantation and photoexcitation of the silicoAg,) and with dark {0 the formation of defect complexes can be controlled di-
implantation @Ay, Implantation temperatur€; , K: 1 — 300,2 — 600. rectly at the stage of relaxation of cascades of atomic dis-
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defect complexes does not depend on the type of implanted
ions, (2) resistive heating oh-Si to 600 K during ion im-
plantation decreases the density of secondary defects, while
photoexcitation of the electronic subsystem of the semicon-
ductor with UV radiation, in contrast, stimulates their pro-
duction, (3) the action of UV illumination on the formation
of secondary radiation defects is stronger at higher sample
temperature(4) irrespective of the temperature ofSi (T,
=300 or 600 K), the effect of UV illumination decreases
with increasing mass of the implanted iofS) the curve of
the divacancy density versus the UV illumination intensity
saturates with increasing light intensity, a(@ for irradia-
tion of n-Si with Ar* ions the densities of centers, diva-
e T e cancies, and multivacancy complexes can be changed by
g 5 10 75 20 25 . . . . o .
W, mW fem? changing the .|nte'nS|t3./ of the QV illumination of the semi-
conductor during ion implantation.
FIG. 4. Amplitudes A™) of the divacancyE, (1), A-centerE, (2), and This work was supported in part by the program “Phys-

multivacancy-complexE; (3) peaks in the DLTS spectra af-type Si  ics of Solid-State NanostructuregProject N97-1068
samples implanted with 150-keV Arions with dose K10 cm™2 at T;
=600 K versus the UV illumination power density.

20
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The effect of the electron flux density on the efficiencyn of the production of radiation

defects inn- andp-type Si samples is investigated. It is shown that the application of an electric
field to the sample during irradiation affeatg ») only in n-type Si crystals. This is

explained by the charge state of Frenkel pairs at the moment of formation at low irradiation
energies. ©1999 American Institute of Physids$$1063-7829)00305-]

The reason why the irradiation flux densityaffects the In Ref. 5 it was found that there exists a critical valpe
production efficiencyy of radiation defects has still not been which separates the region where such a dependence exists
determined. Experimental studies of silicon and germaniunfrom the region wheren, is independent ofe (¢.=5
single crystals irradiated with fast electronsyprays either X102 cm 2.s71).
have been able to observe the existence of such an effect or In the present work we investigated andp-type silicon
it was not observed. The quantitieg,, g, and 7V, in samples obtained by zone melting and doped with phos-
n-type silicon were found to vary nonmonoticafiyn Ref. 2 ~ phorus and boron, respectively, to the same density
it was assumed that the observed dependences are due to 0" cm™>. The oxygen content in the samples wag
effect of ¢ on the rate of annihilation of primary defects and X 10" cm™2. and the density of growth dislocations did not

not on secondary processes. exceed~10°—10* cm™2. The samples were irradiated with
In Ref. 3 it was assumed that the dependencg,0bn ~ 2-MeV electrons.
is due to secondary processe- a change in the rate of The investigations were performed by the method of lo-
capture of vacancies by oxygen as a result of a change in the#l irradiation followed by measurement of the bulk photo-
charge density of the vacancies. voltage Upy) along the irradiated region of the sample. This
In Ref. 4 it was concluded that the existence of a depenmethod is described in detail in Ref. 6. _
dencena(¢) is due to a change in the probability of annihi-  Itis known thatU,, ~dp/9x, and the gradienip of the
lation of interstitial atoms by intrinsic vacancies as
changes. .
2.—
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FIG. 1. Volume photovoltage versus the electron flux densityr-tiype FIG. 2. Volume photovoltage versus the electron flux density-type
silicon crystals;1 — E=0,2 — E=110 V/cm. silicon crystals;1 — E=0,2 — E=110 V/cm.
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resistivity depends not only on the density Adfcenters but tion of an electric field to the sample during irradiation in-
also on the total concentration of a wide spectrum of defectdluencesU (¢) not only in n-type Si samples. This shows
In n-type Si sample#) , increases in a definite range of that at low irradiation energies the charge state of the pri-
¢ ((2—5)x102 cm 2-s71) (Fig. 1, curvel). This shows mary radiation defects must be taken into account in order to
that in contrast toA centers # for other radiation defects explain the observed behavior.
sharply increases in this interval, passes through a maximum
at p.=5x10 cm ?.s71, and then sharply decreases.
The application of an electric fieldE=110 V/cm) t0  1p £ | ygakov and V. V. Lukyanitsa, Fiz. Tekh. Poluprovods, 345
the samples during irradiation does not change the value of (1984 [Sov. Phys. Semicond.8, 215 (1984].

@, and the curvel(¢) shifts in the direction of large 2V. 1. Kozhevnikov and V. V. Mikhnevich, Fiz. Tekh. Poluprovodis,

: 1598(1981) [Sov. Phys. Semicond.5, 924 (1981)].
values ofU ph (F.Ig' 1, curve2). 3J. S. BlakemoreSemiconductor Statistio®ergamon Press, New York,
In p-type Si samples, the dependeridg,(¢) and the 1962.

value of ¢, remain the saméFig. 2). The curvedJ ,(¢) for 4J. W. Corbett and G. D. Watkins, Phys. R&®8§, 555 (1965.

samples irradiated with and without an external electric field*A- A. Zolotukhin, A. K. Kovalenko, T. M. Meshcheryakova, L. S. Mi-
are virtually identical levskii, and T. A. Pagava, Fiz. Tekh. Poluprovod@.1201 (1975 [Sov.

. . . Phys. Semicondd, 800 (1975].
As known from Ref. 6, inn-Si crystals vacancies are | s wilevski and V. S. Garnyk, Fiz. Tekh. Poluprovodt3, 1369

negatively charged at the moment of formation and intersti- (1979 [Sov. Phys. Semicond.3, 801 (1979].
tial atoms are positively charged. hnSi crystals Frenkel 7Z. V. Basheleishvili, T. L. Bzhalgva, T. A. Pagava, and V. V. Sanadze,
pairs are positively chargeYd. Soorshch. Akad. Nauk GSSR, Fiz16, 297 (1984.

As one can see from the experimental data, the applicaFranslated by M. E. Alferieff



SEMICONDUCTORS VOLUME 33, NUMBER 5 MAY 1999

Spontaneously forming periodic composition-modulated InGaAsP structures

N. A. Bert, L. S. Vavilova, I. P. Ipatova, V. A. Kapitonov, A. V. Murashova, N. A. Pikhtin,
A. A. Sitnikova, I. S. Tarasov,*) and V. A. Shchukin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted October 23, 1998; accepted for publication November 2,)1998

Fiz. Tekh. Poluprovodr33, 544—-548May 1999

INnGaAsP epitaxial layers, which are obtained in the instability region on(@0®) and GaAs

(001) substrates, are investigated by photoluminescence and transmission-electron-
microscopy methods. The results are discussed on the basis of the theory of spinodal
decomposition of solid solutions. It is established experimentally that in certain temperature and
composition ranges the solid solutions InGaAsP are a system of charged, altefimating

mutually perpendicular directiof400] and[010]) domains of a solid solution with two different
compositions and different lattice constants. The domain structure is very clearly defined at

the surface of the epitaxial film and becomes blurred in the film near the substrate. The data
obtained very likely show spinodal decomposition of the solid solutions InGaAsP in the

test samples. €1999 American Institute of Physids$$1063-7829)00405-9

1. INTRODUCTION solid solution decomposes into a composition-modulated pe-
riodic structure as a result of instability with respect to com-

shown that in certain temperature and composition rang osition fluctuations. Instability means that the free energy of

homogeneous solid solutions of semiconductors based o e modulated solid solution with such a composition is less
-V compounds are unstable and decompose into periodid'2" the free energy of a homogeneous solid solution with a
structures with alternating composition. The first experimen£0Mposition corresponding to+y. .

tal studies of this subject were of an accidental character, The change produced in the chemical free energy as a
since their main goal was to obtain a stable homogeneou@SU't of fluctuations of the composition of the solid solution
solid solution. The latest investigations of the instability of c&n be written as

solid solutions suggest that this phenomenon can be used to

Experimental studiegsee, for example, Ref.)lhave

obtain spontaneously forming nanoheterostructures. OF chen= f {[HX(r),y(r)) =T Snix(X(r),y(r))]
To describe this instability of multicomponent solid so-
lutions  Stringfellovd employed the theory of spinodal —[H(X,Y) = TSmix(X,y) J}d V. (1

decomposition* developed for metal alloys. A similar

analysis of the instability of quaternary solid solutiomas Here H(x(r),y(r)) is the enthalpy of the system,

been performed using the model of regular solid solutfons. Smix(X(r),y(r)) is the mixing entropy, and is the tempera-

This made it possible to obtain more realistic values of thdure. A homogeneous solid solution is unstable when the

critical decomposition temperatures. formation enthalpy of the solid solution ;A,B,C;_,D,
Our work’ 1% on the photoluminescence and x-ray mi- from the binary components AC, AD, BC, and BD is posi-

crostructural properties of the solid solutions InGaAsP in thdive, i.e. when the difference

instability region made it possible to demonstrate agreement _

between the experimental results and the proposed theory. AH=(1=X)(1=y)Hac+(1=X)yHap +X(1=y)Hgc
In the present paper we make a detailed comparison of + Xy Hgp— Hmui 2

the results of theoretical and experimental studies of the qua- N ) )

ternary solid solutions InGaAsP in the instability region. ThelS Positive. Here the sum of the first four terms is the en-

experimental samples were obtained by liquid epitaxy on Inghalpy of a homogeneous solid solution, aHg,; is the

(001 and GaAs(001) substrates under technological condi- enthalpy of a multiphase system. This means that a certain

tions that stimulate spinodal decomposition. amount of energy must be expended to produce a homoge-
neous solid solution. AtT=0 the free energy of a
2 THEORY composition-modulated mixture of the pure materials AC,

) ) . ) AD, BC, and BD is less than that of the uniform solid solu-
Splld solutlons of sem_lconductors are dlsordered SYStion A, ,B,C;_,D,. At T#0 the contribution of the mixing
tems in which the composmqn fluctuates from point to po'”t-entropysmix to the free energy gives rise to mixing of the
For a quaternary solid solution of the typg AB,C,-\Dy  components and stabilizes the homogeneous solid solution,
such fluctuations aréx(r) and dy(r), determined by the gegpite the composition fluctuatiods(r) and dy(r). In ad-
relationsx(r)=x+éx(r) andy(r)=y+dy(r), wherex and dition, according to Vegard’s rule, the lattice constant of the
y correspond to the average composition. A homogeneousolid solution depends on its composition

1063-7826/99/33(5)/4/$15.00 510 © 1999 American Institute of Physics
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a(r)y=a[x(r),y(r)]. 3 InP GaP

As a result of the composition fluctuatiodg(r) and 8y(r),

the lattice constant is different in different regions of the
solid solution. Joining of the regions requires elastic defor-
mation of the medium, which possesses a corresponding
elastic free energyF.,. In a homogeneous solid solution the

elastic free energy due to the composition fluctuations is zero

— OF¢=0, while in an inhomogeneous solutiafi,>0.

This elastic energy also stabilizes a solid solution with com- =2 8.5
positionx andy. Since the chemical energies of the mixed
components AC, AD, BC, and BD are close, the change

SF chem IN the chemical energy on mixing is small, compa-

rable in magnitude to the elastic enerdl, . This is why

the ratio of the chemical energy, which contains the mixing
entropy, and the elastic energy plays a determining role in

the formation of a modulated structure. The change in the

total free energy of a system whose stability is to be analyzed 0 ) 1.0
consists of the chemical contributigh) and the elastic free InAs z GxAs
energy

FIG. 1. Composition diagram for the solid solution InGaAs; _,P, . The
dashed straight lines show the solid solutions InGaAsP, isoperiodic to the
substrates InR001) and GaAs(001). Calculation atT=900 K (Ref. 12:

. . . 25 - . . 1—region of absolutely unstable solid solutio@s:— region of metastable
An |nvest|gat|oﬁ of the Stab'l'ty of a quaternary solid solid solutions3 — region of absolutely stable solid solutions. Two regions

solution of the type A_,B,C,_,D, showed that at tempera- of spinodal decomposition, which were experimentally determined for In-
tures above a critical temperaturg>T., quaternary solid GaAsP samples grown at temperatufigs=1023 K (Ref. 10 (solid seg-
solutions are stable for any values>ofand y; i.e., the con- r_nenl) andTg=_1063 K.(Ref.. 16(he_1tched ;egme)mre shown on the straight
tribution of the mixing entropys,y is so large that the com- line of the solid solutions isoperiodic with GaAg0D).

position fluctuations cannot decrease the total free energy. At

temperaturesT<T_ there exists a region of compositions

where a homogeneous solid solution is absolutely unstabldhe volume of the film £ direction. The theoretically com-
i.e., it is unstable even with respect to infinitesimal compo-puted equilibrium composition profile of an epitaxial film for
sition fluctuations x(r) and 8y(r), which decrease the the solid solution A_,B,C is shown in Fig. 2. Since there
chemical free energy. The composition fluctuatiohgr) are no elastic stresses on the freely growing surface, the elas-
and 8y(r) in a solid solution are the order parameter oftic energy of the soft modeR{}™) is ~1/3 of the volume

SF = OF chenit OF o1 (4)

spinodal decomposition. elastic energy E\eﬁ)l :
Figure 1 shows a composition diagram for InGaAsP. . Cuy 1
The diagram shows regions of absolutely unstdéblemeta- Flim= — — _pYl< —pvol, (5)

stable (2), and stable(3) solid solutions, calculated at | 2(CutCy ¢ 37

T=900 K (Ref. 19. Solid solutions belonging to the region The critical temperatures of the spinodal decomposition of

of metastable states are unstable with respect to compositidhe films of quaternary solid solutions are therefore less than

fluctuations with finite amplitude. the critical decomposition temperatures of bulk crystals and
In Refs. 2, 5,11, and 12 it is shown that the final state oflie in the range 400—1200 K. This corresponds to real growth

a thermodynamic phase transition is a system of stressed, i.e.

compressed and stretched, layers with alternating composi-

tion, which are called elastic concentration domains. This D

system of layers is formed by an inelastic “soft mode”

(composition fluctuationwith wave vector parallel to the El____dx[M [100]
direction of the weakest compression. In 1lI-V semiconduc- 1 Sl |~

tors, as a result of the elastic anisotropy of the crystal, these i infatads AN 7 AV 7 [700]
directions ard001], [010], and[100]. Such an orientation of 9 L ___Ox = P < (100}
the elastic domains, which is observed in the experimental h -~ T

samples, very likely indicates the possibility of spinodal de-
composition of the solid solution.

To bring the analysis closer to a real object, in Refs. -1 e e [ 100 ]
13-15 the stability of epitaxial films of the solid solution 1
A;_B,C, coherently joined with théD01) substrate consist-
ing of a cubic crystal, was investigated. In .thIS Cfase the_ SO]‘ITZIG. 2. Theoretically computed equilibrium composition profile of the solid
mode is a surface soft mode, whose amplitude is maximungojution A_,B,C in an epitaxial fim(2) on the substratél). D — com-
near the growing surface and decreases exponentially int@osition modulation perioch — epitaxial film thickness.
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FIG. 3. Photoluminescence spectrum at 300 K of an epitaxial InGaAsP laye
grown on a GaAs substrate in the region of unstable quaternary solid solu
tions.

and decomposition temperatures of epitaxial films of 1l1-V
solid solutions(the computed value df . for the solid solu-
tions InGaAsP i¥ 1275 K).

3. EXPERIMENTS

In Refs. 7-10, which are devoted to photoluminescence
and x-ray microstructural investigations, the boundaries o
existence of the region of spinodal decomposition were de
termined for the solid solutions InGaAsP which are isoperi-rig, 4. TEM images of an InGaAsP sample. The images were obtained in
odic with the substrates In®01) and GaAs(001). The ep-  planar geometry in the reflectians — 200(sensitive to the composition of
itaxial InGaAsP |ayers’ prepared by ||qu|d ep|taxy at growththe solid SO|'UtiO.I)I b — 220 (sensitive to the stresses in th(-'l‘ san)1p1léh¢
temperatures below the critical temperatulig € T;), have :)r}?:SAtZIIjII:pI(t)afxtlf'laé 'gzﬁé ‘é";ﬁ&rsg”w:; i‘;gg‘)}? substrate in the region
in the region of spinodal decomposition a characteristic pho- Y ¢ ’
toluminescencdPL) spectrum consisting of two bands. As
an example, such a spectrum is presented in Fig. 3 for awhich are isoperiodic with GaA§01) and were grown at
InGaAsP sample grown on a GaAB0l) substrate at tem- temperature§ y=1023 K (Ref. 10 and 1063 K(Ref. 16.
peratureT,= 1023 K. The existence of the two bands in the Increasing the growth temperature substantially decreases the
PL spectra of such samples suggests that the epitaxial layeegion of compositions of the solid solutions InGaAsP which
is inhomogeneous and consists of two solid solutions witthave(first) two bands in the PL spectt&ig. 3) and(secondl
different compositions. Those samples were investigated us periodic TEM pattern of intensity modulatidifrig. 43.
ing transmission electron microscopffEM). Figure 4a  This shows that the growth temperature is close to the criti-
shows a typical image of such a sample in diffraction con-cal temperature of spinodal decomposition.
trast in a TEM investigation in a planar geometry. Here the  TEM investigations in a planar geometry of InGaAsP/
intensity modulation is observed in the mutually perpendicuinP (001) epitaxial layers grown in the instability region es-
lar directions[100] and[010], which correspond to the di- tablished the presence of elastic stresses at the boundaries of
rections of the weakest compression of the cubic crystalkegions with different compositions. The samples were in-
which is an indication of the possibility of spinodal decom- vestigated in two reflections — 220 and 200. The image in
position of the solid solution. The epitaxial InGaAsP layersFig. 4b was obtained in the 220 reflection, where the contrast
grown in the region of absolutely stable solid solutions haveeflects local deviations from Bragg conditions in regions
one peak in the PL spectra. Periodic modulation of the intenwhere the structure is enriched with and depleted of the at-
sity is not observed in the corresponding TEM images ofoms of the heavier element, as well as at the boundaries
these samples. These two facts show that such epitaxial Ileetween them. This leads to the appearance of periodically
GaAsP layers are homogeneous solid solutions. alternating black—white stripes in the image. The observed

Figure 1 shows two experimentally determined regionsperiod is~35+5 nm. The image of the same region of the
of spinodal decomposition of the solid solutions InGaAsP experimental sample in Fig. 4a was obtained in the reflection
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ticularly well defined at the film surface and wash out in a
direction toward the substrate. The quantum efficiency of the
PL of the stressed periodic structure is close to 100%.

In summary, comparing the results of theoretical inves-
tigations of the spinodal decomposition of the solid solutions
of IlI-V semiconductors with the experimental data for
InGaAsP samples grown by liquid epitaxy in the instability
region enabled us to conclude that in our experimental
samples we have very likley observed spinodal decomposi-
tion of InGaAsP solid solutions.

This work was supported by the Russian Fund for Fun-
damental ReseardGrants 97-02-18105, 98-02-18304he
Russian State Program of the Ministry of Science and Tech-
nology “Surface Atomic Structures{Grant 95-2.23 the
Russian State Program of the Ministry of Science and Tech-
“Nanostructures’(Grant 97-021% and the Russian
State Program ‘“Leading Science School§Grant 96.15-
96.348.

IPsubstrate,

FIG. 5. TEM image of an InGaAsP sample in the transverse section. Th(gl0|09y

InGaAsP epitaxial layer was grown on an (1) substrate in the region
of instability of solid solutions withT ;=870 K.
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The infrared transmission spectra of single-crystal samplestgbe CdTe and-type

Cd,_,Zn,Te at 295 and 77 K were investigated. The experimental data are analyzed under the
assumption that the observed spectral dependences of the transmission coefficient are due

to absorption of infrared radiation by free charge carriers. It is shown that the computational results
agree satisfactorily with the experimental data. The electron densities and mobilities

calculated from the transmission spectra are close to their values obtained from electric
measurements. €999 American Institute of Physids$$1063-782609)00505-(

1. INTRODUCTION 2. EXPERIMENTAL PROCEDURE. SAMPLE PREPARATION

Interest in cadmium telluride and the solid solutions Single-crystal n-type Cd_,Zn,Te (0=<x=<0.06)
Cd,_,ZnTe has recently increased appreciably because gfamples were investigatdthe parameters of some samples
two basic reasons. First, the solid solution,CgZn, Te is the ~ are presented in Tablg. [The crystals, which were obtained
most promising substrate material for &g, -, Te/CdTe ep- by the Bridgman method, consisted of two or three single-
itaxial heterostructures. Secondly, it has a number of advarerystal blocks which were oriented in ti&l11) direction and
tages over other semiconductors for use as a material fdiut into 1.4 to 1.6-mm-thick wafers.
nuclear-radiation detectors. However, it is obvious that this ~For optical measurements the wafers were ground on
compound has not been adequately studied. Only its opticzQOth sjdes and then chemicomechanically polished usi.ng the
properties have been partially investigated. Ivestigation oPClishing etchant Br.HBr:ethylene glycol. These operations
the electric properties encounter great difficulties, especialljn@de it possible to remove the damaged layer completely

in performing measurements at liquid-nitrogen and liquid-2"d tﬁ obtain a cllose;to-mwro; shurface. I _ ated
helium temperatures, i.e., in the cases where the most valy- The structural perfection of the samples was investigate

able information can be obtained about the density of fre y the metallography method. To reveal the dislocation

. S . . . structure on the AL11) surface, the samples were treated
charge carriers, the ionization energies of impurity levels, the . . L :

: s with a selective etchant consisting of a 50% water solution of
ratio of the donor and acceptor densities, and so on.

Analysis of existing published data shows that the au-Cr03 and HF (3:2 parts by volumg In our experlzmearr\]téal

h I ; little about th its of electri samples the dislocation density was{8)x 10* cm™
ors generatly report very fittie abolt the TesU'ts of E1eCtGy,q e \yere no small-angle boundaries or inclusions of a sec-
measurements and only rarely discuss the difficulties Whlc%nd phase
they encounter in performing low-temperature measure- o meagyrements of the electric parameters were per-
ments. Obtaining contacts to cadmium-zinc telluride, which,.med at room temperaturd €295 K) and liquid-nitrogen
are ohmic in a wide temperature range, is a difficult teCh”ica{emperature'(=77.3 K) by the van der Pauw method; the
problem which is yet to be solved. Hall coefficient was measured with magnetic inductién
The lack of ohmic contacts is an obstacle for Hall mea-— o 5 T, The measurements were performed on close-to-
surements. However, optic measurements are completepgctangular samples with dimensions not exceeding 4
free of this problem. In the cases where optic and electricc 10 mn?. A sample was chipped out from a plate, and
measurements can be performed on the same samples ifntacts were soldered to fresh cleavage surfaces using in-
information obtained is much more valuable. In our study Wedium. No more than 5 min elapsed between the cleaving and
attempted to determine the density of free charge carriers ithe soldering of the contacts, so that there was not enough
n-type Cd_,Zn,Te crystals by two methods — from the IR time for the cleavage surfaces to become contaminated. The
transmission spectra and from electric measurements — arglirrent—voltage characteristics were used to check ohmicity
to compare the results of two fundamentally different experi-of the contacts. It was established that our method for pre-
ments. paring the contacts gives satisfactory results. As the sample

1063-7826/99/33(5)/4/$15.00 514 © 1999 American Institute of Physics



Semiconductors 33 (5), May 1999 Belogorokhov et al. 515

TABLE |. Parameters of the experimentatype samples.

Electron density Electron mobility
Sample Sample Temperature
No. Material thicknessd, mm T, K Nopt, €m™3 N, cm 3 Hopt: CMP/(V-5) el CE/(V-S)
1 Cdy.oeZNo 0aTE 1.07 295 6.6 10° 6.3x 10'° 770 740
77.3 4.0< 10 3.9x10'° 1300 1200
2 Cdy.oeZNg 0aTE 1.01 295 1.% 10 2.7x 106 870 810
77.3 1.6<10% 1.3x10% 900 1200
3 Cdy gZNg o3TE 0.67 295 8.x10% 8.9x 101 670 630
77.3 4.3x10'° 4.5x10' 960 970
4 Cdy.9ZNo 0sTE 0.92 295 1.x10" 1.1x10' 970 890
77.3 8.2< 10 8.0x 10 8800 8900
5 CdTe 1.20 295 1910" 2.3x 10" 960 760
77.3 1.3< 10% 1.2x10% 5200 5100

temperature decreased, deviations of the current—voltage Nop€
characteristics from linearity were observed, especially for a= % 2
samples witm=10" cm™3, but these deviations were neg- mCN L opfMopt

ligible and had virtually no effect on the electric measure-
ments. For samples with>10" cm™2 the contacts were
ohmic at all temperatures.

The optical spectra in the wave number range 5
3000-300 c® were obtained on an IFS-113v Fourier _ 3h7E,
spectrometer(Brilker Company, Germany The spectral P 16m2P2)
resolution was 0.5 cimt in the entire range. A continuous-
flow helium cryostat, manufactured by the Oxford Instru-Hereh=6.62x10 34 J-s is Planck’s constant, ari®,, is the
ments Company(Great Britair), was used for the low- matrix element of the interaction of the valence and conduc-
temperature measurements. The light spot was no more thaion bands[assumed to be independent of temperature and
2 mm in size. zinc concentration and equal to %0 8 eV-cm (Ref. 3)].

The mathematical analysis of the transmission spectr&or the solid solution Cd ,Zn,Te the band gagE, was
consisted of making a least-squares fit of the computed curvealculated from the relation given in Ref. 4 fo=5 K; the
to the experimental spectrum by varying two independenthermal coefficient of variation of the band gap was assumed
variables: the densiti and the mobilityu of the free charge to be temperature-independent in the interval 5-300 K and
carriers. The fitting method which we used can be describedqual todEy/dT= —4.5x 10 * eV/deg(Ref. 5. Using Eq.
as follows. (3) for pure cadmium telluridex=0) we obtainE,=1.468

Cadmium telluride is a wide-gap semiconductor with aeV, mq,=0.103n, at T=295 K and E;=1.566 eV, mgy
~1.5-eV gap, so that for an electronic sample the holes have-0.110n, at T=77.3 K (my is the free electron mass
no influence because of their small number. In this ¢ase If the value of« is known, then the transmission coef-
nopolarn-type semiconductothe dependence of the absorp- ficient can be easily determined from the relation
tion a on the frequency can be expressed’as

The electron effective mass was determined from the
relatiorf

)

~ (1-R)%e
T=— @
= 4me Nopt:“opt (1) 1—R2%e2d
cn[1+w?(m le)?]
[1+ @™ Mopiop/€)] whereR is the single-reflection coefficient,
Here Nop, Moy, and uqp; are, respectively, the density, ef- 1242
fective mass, and mobility of the free charge carrighe R= (n-1) (5)

subscript “opt” means that these parameters are all deter- (n+1)2+k?’
mined from the transmission spegtra is the refractive in-
dex of the materialg is the electron charge, ardis the —andk=a/4mv is the extinction coefficient.
velocity of light in vacuum. The computed curve$(v) were obtained using the re-
Using the minimum wave number in the experimentallations (2)—(5) by varying the parametem,, and gy in
spectral range=300 cm 1) and the typical mobilities for Eq. (2). The refractive indexn was assumed to be indepen-
our samples[ uqp~10° cn?/(V-s)], we find the second dent of the wave number and taken to be 2.70at295 K
term in the denominator in Eq1) to be 40(minimum esti- and 2.65 alf =77.3 K(Ref. 6. The values obtained fd¥,
mateg. Therefore the number 1 in the denominator can beandu, are presented in Table I, which also gives the values
ignored, and sincewn=27vc, we can write Eq(1) in the of the densityNg and mobility u, calculated from the elec-
form tric measurements.
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FIG. 1. Typical experimental transmission spectra of the solid solutionFIG. 2. Transmission spectra of C4Zn,Te samples with different elec-
Cd,_,ZnTe (samplel) at T=77.3 (1) and 295 K(2). Dashed line —  tron densities al =295 K. The numbers on the curves correspond to the

computed transmission spectrum of samplat T=77.3 K. numbers of the samples in Table I.

3. EXPERIMENTAL RESULTS AND DISCUSSION served on the curve 4 in the intervak 500 cm ! are due to

Typical transmission spectra aftype CdTe andrtype multiphonon processes and are not related to IR absorption
Cd,_.Zn,Te samples af =295 and 77.3 K are shown in PY frée charge carriers. _
Fig. 1. As one can see from the figure, the transmission co- Comparison of the optic and electric measuremésite
efficient increases in the entire spectral interval as the teml@Ple ) shows thatNy, and N differ by no more than a
perature of the sample is lowered. Since the experimental IfCtor of 1.5 andugp and ue differ by even less; the ob-
range lies far from the region of intrinsic transition( serve(_j difference is in either directigne., there is no sys-
corresponds to~12500 cm' 1), and since there are no dis- {€matic erroy. _ .
tinct absorption bands in the transmission spectra, we as- | he results obtained by us show unambiguously that the

sumed that the monotonically increasing funcfibp) (Fig. observed spectral dependences of the transmission coeffi-

1) is attributable to IR absorption by free charge carriers.cIent ofn-Cd, -, Zn,Te samples can be described completely

Using the fitting procedure described above, we obtained thgatisfactorily by IR absorption by free charge carriers. There

values ofNg and wq Which are presented in Table I. How n’geh nOo':r?glsjigu2-?r?eseedxilsntzlrl:§leor(])? t'gllﬁﬁ[];anﬁgs’it;%;hat
close the theoretical curve is to the experimental curve can yp precip '

be judged from Fig. 1, which shows the computed and exhich lead to dependenc&¢v) of the form 1 and 2Fig. 1),
perimental transmission spectra of sample Tat77.3 K.  S€ems tousto bf incorrect, since it is incomprehensible why
As one can see from Fig. 1, the agreement between the corfhe dependence$(v) incease as a result of scattering of
puted and experimental data is completely satisfactory. radiation by certain inhomogeneities in the material. It fol-
Figure 2 shows the spectral dependence of the transmiéws from general considerations that the opposite situation
sion coefficient as a function of the density of free chargeshould occur.
carriers atT=295 K. We see that as the electron density ~ For p-type cadmium telluride—zinc samples, absorption
decreases, the spectrum shifts leftward into the region oflue to hole transitions between valence subbands is added to
smaller wave numbers and the transmission coefficient inthe IR absorption by free charge carriers, making it difficult
creases. Curve 4 corresponds to a sample Wigh=1.1 10 interpret the transmission spectra. Both absorption mecha-
x 10" cm~2. For such electron densities the IR absorptionnisms lead to an increasing functidifr). The study of the
by free charge carriers has an effect only in the long-optic and electrical properties pftype material is a subject
wavelength part of the spectrumy€1000 cnil). In the for a separate investigation.
region »>1000 cm ! the transmission coefficient is essen- This work was performed as part of a Russian Fund for
tially independent of the wave number. The features obfundamental Research Project No. 96-02-18853.
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The authors describe a gas-transport reaction method they recently developed using the
compounds NKCI (Br, 1) as transport agents. Using this method, they were able to grow semi-
insulating cadmium telluride single crystals with carrier concentratjprd 0° — 10'°

cm 3 at T=300K. These crystals were used to fabricate In—CdTe surface-barrier structures with
peak voltaic photosensitivities of 10° V/W. Their investigations of the emission properties

of homogeneous crystals d8@=77K and distinctive features of their photosensitivity spectra
revealed that these material characteristics derive from the use of Cl, Br, and | as dopants.

By illuminating their In—CdTe structures with linearly polarized light at oblique incidence, they
generated induced photopleochroism, which was measured and used to determine the
refraction index of the material, which is found to be=2.8. The paper concludes with a
discussion of how these structures can be used as photodetectors of natural and linearly polarized
light. © 1999 American Institute of Physid$$1063-7829)00605-5

Cadmium telluride is one of several promising semicon-gated using weak electric and magnetic fields. Hall-effect
ductor materials derived from the solid solution,&d, _,Te  measurements made at=300 K revealed that carrier con-
that can be used for solid-state detectors of nuclear radigentrations in these crystals were?+Q.0'°cm~2 and their
tion,}? solar energy converters, and optoelectronic modulamobilities were~50 cnf/(V-s). Analysis of the signs of the
tors of laser light. For these materials, the growth conditionsHall effect and thermoelectric power implies that in the over-
impurities introduced, and lattice defects generated during\/heiming majority of our Sampies Conductivity takes piace
fabrication have a decisive influence on the parameters of th@i holes. The electrical properties of these crystals were the
crystals and devices based on théfAlthough group-VIl  same for all three transport agents used. In our photolumi-
elements of the periodic table can be used as dopants {guscencdPL) studies we used focused light from a helium-
make sgeml-lnsulatlrig single crystals of CdTe, recent,gqn laser X =0.4xm, P=15 mW), which is strongly ab-
papers*have only discussed one of these elements to datagyheq in CdTe, as an optical excitation source with a probe
chlorine. In this paper we investigate the physical propertiegjiameter of~0.1 mm. The photoluminescence emission was
of uniform single crystals of CdTe grown by a new Chemicalanalyzed using an MDR-3 monochromator based on a dif-

transport reactions technique we have develohet that fraction grating with 600 lines/mm, and a PEU-62 photomul-

uses'NIj(.:I (Br,l) as transport age.nts. We also Ir]Vest'g"’uetiplier. The PL was recorded from the side of the sample on
how illumination by laser lighf during the growth process

: . ) ; . éivhich the excitation light was incident. The PL intensities
stimulates doping by the halogens: chlorine, bromine, an . ) .
iodine. and line shapes were quite reproducible as the surface of the

single crystal under study was scanned, indicating consider-
able uniformity. The crystal surfaces were not subjected to
SAMPLES AND MEASUREMENT METHODS any processing prior to the PL measurements. In—CdTe

The single-crystal semi-insulating CdTe sample Crystab'sun‘ace—barrier structures were prepared by thermally depos-
which we investigated were grown by the method of chemidting indium layers with thicknessd=1um on mirror-
cal transport reactions. In these experiments an argon lasémooth surfaces of CdTe single crystals in vacuuesidual
was used to stimulate the growth procésadiation wave- Ppressurep=10"° Torr). Chemically deposited Au layers
length A =0.44um, powerP=1 W) in the cw regime. The were used as ohmic contacts. No thermal processing was
electrical properties of these crystal samples, which aftensed either in making the contacts to the structure or subse-
growth were naturally faceted in the form of parallelepipedsquently. A SPM-2 monochromator with a Si@rism was
with average dimensions 0).5X5.0mm, were investi- used to measure the spectral dependence of the photosensi-

1063-7826/99/33(5)/5/$15.00 518 © 1999 American Institute of Physics
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1.0

\ o1 FIG. 1. Spectral dependence of the

+ 1’ steady-state photoluminescendé at

n T=77 K for CdTe crystals grown by the
method of chemical transport reaction
using various transport agentd; 1',
1" — NH,CI; 2,2', 3,3 — NH,Br;
4, 4" — NH,4l without activation (, 1’,
1", 2,2', 4,4") and with activation of
the growth medium by a lasei3(3').
The spectra are normalized to maximum
intensity. The excitation intensitly/L:
(1-4 — 1.0, 1'-4') — 0.15,1" —
0.05. Energy maxima are shown in eV.
The spectral width of the slit was 1 meV.

o
L

I, arb. units

v e — = F et O——

1.3 1.5

tivity of these CdTe structures. Under the experimental contable we see that the total half-width of the bands at half-
ditions, the photoresponse was proportional to the intensitheight §,,, is practically insensitive to the chemical compo-
of the incident light. sition of the transport agent, and also is independent of
whether laser light was used or not in the chemical transport
reaction process. The large valdg,~90 meV indicates that
the emission process is honelementary in character. The PL
Measurements of the kinetic coefficients of CdTe singlebands were asymmetric for all the CdTe crystals we ob-
crystals obtained by our new chemical transport reactiontained; as a rule, the short-wavelength half-widiy, was
technique led us to conclude that our fabrication conditionsmaller than the long-waveleng#, . Figure 1 shows that
resulted in semi-insulating material independent of the pardecreasing the power density of the PL excitation light
ticular halogen usedchlorine, bromine, or iodine We leaves the spectral line shape of the recombination light vir-
therefore feel justified in asserting that all the group-VII im- tually unchanged for all our single crystals. However, the
purities provide a high degree of compensation in CdTe. Ouline shape can shift as a whole towards the long-wavelength
conclusion agrees with well-known results of doping cad-region of the spectrunicurves2 and3), or exhibit changes
mium telluride with chloriné® By analogy with those only in the wings of the band while keeping the “centers” of
studie§® these results are attributable to compensatiorthe PL band maxima unchangéclrvesl and 3). The fact
of shallow hydrogenic donorgwith ionization energy that in all the samples the energiyw,, at which the spectral
Ep~0.014 eV) by intrinsic acceptors that form in cadmium dependence of the PL is a maximum is found to be smaller
telluride as a result of halogen incorporation. These accegghan the value of the bandgap widtB, for cadmium
tors are associated with singly charged vacancies in the cad-
mium sublattice V4 (ionization energy E,=0.06 eV).
Hence, as in the case of CAT}) Crysta|s§'8 our gas-phase TABLE |. PL parameters of Cd¥¥Il) single crystals at 77 K.
process allows us to obtain strongly compensated single
. . . L. Transport ho, 112+ Ojw » Osw » Aoy, |
crystals becguse the_majonFy of isolated |mpur|t!es and deé1gent Ry meV. meV  mev mev
fects are in electrically inert states, ensuring ‘“self-

RESULTS OF EXPERIMENT AND DISCUSSION

purification” of the materiaf® métg' 1-2‘3‘2 gg 2(5) g: 102 (i-gg
. r . .

Typical spectral dependences of the steady-state PL fq\er“B * 1.425 92 50 P 0 0.85

our CdTe single crystals are shown in Fig. 1. This figureyy, 1.400 90 50 40 16 0.30

shows that the spectral dependences of CdTe crystals grows
using various transport agents, both without and with use oNote Aé’“*’m is thebShiﬂ in t(:‘e mfaXim“mu‘;f thﬁ PF'J-Lb_andS as the eXIC_itagon
laser light to activate the growth processes, turn out to b@>'* CoHea2es B Ol 2 magnituds.the PL intensity normalize
L . . y the intensity of PL in single crystals obtained using jJ8H without
similar. All consist only of a single rather broad band. Theactivating laser light; the conditions for excitation of PL are standard.

parameters of the PL spectra are listed in Table I. From thisActivating laser illumination was used during the growth process.
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TABLE II. Photosensitivity parameters for Cd{Ndl ) surface-barrier struc-

tures at 300 K. L
10°

Transport fiom, S, SR Wiz, U

agent Y ev? VIW meV VIW-deg

NH,CI 1.475 35 % 10* 120 1x10° 0’

NH,Br 1.450 33 16 75 1.2x10°

NH, 1.360 35 6x 10° 60 7X10°

Note @[ is the maximum value ofb,. wy, is the width of the band at
half-height.

telluride!’ and also the experimental influence of the power
density on the PL paramete(Sig. 1 and Table)l allows us 1°
to assert that radiative transitions in these CdTe crystals are
caused by donor-acceptor recombinatidin this case, ob-
served differences in the rates of shit w,, of the bands "
towards longer wavelength@able ) from one crystal to 3
another as the PL pump power density decreases must be§
associated with differences in the concentrations of donor- &
acceptor pairs and the way in which the group-VIl atom &
enters into a pair. The fact that CdTe samples grown using
NH,4! as a transport agent exhibit the most rapid shifts of the -
PL spectral band probably indicates that the concentration of
donor-acceptor pairs that form during the growth process is
highest in this material.

The overall similarity of the PL spectral dependences of
our CdTe crystals could be a reflection of similar microstruc- % [~
tures of the radiating centers, which consist of donor-
acceptor pairs made up of a group-VII substitutional atom at i
a tellurium atomic site and the cadmium vacancy closest to it
in the Cd sublattice. From Table | it also follows that the
most intense PL is observed in CdTe crystals grown without
laser activation in the presence of the transport agentBvH

Our PL investigations were supplemented by experimen-
tal studies of the photovoltaic effect in In—-CdWl ) struc- L ' 25 35
tures. Upon illumination, all these structures exhibited a pho- ’ ﬁw,ev' )
tovoltaic effect, whose sign was independent of the incident
photon energy or where the structure was illuminated by th&!G. 2. Spectral dependences of the quantum efficiency of In-(Gdle
excitation light. This suggests that the photovoltaic effect issgg;zcso”t‘:zrr]ss'ggrftgjgcéﬁ_s Eaeﬁe%?” Sﬁgé?'cgsza';d;a szg')”e; using
caused by separation of photogenerated charge by the eleg= 300 k. The curves are normalized to their absolute maxima. No activa-
tric field of a single energy barrier. For all the structures wetion of the growth medium was used. Cun&and4 are shifted along the

made' the photovo'taic effect was |argest when the i”uminaDl’dinate axis. The energy maxima are shown in eV. The spectral width of
tion was from the side of the indium contact, which in all "® 93P was 1 mev.

cases was charged negative with respect to the CdTe. We

found that the structures with maximum voltage photosensi-

tivity (S)'=10° V/W at T=300K) were typically those cess is implemented using NBr. Figure 2 shows typical
based on single crystals grown using NBfl as a transport spectral dependences of the relative photoconversion quan-
agent and without activation of the growth process by lasetum efficiency () for several In—CdTg/Il) structures,
light. The lowest values o8] (see Table |l were observed and some of their photosensitivity parameters are listed in
for structures made from CdTe crystals grown using iodine-Table II.

containing transport agents. On comparing the voltage pho- The photosensitivities of these surface-barrier structures
tosensitivity with the PL(Tables | and I}, we note that that exhibit the following regularities. The photosensitivity spec-
these effects are largest in CdTe crystals grown using th&a of the structuregFig. 2, curvesl—3) are found to be
bromine-containing transport agent Bt and without acti-  similar to the PL spectra of the original CdTe single crystals
vation of the growth process by laser light. This fact prob-(Fig. 1). In all the structures, the long-wavelength edge of the
ably implies that compensation of the group-VII donors byphotosensitivity is exponential in form with a very large
intrinsic acceptorsVqg, i.e., the self-purification effect, is slope, i.e.,.S=d(Iny)/d(hw)~32—35eV 1. This is charac-
maximized in cadmium telluride when the gas-transport proteristic of direct interband optical transitions, which are the
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expected transitions in CdT&.In all these surface-barrier zgr_ — 100
structures, the exponential increase in photosensitivity termi-
nates in a rapid decrease at short wavelengths, which could
be due to the influence of surface recombination.

A second characteristic feature of the photosensitivity
spectra of these structures is the shift in the absolute maxi-
mum (energy% w,,,) towards longer wavelengths of the spec-
trum as bromine replaces chlorine as the transporting agent,
and is then replaced by iodin@gig. 2, curvesl—3). The
same kind of sensitivity to transport agent is observed in the
PL spectra(Fig. 1). This circumstance probably indicates a
relation between the energy position of the absolute maxi-
mum and the nature of the doping impurity. In this case we
should point out that the spectral positions of the absolute
maximum of the photosensitivith v, of structures based on
single crystals of CdTe grown using chlorine- and bromine-
containing agents are close to the width of the CdTe band
gap®~?1 This fact serves as an additional argument in favor
of highly effective self-purification of CdT¢Ref. 4 when
the specific agents NiBr and NH,ClI are used in the fabri-
cation process. When we go to MH the photosensitivity
maximum is located at energies considerably lower tBgn
and the spectrum exhibits a broad band in the long-wave-
length region of the spectrum starting with a sharp increase
in 7 athw~0.7 eV. We assign this band to transitions of
acceptors from the valence band to a levg|, localized in 0
the middle of the band gdbBased on the data of Fig. 2 8, deg
(curvesl—3) we can conclude that the concentration of such

centers is highest when the CdTe crystal is grown in thé:IG',gj Depe_ndence of the short cwpwt photocurréftél), i (2)'an.d the
coefficient of induced photopleochroisi (3, 4) on the angle of incidence
presence of Nyl.

. . 0 of linearly polarized light on the surface of In-CdTe structures at
Several surface-barrier structures based on CdTe singte-300 K for photon energiekw=1.48 eV. The CdTe crystal was obtained

crystals grown using NiBr exhibited an additional feature using NH,CI without laser illumination of the growth medium. The angular
in the spectra ofy (Fig. 2, curves4 and5): an additional ~resolution was 1°.

photosensitivity peak in addition to the short-wavelength

peak. We measured the ratio of these peak heights from one

structure to another. This feature could be due to weakeninfz';ght wave is polarized in the plane of incidenEgPI (pho-

e e e, s b CEATENI ) and perpendicar © 1. ) phtocren
A i%), and the coefficient of induced photopleochroism
short-wavelength peak. The new peak indicates photoactive
absorption with the participation of levels from a new set of iP—ijs
lattice defects. Consequently, the spectral dependence of the Pi=
photovoltaic effect can be used to monitor the quality of
semi-insulating single crystals of CdTe before they are used@hese quantities are plotted versus the argl which the
to make nuclear radiation detectors. linearly polarized light is incident on the structure surface.
Studies of the photosensitivity of these structures in lin-The method of polarization studied was well described in
early polarized light showed that when the barriers were il-Ref. 22. From Fig. 3 it is clear that the photocurréhfirst
luminated along the normal to the surface, changing the oriincreases with increasing angle of incidence, passes through
entation of the electric fiel&E of the light wave relative to a maximum neap~60°, and then decreases fér-60°. At
the principal crystallographic planes of the CdTe substratethe same time, the photocurreiit decreases as soon as
had virtually no effect on the magnitude of the photocurrentd>0°. These regularities are in agreement with analysis of
over the entire photosensitivity range, regardless of the wathe optical processes based on the Fresnel forfitdagor
the substrates were grown. On the one hand, this is a conseblique incidence of linearly polarized light on an air—CdTe
guence of the fact that the probability for interband opticalboundary. In this model, the increase in photocuri@ret-
transitions in cubic CdTe crystals does not depend on theests to effective elimination of scattering losses upon reflec-
polarization of the light; on the other hand, it also allows ustion of light with polarizationE||PI, which has a maximum
to conclude that our fabrication conditions do not lead to then the vicinity of the pseudo-Brewster anglg~60° (Fig. 3,
appearance of directed strain in these samples. curvel). In the structures we studied, the ratR§6g)/i® (6
Figure 3 shows angular dependences of the short-circuit0°) usually lies in the range 1.2—-1.3, which is consistent
photocurrent that are typical of all of our structures, when thewith the elimination of scattering losses during reflection.

7%

10 —50 =70

{i,i° }, arb. units

0 __.10

iP+is
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100 - the CdTéVIl) single crystals we have grown indicate that
they could be used as high-sensitivity wide-band photoana-
lyzers of linearly polarized light, whose photogeneration re-
gime can be expressly changed from polarization insensitive
(#=0°) to polarimetric p+0°).
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The room-temperature photoluminescence emission and excitation spectghlpfiBns

implanted with G& and Ar" ions were investigated as a function of the ion dose and temperature

of subsequent annealing. It was established that the implantation of bond-forming Ge atoms
during annealing right up to temperatufg=1000 °C stimulates the formation of centers emitting

in the green and violet regions of the spectrum. Implantation of ineftidns introduces

predominantly nonradiative defect centers. Comparative analysis of the photoluminescence spectra,
Rutherford backscattering data, and Raman scattering spectra shows that the radiative
recombination is due not to quantum-well effects in Ge nanocrystals but rather recombination at
the defects=Si—Sie, =Si—-Ge=, and=Ge—-Ge=. © 1999 American Institute of Physics.
[S1063-782609)00705-X

1. INTRODUCTION Si-Si defects in silicon nitridé° However, further experi-
mental studies are needed to confirm this hypothesis.
The investigation of thermally grown silicon dioxide The opinion that SN, films have advantages over SiO

films on silicon crystals implanted with Sior Ge' ions}™*  films for producing silicon-based light-emitting materials is
as a material which emits at room temperature in the visibl&ometimes stated in the literatureHowever, there are vir-
region of the spectrum and which is most compatible withtually no data on the production of such materials and virtu-
silicon integrated technology, has been attracting increasinglly no information about their properties. In our previous
interest in the last few years. ;Bl, layers are also widely study, we observed an intense band of violet photo- and elec-
used for fabricating silicon devices. This insulator possessesoluminescence of SiQfilms implanted with Gé ions?

a variety of remarkable properties that enable its use, foand we attributed this band teSi—SE= and =Ge-Si=
example, for masking films, in LOCOS technolo@gcal centers in the silicon dioxide framework. There is virtually
oxidation of silicon, and for other applications where the no published information on the modification of the optical
penetration of various impurities into the active region of theproperties of silicon nitride by ion bombardment. Such in-
silicon wafer must be decreasédhe study of the optical vestigations would make it possible, on the one hand, to
properties of silicon nitride films grown by various methodsobtain information about possible practical applications of
has revealed several photoluminescefiek) bands in the such films as radiation sources and, on the other, to clarify
visible region of the spectrum. The intensity and energy pothe nature of the observed photoluminescence bands. To de-
sition of these bands differed somewhat, depending on thtermine the contribution of intrinsic defects generated by ion
film-deposition method employed. In Refs. 6—-8 a wide PLimplantation and the contribution of bond-forming atoms to
band was observed in the wavelength range450-600 the process leading to the production of light-emitting cen-
nm (photon energyiw=2.75-2 eV). This band is excited ters in silicon nitride, we investigated the room-temperature
in silicon nitride films, grown by various methods, at room PL of SiN, films grown on single-crystal Ar and
temperature. When the energy of the exciting photon is inGe"-implanted silicon wafers.

creased fromhiwe,=4 eV (wavelength 310 nNto A wey
=5.3 eV(~230 nm), the relative intensity of the green line
increases compared with the violet liheThe excitation
maximum of the violet band is observed at energies 4.8 The starting substrates consised of single-crystyipe
—4.6 eV (260-270 nm) and that of the green band is silicon wafers with resistivity 3-10 Q- cm and{100; orien-
shifted to higher energies — near 5.2 &40 nm. Ared PL  tation. S;N, layers, 300 nm thick, were deposited in a low-
line is also excited at energies4.6 eV (~270 nm). The pressure reactor from a NH SiH,Cl, mixture at tempera-
nature of these PL bands has still not been determined. Thiere 775 °C. Prior to the deposition of the silicon nitride, a
short relaxation times of these PL bands (161078 9 25-nm-thick transitional oxide layer was grown on the sili-
indicate that the transitions are of a intracenter character. Inon wafers. Implantation of the silicon nitride films was con-
the literature it is assumed that these PL bands are all due thucted with 150-keV Si ions or 100-keV AF ions. In each

2. EXPERIMENTAL PROCEDURE

1063-7826/99/33(5)/6/$15.00 523 © 1999 American Institute of Physics
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4 It is evident that visible-range PL is excited at room tempera-
° ture even in the unimplanted silicon nitride. The main PL
501 peak lies in the violet region of the spectrum with a maxi-
‘ mum nearA =380 nm  we=3.2 eV). A wide peak is also
Lo observed in the green region of the spectrum neas20

. nm (Fw=2.4 eV). The intensity of this peak is only two
times lower than that of the violet PL band. lon implantation
N of Ge" suppresses these PL bands. Subsequent anneals re-
s | stored the intensity of the violet and green PL. Thus, the
effect of annealing Ge-implanted layers was that even after
T,=600 °C the intensity of both the green and violet peaks
was higher than their initial values and continued to increase
with T, to 1000°C. The energy position of the green PL
peak remained virtually unchanged, while the violet peak
exhibited a small short-wavelength shift. A further increase
of T, to 1200 °C again caused the PL intensity to drop below
its initial value and to further shift the violet peak in the
direction of short wavelengths. The PL spectra of
Ar*-implanted silicon nitride films show a somewhat differ-
ent behavior as a function df, (Fig. 2). In this case anneal-
ing restored only the intensity of the green PL band to its
initial value; the effect reached its peak B{=600 °C. The
violet PL remained suppressed in this case. The PL spectra
of Ar"-implanted silicon nitride exhibited such behavior as a
L function of T, irrespective of the ion dos@ee the inset in

Fig. 2. At the same time, for Siimplantation increasing the

ion dose suppressed the PL intensity in the entire experimen-
FIG. 1. PL spectra of $N, films before(dashed lingand after implantation ~ tal wavelength range. Figure 3 shows the PL spectra for three
with 150-keV ST ions with dose 0.% 10* cm™2 (LD) and 30-min anneals ~ Si* doses after annealing at 1000 °C. Similar dependences
atT,=600(1), 1000(2), and 1200 °G3) in an N, atmosphere. The wave- \ere observed before and after anneals at various tempera-
length of the excitation radiation is.,=350 hm. tures.

Figure 4 shows the excitation spectra of the violet and

green PL peaks of the initial silicon nitride, as well as the
1.4% 10% cm~2 (medium dose — M and 4.2¢ 10 cm-2 nitride implanted with LD Si ions and annealed at 1000 °C.

(high dose — HD. The parameters of the ions were chosenlt is interesting to note that the excitation spectra of both the

so that the maximum of the ion distribution would be IocatedyIOIet and green PL bands have the same form for both un-

inside the silicon nitride film, and the maximum densities Oflmpl_anted and |mplan_ted . In 9” cases indicated,

; : . maxima are recorded in the PL excitation spectra near
the implanted atoms with the corresponding doses would be 270 NM (iwa~4.6 €V}, 310 nm (-4.0 eV), and 390 nm
equal. Cooling with liquid nitirgen maintained the substrate Pex= - ' ' ’

temperature during irradiation at-(145-155)°C in (~3.2ev. . . . .
. : 2 To determine the mechanisms leading to the formation
all cases. The ion current density was 0.5—LB/cm-.

Subsequent anneals were performed at temloera,[urofIlght-emlttmg centers, we investigated by the RBS method

T,=400—1300°C for 30 min in an Natmosphere. The PL %Re distribution profiles of implanted germanium over the

spectra and the PL excitation spectra were measured at roognepthd before and after anneals B;=400-1300 °C. These

temperature on the Spex Fluoromax setup. An uItravioIeFS r?gi;igetﬁgf \L/Jvn t'g_Flzgl';o(f)o:éhtigfifol_'gfgQﬁ'cﬁs_
lamp served as the source of excitation radiation; the re- P 10'a L L
quired wavelength was separated with a monochromatoP.Iacem.em of implanted atoms in S|I|_cor_1 ”'F“de’ and only
The distribution of the implanted atoms was investigated bya_nneallng atTa=1_300 C induces redls_tr|but|on of germa-
Rutherford backscatteringRBS) of 1.7-MeV He" ions. The nium over thg e.ntm_a thlckness of the film. The main maxi-
structural changes in the ion-implanted layers were moniMum of the distribution shifts to a depth corresponding to the
tored by Raman scatterin projected rang®,,, to depth~170 nm, which corresponds

y 9 approximately to the boundary between the initially im-
planted and unimplanted regions of thelgj film. Germa-
nium accumulates partially at the Si(®i interface.

Figure 1 shows the PL spectra okNj, films implanted We used Raman scattering to study the structural prop-
with LD Ge" ions and annealed at temperatures 600-erties of the layers. Figure 6 shows the spectra from
1200 °C. The figure also shows the PL spectrum from theGe"-implanted films after 30-min anneals at temperatures
initial, unimplanted silicon nitride. The spectra were excited600, 1000, 1300 °C. These spectra were measured in the ge-

by radiation with wavelength .,= 350 nm ¢ we,=3.5 eV). ometry AXY)Z, where X, Y, and Z are axes corresponding
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FIG. 2. PL spectra of $N, films before
(dashed ling and after implantation with 100-
keV Ar* ions with dose 1.%10% cm™2 (MD)
before (solid line) and after 30 min anneals at
T,=400(1), 600(2), 1000(3), and 1200 °C in
an N, atmosphere. The wavelength of the exci-
1200 tation radiation is\ ¢, =350 nm. Inset: PL inten-
o sity at the maximum witth =520 nm (5,¢) ver-
\ TesC sus annealing temperature for dosesxalB'
\ cm 2 (LD) and 1.4<10'® cm™2; horizontal
dashed line — intensity of the PL of unim-
4& \‘\ planted SiN,.

Intensity, arb. units

10 -

400 500

to the directiong100), (010), and(001). The Raman scatter- tation of silicon nitride in combination with subsequent an-
ing spectra were featureless, compared with the spectra @fealing introduces radiative and nonradiative recombination
the initial unimplanted SN,, up to T,=1000°C. Only an- centers. These centers could be associated with defects gen-
nealing at 1300 °C gives an asymmetric peak with a principakrated by ion bombardment and with the presence of high
maximum near 300 cm', which corresponds to crystalline concentrations of excess Ge atoms in thgNSihost. An

germanium, and a shoulder, whose nature is not completeiynportant experimental result is that the excitation spectra of
understood, in the wavelength interva 295—280) cm L.

the violet and green PL bands are the same and that the
There are three possible reasons for the shouldehelpres-  pehavior of the bands after ‘Siimplantation followed by
ence of a phase of amorphous Ge inclusiondp@mation of  anpealing is the same. The observed similarity of the excita-
smaller germanium nanocrystals; angl & nanocrystalline oy spectra cannot be attributed to, for example, interference
germanium-silicon nitride interface. in the silicon nitride films. Similar peaks have also been
observed previousiy!® in the excitation spectra of violet,

green, and red PL bands of unimplanteghgi films which
The violet and green PL bands which we observed weravere grown by other methods with various thicknesses. In

previously observed in unimplanted;Bi, synthesized by our experiments the intensity of the green and violet PL
various methods. However, as mentioned in the introductionpeaks increases at the same timeTgsncreases right up to

the nature of these bands remains undetermined. In our e%000 °C. Their excitation spectra also remained essentially
periments ion bombardment with Arand G€& ions sup-

4. DISCUSSION

unchanged in the process. This indicates that the bands are
pressed these PL bands, and subsequent annealing restolieted with the same recombination center. On the other

or even increased their intensity. This means that ion implankhand, there is no doubt that Ge atoms play a role in the
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FIG. 3. PL spectra of §N, films before(dashed lingand after implantation gl 1 |
with 150-keV G€ ions with doses 0.810' cm™2 (LD), 1.4x 10'® cm 2 300 400 500
(MD), and 4.4 10'® cm~2 (HD) and 30-min anneal &,=1000 °C in an Aoz, M

N, atmosphere. The wavelength of the excitation radiation.js 350 nm.
FIG. 4. Excitation spectra of the violét, 2) and green(3, 4) PL peaks of
SizN, films before(1, 3) and after(2, 4) implantation of 150-keV Ge ions
with dose 0.5 10'® cm™2 (LD) T,=1000 °C and30-min anneal in an N

formation of these centers. Comparing the data on the gj dmosphere. PL wavelenglh nm: 1 — 380,2 — 368,3 — 520,4 — 510.
dose dependence of the PL intensig. 2) and the Raman-

scattering result$Fig. 4) shows that the centers emitting in

the violet and green regions of the spectrum are not associ-

ated with Ge nanocrystals and that they may contain only ahould be the formation ofSi—Sk bond$® and a corre-
minimum number of germanium atoms. Moreover, the RBSsponding increase in the intensity of green and violet PL.
data show that these light-emitting centers are formed not agowever, in our experiments, after implantation ofApns,

a result of diffusive contraction of Ge atoms, but rather bywhen there are no excess bond-forming atoms in the nitride
restructuring of the short-range order in th@Nsj host, for  matrix, we observed restoration of only the green PL in the
example, via restructuring of the bonds between the nearegtocess of annealing of the defects; the violet PL was not
atoms. It is unlikely that hydrogen atoms play a role, asregiored. This fact could be interpreted in favor of green and
indicated in Ref. 10, in the structure of this center. Tis iS o161 p|_ having different natures, but a different explanation
supported by the fact that the intensity of the violet and greens we observed effect is also possible. The atoms or com-

PL peak_s continues to increase right u_pT’rsp_:l_OOO C. Itis plexes of atoms which are present in the silicon nitride and
also unlikely that hydrogen is present in[Sj films at such

: . which are not associated with the host atoms, such as the Ar
high temperatures. The most likely source of the PL bands ) . L
that we observed could be, for example, a center which, b toms and bubbles, could introduce additional nonradiative
analogy with an oxgyen vacancy in SiOcan be associated reggmbinatio_n !evels, w_h_ich decre_ases pr_imarily the prob-
with the centee=Si—Si= in the silicon nitride structure. The aPility of radiative transitions leading to violet PL. At the
existence of such centers was articulated in Ref. 14 in agame time, the presence of bond-forming Ge atoms in the
investigation of nonstoichiometric silicon nitide with excessSisN4 host gives rise with annealing to the formation of
Si, as well as in Ref. 15 in a study of the optical absorptionlargely radiative recombination centers. It is interesting to
edge of silicon nitride implanted with boron ions. These cen-note that in unimplanted silicon nitride films annealing even
ters are formed as a result of recombination of triply coordi-at T,=900 °C for 30 min results in a factor of 2 decrease of
nated atoms=Sie at subsequent anneal temperatureshe intensity of the green PL peak 4520 nm)*’ The pro-
T,~600 °C. At these temperatures the most efficient processess leading to the formation of light-emitting centers with
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FIG. 5. Profiles of the germanium distribution ing8j, films implanted with 150-keV Geions with dose 4.2 106 cm~2 (HD) before(1) and after 30-min
anneals al ,=600(2), 800(3), 1000(4), 1200(5), and 1300 °G6) in an N, atmosphere. The profiles were obtained by Rutherford backscattering of 1.7-MeV
He' ions.

50

the participation of excess Ge atoms is found to be shifted ir
the direction of higher annealing temperatures and can pro
ceed according to the scheme

=Si—N= — =Sis++N=, (1) 40~

=Sije++Ge= — =Si—Ge=. (2

The formation of=Ge—-Ge= centers can also occur in a
similar manner. However, it is still surprising that upon im-
plantation of Ge atoms in the silicon nitride framework the £ 30
green PL peak is not shifted along the energy scale as coni
pared with the PL peak from unimplanted silicon nitride and 3 |
from silicon nitride implanted with argon ions. This suggests & 3
that there is a possible relation between the localized state=
of the centers=Si—SiE, =Si-Ge=, and =Ge-Ge= and

the levels due to, for example, the nitrogen complexes. This
hypothesis was previously advanced in Ref. 7. In our cast
this hypothesis could also explain not only the fact that the
energy of the green PL peak is constant but also the fact the
the intensity of this peak increases in the presence of exces
Ge atoms in the §N, framework, which in the process of
formation of=Si—-Ge= and=Ge—-Ge= centers also results

in an increase of the purely nitrogen complexes. It has beel

©
3
ey
2

W

. . ! !

assumetf on the ba.5|s of ESR da.ta, which ;how that there 0 ——= —5 : -gz;a ' _2;0

are no paramagnetic centers during annealing of |rra(_1|ate< Paman shift,cm

amorphous silicon nitride, that the defectsNe also pair

with one another according to the reaction FIG. 6. Raman-scattering spectra o§l$j films implanted with 150-keV

Ge'" at doses 4.210' cm 2 (HD) after 30-min anneals &,=600 (1),
=Ne+eN=—=N—N=. 3 1000(2), and 1300 °Q3) in an N, atmosphere.
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However, the N—N bond in silicon nitride is unstable even at  We wish to thank V. A. Gritsenko for a helpful discus-
temperatures 700-800 °(Ref. 10, while in our experi- sion of this work and H. Filp for assisting in the measure-
ments the PL peak was observed abdye=-1000°C. The ments of the photoluminescence spectra. |I. E. Tyschenko
most likely explanation of the fact that the energy position ofthanks the Ministry of Arts and Sciences of Saxai@er-
the green PL peak remains constant when bond-forming Geany) for financial support in the course of these investiga-
atoms are introduced into the;8l, host could be that the tions.

germanium atoms, which upon annealing replace the silicon

atoms in the silicon nitride framework according to the

schemg1) and(2), give rise to an increase in the number of

unbound silicon atoms which then form the bongsSi ' _

_Si=, which are responsible for the PL bands that we ob- E-mail: tys@isp.nsc.ru; Fax382-2332771

served. However, this assumption requires additional experi————

mental confirmations.
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Slow photoconductivity relaxation due to radiation defects in p-type Si
S. E. Mal'’khanov

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted July 2, 1998; accepted for publication October 14, 1998
Fiz. Tekh. Poluprovodr33, 567—-568(May 1999

Data on photoconductivity relaxation due to one of the radiation defeqigyipe silicon

employed in radiation technology are analyzed on the basis attachment levels. Defects formed by
divacancies in a positive charge sta® (), =4 um, are investigated. It is shown that

this defect is an attachment level with respect to deeper levels of radiation defects, for example,
a K center(which appears clearly after preliminary short-wavelength irradiatide a

result, processes with short relaxation times appear in the photoconductivity. It is also shown that
fast photoconductivity relaxation can be obtained in this material either by increasing to 15

MeV the energy of the electrons used to introduce a given radiation defect or by increasing the
intensity of the irradiation with 1-MeV electrons. ®999 American Institute of Physics.
[S1063-782609)00805-4

Investigations of photoconductivitPC) relaxation are long to a divacancy in a positive singly-charged state with a
necessary, for example, for the development of photodeteaesonance-type characteristic photoionization cross section
tors as well as devices where fast recombination of chargand has been observed previouslfor this level the maxi-
carriers is critical =% In the present paper we report the re- mum photoionization cross section at 3,8m is 4
sults of an experimental study of slow relaxation of PC inx 10 cn?.) If carriers can fill this level by complicated
KDB-10 silicon irradiated with 1- and 15-MeV electrons and schemes, then it can be emptied via an optimal path with the
Co y rays. carriers being transferred to the valance-band edge.

The experimental samples consisted of X 0.2 mm Figure 2 shows the photoconductivity relaxation curves
parallelepipeds. Ohmic contacts were produced by graduaheasured for the same sample at time intervals after the
deposition and thermal compression of aluminum along theéample was first irradiated with IR radiation with wavelength
edges of the flat face. Irradiation with 15-MeV electrons wascorresponding to half the band gap in silicon. As follows
performed in a linear electron accelerator at doses up to
10" cm~2 and irradiation with 1-MeV electrons was per-
formed in a RTELV accelerator. The irradiation intensity
was varied in the range 1%-10'* cm™2.s71. The compen-
sation of silicon by radiation defeciRDs) to observe PC
was close to 1(the concentration oK centers — the main
impurity compensating RDs — is estimated to be
10' cm~3, while the concentration of RDs that determine ]700
the slow relaxation is an order of magnitude small@he
photoconductivity investigations were performed with an

v

IKS-21 infrared spectrometer with an NaCl prism. A light E .ji:
beam was focused on the flat face of the sample in a cryostat 2 b
at liquid-nitrogen temperature. The experimentally measured 5
power of the infrared(IR) radiation was of the order of ~ ]50
104 W/cn? at a wavelength of 4um. The slit-covering
time was 0.2 ms with 20-Hz modulation of square light
pulses.

Figure 1a shows the relaxation of photoconductivity af-
ter the 3.9um IR radiation was switched off once in a
sample irradiated with 1-MeV electrons. Figure 1b shows the 5ms
same relaxation with periodic action of light with the cover- —
ing time of the entrance slit equal to 0.2 ms. Analysis of the t,arb.units

figure shows that the decay of the photoconductivity is de-
scribed very accurately by an exponential dependence Wwith!G. 1. Kinetics of growth and decay of stationary photoluminescence in
time constant 1.9 s. Such behavior could mean that this rdfadiated silicon §=3.9 um): a — single switching on and switching off

. . . f the light, the covering time of the entrance slit of the spectrometer is 10
laxation is due to charge transfer on one level. This |eveEns; b — periodic action by square light pulses, the covering time of the

(referred to below as the “working” leveglis known to be-  entance slit of the spectrometer is 0.2 ms.

1063-7826/99/33(5)/2/$15.00 529 © 1999 American Institute of Physics
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underestimation of the relaxation time constant. In other

a b words, stimulated filling of the working level remains for a

substantial time.
The energy level spectra and, in part, defect formation in
\/\ silicon bombarded by high-energy electrons have been inves-
tigated in detail in a previous workThe energy level spectra
50 ms 50 ms in silicon irradiated with 1, 4-8, and 15-MeV electrons are
— ]Z — ]3 largely similar to one another. However, the fraction of
deeper levels increases with decreasing electron energy. The
effect of this behavior is that the kinetics of PC at
A=3.9 um in p-type Si exhibits long relaxation of photo-

Y d conductivity, such that the operation of devices based on
these RDs becomes unacceptable. A working level with the
essential concentration cannot be obtained wittradiation.

/\/\ In conclusion, | call attention to the fact that quite short
photoconductivity relaxation times can be obtained by in-
5?_’”,3 ]2 50_@ ]Z creasing the electron irradiation intensity. Note also that the
present analysis is based on model ideas about the mecha-
nisms of the attachment levels, described, for example, in
FIG. 2. Kinetics of growth and decay of stationary PC in irradiated silicon Refs. 1-3. . .
(A=3.9 um) after preliminary irradiation at=2 xm with the time elapsed In summary, the existence of slow relaxations of PC at
after irradiation, sa — 5, b — 30, ¢ —100, d — 500. N=3.9 um is essentially determined by the electron energies

and by the intensities of electron irradiationmfype silicon
with the introduction of the essential spectrum of energy

from the figure, such preliminary illumination sharply short- levels of RDs into it.

ens the trailing edge of the relaxation curve. If it is assumed

following Ref. 2, that the working level in this situation is ~Our analysis, which was performed by comparing the experimental and
essentially entirely filled with holes and the relaxation pro- itrr:sg;t'ggl dependencesxcept for the initial section shows that this is
cess for such a stimulated filling of the working level is '

described well by an exponential functidrthen the work- 1S, M. Ryvkin, Photoelectric Phenomena in Semiconducttfzmatgiz,
ing level is an attachment level with respect to deeper levels Moscow, 1963.

(for example, a level belonging toka cente — a RD with 2A.. Milnes, Deep Impurities in Semiconductdi@/iley, New York, 1973;
the highest concentratipnThe time constant of this process 33”’5'\/'3?;?}';’639:}' Karimov, and B. L. Oksengendler, Fiz. Tekh. Polu-
is estimated to be 390 s. In estimating the time constant of provodn.32, 264 (1998 [Semiconductor82, 238(1998]. '

the process of stimulated filling of the working leveee  “N. V. Kolesnikov, A. A. Lebedev, and S. E. Mal’khanov, Fiz. Tekh.
Fig. 2, a very short(noninfluentia) and long(strongly in-  Poluprovodn.3, 812(1979 [Sov. Phys. Semicond.3, 479 (1979].
quentiaD relaxation, which we calculate to be 390 s, were S. E. Mal’khanov, Peterburgskzhurnal éektroniki, No. 3, 16(1997).

observed. Disregarding the short component can result imiranslated by M. E. Alferieff
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Dependence of the properties of Cd ;_,Zn,Te crystals on the type of intrinsic point
defect formed by oxygen

N. K. Morozova, |. A. Karetnikov, V. V. Blinov, V. K. Komar, V. G. Galstan,
and V. S. Zimogorskit

Moscow Energy Institute (Technical University), 111250 Moscow, Russia
(Submitted September 25, 1998; accepted for publication October 14) 1998
Fiz. Tekh. Poluprovodr33, 569-573(May 1999

Coordinated investigations of cathodoluminescence spectra, microstructure, specific resistance
and presence of oxygen in €d.Zn,Te crystals are used to identify how the electrical

properties and degree of perfection of the crystal lattice of these materials are affected by the
form in which oxygen is present as an intrinsic point defect. It is found that oxygen,

which is the main background impurity in €d.Zn, Te, forms different types of point defects at
different positions in the lattice, depending on the ré@adl]/[Zn]. The optimum composition

for making detectors of ionizing radiation, for which the crystal resistance is highest, is
Cdy7Zngo3Te. © 1999 American Institute of Physid$S1063-7829)00905-9

Detectors of ionizing radiation can now be made fromtwo-thirds of the length of the bar, after which a transition to
high-resistivity (18 Q X cm) CdTe that operate at room tem- polycrystalline material is observed with an abrupt change in
perature; however, their resolution does not exceed"2%. the properties and a sharp boundége what follows Fig-
Improving their resolution requires crystals with resistivitiesure 1 shows a sketch of the bar with a curved single-crystal—
higher than CdTe. It has been repoftddhat detectors of polycrystal boundarysee the insét In this figure we also
ionizing radiation have been made with energy resolutionshow where the cleaves were made. Microanalysis at all of
down to 1% at 300K using high-resistivitup to the cleaves with respect to lengttand radiusr of the bar
10 Q-cm) Cd,_,ZnTe crystals with a certain composi- indicates an excess of metal over tellurium—the quantity
tion. Komar et al® grew these crystals by the Bridgman [Cd+ Zn]-[Te] , which correlate® with departures from
method, using a considerable excess of metal in the startingtoichiometry. This quantity, which does not change much
chemical mix. The crystals as grown hadype conductivity — along the bar, is-(5—8) X 10?°cm™ 2 in the “nose” region,
and resistivities up to #8—10'1Q-cm. Since excesses of 6x10°°cm™2 over the entire central region, and 7.5
metal above the stoichiometric composition cause intrinsick 102°cm™2 at the end of the single-crystal portion of the
donors, this should have produced a rather low intrinsic rebar. As we enter the polycrystalline region, it decreases
sistivity for the crystals, and the reason for their high resisslightly (to 4x10?°cm™3). In addition to measurements at
tivity is unclear. the cleaves, we used the same microanalysis method on lon-

Our goal in this study was to obtain new information gitudinal slices of the bar in the directionslofndr (see the
regarding the nature of the defects responsible for the propnset in Fig. 3, mapping the concentrations [@d] and[Zn]
erties of solid-solution Cd ,Zn,Te crystals, based on com- in steps of 1 mm. The results are in agreement with each
bined investigation of the cathodoluminescence spectra, thether.
resistivity, the content of ordinarily unmonitored background  Changes in the composition along the bar correlate di-
oxygen impurities, the microstructure, etc. Identifying therectly with changes in the width of the band gap of
type of defect formation in these crystals would allow us toCd; _,Zn,Te; therefore, we investigated the exciton spectra,
intentionally control the process of crystal growth. whose bands shift considerably with small changes in com-

Cathodoluminescenc€L) spectra were investigated at position(Fig. 1). Figure 1 shows the exciton spectra for vari-
excitation levels of 1#cm 3xs ! in the 500 to 2700-nm ous sections of the bar: the froft, 1'), the main single-
range. The method of CL investigation was described in Refcrystal middle section2,2’), and the polycrystalline end
4. The concentrationgCd], [Zn], [Te] were determined by (3, 3). The distribution of intensity of the exciton bands over
quantitative x-ray microanalysiS. The microstructure and the crystal is shown in Fig. 2curve 1). The spectra were
micro-uniformity were monitored by a scanning electron mi-taken at fresH110 cleaves at 80 and 300 K. Empirical de-
croscope(SEM). Gas-chromatographic analysis was used tqpendencesEy(x) for Cd;_,Zn,Te can be found in the
study the content of oxygen in the crystéls. literature’~° The calculated values ofbased on the data of

The resistivity was measured by a contact method. PoinRefs. 8 and 9 agree closely with one another. For estimating
contacts were used in the form of needl@sl mm made of  x we use the functich
fused-on indium. e e 2

The crystal properties were studied on fresh cleaves of E*(Cd,ZncTe) =E*(CdTe +0.525%+0.26¢, (1)
Cd, &Zng sTe crystals grown from a melt using the Bridgman where the energg*is in eV, E®(CdTe)= 1.579 eV is the
techniquée® This regime ensures single-crystal growth overenergy of the maximum of the observed exciton band for

1063-7826/99/33(5)/5/$15.00 531 © 1999 American Institute of Physics
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cathodoluminescence of CdTe at a temperature of 80 K,
E®(CdTe)= 1.510 eV is the same foF= 300 K, andx is

the mole fraction of zinc. It turns out that the computed value
of x obtained from the exciton spectra is in satisfactory
agreement with the results of microanalysis.

Investigations of the exciton spectra showed that in the 7}
regions of the crystal that were the first to solidify from the
preset composition of the melt the exciton band was shifted 9
towards short wavelengths, indicating an increase in the con-
centration[Zn]. These are the regions close to the conical ,
bottom and wall of the crucible. The maximum content of & 7 |°
ZnTe in the solid solution reached 27 mole % for these re- &
gions, for which the exciton band position is 713-714 nm ~% 18§ |

, arb. units

(80 K). In the central portion of the bar the position of the h -
exciton bands is 720-723 nm, which corresponds-t@4 't £
mole % ZnTe. Thus, the composition of the bar changes in =
the r direction and in thd direction in the range 2—3%. nh -

These results agree with the microanalysis data. The reasol
for these changes in composition could be the different melt-
ing temperatures of ZnT€1300°Q and CdTe(1100 °Q.
Initially, as the crucible cools, the temperature is lower in its single Crys;c“ polycryctal
outer regions than it is at its center. In these regions the more o'l T L
refractory material crystallizes out, and the resulting solid L
solution is enriched with ZnTe, while the liquid phase is ’

enriched with CdTe. The center portion of the bar solidifiesFIG. 2. Comparison of the distribution of primary characteristics of
later, which leads to formation of a curved crystallization Cd,_,Zn,Te down the length of the bat:—intensity of the exciton bantf*

- . . at 300 K,2—resistivity p, 3—intensity of the band at= 1200(1500 nm at
front. Due to the increased conversion of ZnTe to the solid. g K. 4—intensity of self-activated Iuminescence— 800 nm at

phase, the amou_nt of zinc gradually decreases along the- g k, 5—total concentratiofiO] of oxygen. The intensities of the bands
length of the bar, i.e., the rat[@€d]/[Zn] increases. However, are calculated from the area under the curve.
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the central portion of the bat£ 30—50 mm has a compo- a
sition close to 23 mole % ZnTe.

At the point where the initially preset growth regime is 15x10°
disrupted and the transition to polycrystalline growth begins,
we observed an enhancement of the edge emigaien755
nm in Fig. 1, curved). It is well knownt® that this emission 10}
is associated with the presence of shallow acceptors causel
by group-I elements.

Enhancement of the edge emission line is also observed
in the single-crystal portion of the bar at the wall of the
crucible A= 735 nm in Fig. 1, curved). In this case the - L
intensity increases and the half-width of the exciton band 720 760 800 1000 1400
decreases, probably due to the appearance of a bound excito
at the same impurity centers.

The half-width and intensity of the exciton bands can be 2x10
used to characterize the degree of crystal perfection of the
structure!! Let us compare these quantities for our bulk
solid-solution single crystals with those of Cd¥&pr which
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o
the half-width of the exciton bands is 23 méat T= 80 K) S o
and ~ 50 meV (at T= 300 K). A rapid increase in the s 5 § o~
half-width of the exciton band& E®*is observed in the poly- S Wt J & o
crystalline portion of the bar. In this case the high emission ~7 § g,_ 5‘3
intensity | ** for the polycrystalline region attests to the per- ,n‘ 8 S
fection of its structure. Studies in the SEM showed that the i ) N
crystallites are quite large(the average grain size is m
~150-200um), and their composition is uniform; therefore, X2 NS T Ly
the broadening of the bands is not associated with overlap of 700 740 800 71000 1400 1800
lines from fine grains of differing composition. However, in c
this portion of the bar the oxygen concentratj@ increases 3 4
sharply(Fig. 2, curve5). We may assume that the increase in 728(10°)  812(75x10°)

the half-width of the exciton bands is determined by en-

hancement of the exciton-phonon interaction and the contri- “’;

bution of LO-satellites, as was observed in Ref. 13 at large E w;
concentrations of isoelectronic centébmckground impuri- § }E
ties of oxygen at lattice sitgsin fact, the content of this ¥ 3
impurity in the semicrystalline part reaches «3) b

x10%%cm 3.

The half-width of the exciton bands for cleaves from the
single-crystal portion of the Gd ,Zn, Te bar was smaller or
comparable to that of CdT&.Along the axis of the bar, the
smallest half-width of the exciton bands corresponds to
cleaves at a distandeof about 50 mm. For cleaves of this FIG. 3. Change in the cathodoluminescence spectra down the length of the

region, the intensity of the exciton bands also passes througfffi-»Z"Te bar: a—middle of the high- resistance portion, b—end of the
ingle-crystal portion, c—polycrystalline region. Wavelengths of the

a ma?(l'mum(Flg. 2, Curvel)- As is cIea_r from Fig. 2, the _maxima are expressed in nm along with intensities of the corresponding
resistivity along the length of the bar increases monotonibands (in brackets. Measurement temperature: solid curvés=80 K,

cally from the start of the bar (#@- cm), and passing dashed—¥=300 K.
through a maximum dt=50 mm (13°Q- cm), rapidly falls
off as the single-crystal—polycrystal boundary is approached,
and in the polycrystalline portion of the bar comes toaccumulation of oxygen impurities, because the concentra-
10-10° Q- cm. tion [O] is roughly constant over the entire length of the
Our previous investigations of the behavior of oxygen insingle-crystal portion of the bar. We even observed a de-
lI-VI crystals'*~*lead us to suspect that the reason for thecrease in the total oxygen content in the region of highest
high resistivity of Cd_,Zn,Te crystals grown in the pres- resistivity as the number of Zg defects decreases in the
ence of excess metal in the starting chemical mix is the pressomposition of the solid solution. This corresponds to an
ence of background oxygen impurities. The concentration oincreased value of the ratio of concentratior@d]/[Zn],
oxygen was of order #8cm™2 over the entire single-crystal which in the high-resistance region is on the order of 3.
portion of the bar. The oxygen interstitial @ an acceptor. Figure 3 shows the change in the CL spectrum over a
However, we cannot associate the increase in resistivityider spectral range for “typical” cleaves along the length
along the length of the single-crystal portion of the bar withof the bar. Spectra were measured for the central single-

xZ

1 1 1
V1000 1400 1800
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crystal portion of the bafa), the boundary between single- the band shifts towards long wavelengths with increasing
crystal and polycrystalline materigb), and the end of the CdTe, as does the width of the ban dgap. The intensity of
polycrystalline portior(c). As we showed in Ref. 12, the CL this emission, which is high only when there is an excess of
spectra of C¢g_,Zn,Te characteristically exhibit not only ex- Cd, increases rapidly in Gd,Zn,Te with high concentra-
citonic bands but also two other groups of bands in the retions of O;.. Under these conditions, the center is stabilized
gions~ 800 and 1200-1500 nm. The change in intensity ofwhen it includes both @ (—AV) and Cd (+AV). As
these bands along the length of the bar is plotted in Fig. 2.shown in Refs. 10 and 12, this band consists of a set of
Investigation of the.= 1200(1500-nm band shows that LO-satellites and does not shift spectrally with temperature,
it does not shift either with Gd ,Zn, Te composition or with and we observe only an enhancement of the short-
temperature, since it is determined by intracenter transitiong/avelength component with increasing temperattnam 80
with the participation of vacancy defettr, levels!? The  to 400 K).
formation ofV, defects is determined by the large excess of It is clear from Fig. 2(curve 4) that the self-activation
metal in the starting chemical mix. The high intensity of theluminescence band ah=800 nm in the spectrum of
band at 1201500 nm over almost the entire initial length Cd;_,Zn,Te is very weak in the main single-crystal portion
of the single-crystal portion of the bar attests to the presencef the bar that we investigatédhen the oxygen is located at
of V1 in considerable concentratioBig. 2, curve3d). The interstitial site$. The luminescence intensity in the 800-nm
large excess of metal in these crystals, which is confirmed byegion begins to increase with decreasing intensity of\the
microstructural data, probably implies the presence of the= 1200(1500-nm band, i.e., with decreasify.] concen-
defectV+, rather than shallow intrinsic donors like CdThe tration, and with the abrupt decrease in the resistipitfig.
fact that V., coexists with oxygen in concentrations of 2, curves2 and 4). In this case the oxygen concentration
10*%cm 2 is evidence that the oxygen is not filling lattice discontinuously reaches the solubility limit for this impurity
sites occupied by the vacan®¢.. The observed concentra- in the substitutional solid solution with a large excess of Cd
tion [0]=10"cm™ 3 is typical of solid solutions of oxygen (Fig. 2, curve5), while at the same time the=800-nm band
in 11=VI compoundstt'*®In this form, oxygen can enter undergoes an abrupt enhancem@ig. 2, curved).
during the growth of solid-solution crystals of €dzZn,Te All of these data confirm the assumption we made pre-
as an Qdefect (+AV), which compensates for the volume viously regarding a change in the type of defect at the end of
discrepancy generated by the electrically neutralgfrenter  the single-crystal growth zone of the bar, with oxygen trans-
(—AV). In the lattice, the oxygen Gacceptor compensates ferring to lattice sites O- Oq, by filling the vacancied/+.
for the intrinsic donors, probably. (see Ref. 1L as the The excess metal in the crystal now appears gsdéfbcts.
V1 concentration in the central portion of the bar decrease¥he main reasons for this change in the type of defect and
slightly (Fig. 2, curve3), the electrical resistance rapidly the conversion O-Oq, are a decrease in the number ofgn
increases. The disruption of single-crystal growth with de-centers, which initially keep the oxygen in interstitial sites,
creasingV, takes place quite rapidly. As is clear from Fig. and an accumulation of Cd in the melt. The resistivity of the
2, the high-resistance portion of cureis replaced by an bar falls sharply when the ;Qacceptors, with their initial
abrupt decrease in the resistivity toward the end of theconcentration of 1¥cm™3, disappear as the oxygen atoms
single-crystal region, at which point all the data indicate aenter lattice sites, and shallow intrinsic ;Gibnors replace
change in the defect type in the crystal. Even at the singlethe V..
crystal—polycrystal boundary the resistivity decreases, and as Analysis of these results lead us to the following conclu-
we enter the polycrystalline region it falls rapidly by 7 or 8 sions.
orders of magnitude. It is clear from Fig. 2 that in this case = — Single-crystal C¢g_,Zn,Te with excess metal con-
the intensity of thev.= 1200(1500-nm band also decreases centrations on the order of>610?°°cm™2 or greater(based
rapidly (i.e., the[Vye] concentration decreagesvhile the on microanalysis dajaand high resistivities up to 18
concentratiofO] increasegcurve5) and the intensity of the (). cm can be grown as long as the ratio of concentrations
band at\= 800 nm increase&urve4). [Cd)/ [Zn] =3. In these materials, intrinsic donors are com-
According to Refs. 11-16, the 800-nm band is associpensated by interstitial oxygdi®;] with concentrations on
ated with the presence of oxygen at lattice sites, i.g,.O the order of 18°cm™3.
This defect is isoelectronic, and hence electrically neutral. As — When the ratid Cd]/[Zn] becomes greater than 3, the
our work in Ref. 12 showed, the observed bandat 800 type of dominant point defect changes, i¥+—Cd, and
nm is by its nature analogous to self-activated emission irthe concentration and nature of the primary background im-
ZnSe:Te caused by nearest-neighbor Frenkel pédrs purity oxygen changes as well, i.e.;-90q,; as a result, the
center$ stabilized by oxygen at lattice sité$1® The band resistivity drops by eight orders of magnitude.
does not exhibit the recombination properties that are typical The results of our studies of the cathodoluminescence
of donor-acceptor recombination, because it is determinedpectra can be used to optically monitor the quality of
not by a set of(D—A) pairs with differing values of the Cd,_,Zn,Te crystals intended for use as detectors of ioniz-
distance between donors and acceptgys,, but rather by ing radiation. This monitoring presupposes the presence of
only one type of pair with a constant valuef_, . the high-intensityA=1200 (1500-nm band in the CL at
Our investigation of the 800-nm band in the CdTe—ZnTeT=280 K and low intensity of the self-activated luminescence
system, in particular, its solid solutions, showed that thenearA= 800 nm. The ratio of band intensities at1200
spectral position of these bands depends on the compositioft:?%9) and 800 nm %), i.e., 1129918% should be=10?.
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For the optimal composition Gd-+Zn, ,3Te the position of
the exciton band correspondske 722—723 nm alT =80 K

or A= 754-755 nm aff =300 K.

YMicroanalysis studies only the primary components of G@n,Te crys-
tals.

IR. Sudharsanan, K. B. Parnharm, and N. H. Karan®rinceedings of the
Conference “Laser Focus World(June, 199§ p. 199.

2J. F. Butler, F. P. Doty, and B. Apotovsky, Mater. Sci. Eng.1® 291
(1993.

3V. K. Komar, H. Hermon, M. S. Goorskgt al, Semiconductors for Room
Temperature Radiation Detector Applications édited by R. B. James
(Pittsburgh, PA, 1998[Mater. Res. Soc487 (1998].

4N. K. Morozova, L. D. Nazarova, and |. A. Karetnikov, Fiz. Tekh. Polu-
provodn.29, 1678(1995 [Semiconductor®9, 873(1995].

SPractical Scanning Electron Microscopedited by V. I. Petrov(Mir,
Moscow, 1978.

Morozova et al. 535

6V. S. Zimogorski, N. A. Karavanov, N. K. Morozovat al, Bull. IAl 66,
22(1989.

7K. Y. Lay, N. C. Giles-Taylor, J. F. Schetzina, and K. J. Bachmann,
J. Electrochem. Sod.33 1049(1986.

8F. P. Doty, J. F. Butler, J. F. Schetzina, and K. A. Bowers, J. Vac. Sci.
Technol. B10, 1418(1992.

9E. Rzepka, A. Lusson, and A. Riviere, J. Cryst. Grow#i, 286 (1996.

107h. R. Panosyan, Proceedings FIAN SSG8R 147 (1973.

111, D. Nazarova, Doctoral Dis§MEI, Moscow 1995.

12N. K. Morozova, I. A. Karetnikov, V. V. Vlinov, and D. P. Naliwo,
Abstracts of Reports from the Intl. Sci.-Engin. Semi(MEI, Moscow,
1998 p. 238.

13N, K. Morozova and I. A. Karetnikov, J. Appl. Spectro§&, 394(1998.

1N. K. Morozova, |. A. Karetnikowet al, Zinc Sulfide: Synthesis and Op-
tical Properties[in Russiar, Nauka, Moscow, 1987.

15N, K. Morozova, V. S. Zimogorskj and A. V. Morozov, Inorg. Mate29,
1014(1993.

16N. K. Morozova, |. A. Karetnikov, E. M. Gavrishchuit al, Inorg. Mater.

35, 4 (1999.

Translated by Frank J. Crowne



SEMICONDUCTORS VOLUME 33, NUMBER 5 MAY 1999
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Whenp-type crystals of C(Hg; _,Te (x=0.20—0.30) are placed in a magnetic field in the
temperature range where holes freeze out onto acceptor state8Q K), the current associated

with the photoelectromagnetic effe@EME) is found to exhibit sign changes. It is shown

that the reason for this anomalous behavior of the PEME is the changing ratio of concentrations
of equilibrium and nonequilibrium current carriers. The theoretical model derived here,

which takes into account the dependence of the effective ambipolar diffusion length on this
concentration ratio, gives a good description of the PEME anomalies observed in experiment.
© 1999 American Institute of Physids$1063-782609)01005-4

INTRODUCTION cm 3. The samples were made from MCT single crystals
The semiconducting solid solution G4, ,Te (MCT) obtained by directed crystallization and annealed in saturated

has long been used as a material for making infrared photdpercqry vapor atT=4.00°C. The concentration of active.
detectors. As a rule, MCT photodetectors are operated cooldg'Purities was determined from the value of the Hall coeffi-

(T=77-100K. Although the current view is that the physi- Ci€Nt Ry at the impurity freezout temperatufie=78 K. In
cal properties of MCT are sufficiently well studied, this is this case, the concentration of free holes was determined by

mainly true ofn-type material. When it comes to MCT with Measuring the quantitiRy at rather strong magnetic fields
hole conductivity, it is well known that at low temperatures H>3—5 kOe, in order to exclude the contribution of light
the electrical and galvanomagnetic propertiep-tjpe ma- holes to the Hall coefficient. Particular attention was paid to
terial exhibit a number of anomaligsee, e.g., the review Processing the sample surfaces. Samples that had been pre-

article in Ref. 3, some of which have not yet been convinc- Viously polished by chemical-mechanical means were first
ingly interpreted. etched in a 5% solution of bromine in methanol and then

The fact that nearly all the anomalies in the physicalwashed in isobutyl alcohol just before making the measure-
properties op-MCT appear at low temperatures is obviously ments. In certain cases, an anodic oxide was deposited on the
connected with the rapid decrease in the concentration gfample surface, causingpatype inversion layer, i.e., with
free holes whenT<20-30K as the latter freeze out onto n-type conductivity, to form in the skin layer of the sample.
localized acceptor states. One manifestation of this change Electrical contacts were deposited using fused-on indium.
the appearance of competing channelsrfdype conductiv- The linear dimensions of the samples were-0046x 1.5
ity. These channels appear because of the large ratio of elee-2x 6—8 mnt.
tron mobility to hole mobility and the presence of various The PEME measurements were made by the standard
kinds of extended nonuniformities in MCT crystals. Thesemethod of modulating the excitation light. As light sources
nonuniformities are associated with distinctive features ofwve used a glowbar in the wavelength rangel—14um and
the growth technology and thermal processing of MCT solidan LG-126 lasefat A=3.39um). For the samples we stud-
solutions and with the formation of inverted surfaceied, the weak-excitation conditiohp<p (whereAp is the
layers®~* The photoelectric and photomagnetic phenomenaoncentration of nonequilibrium holewas satisfied for light
can turn out to be quite sensitive to the presence of spatidlom the glowbar at all the temperatures investigated
nonuniformities in these crystals or epitaxial layers. Initial T=4.2-100 K, while for the unattenuated light from the LG-
results of these investigations were reported in Ref. 5. 126 (power of order 5 mWit held for T=20—30K.

In this paper we rep_ort on Iow-tem_perature anomalies in Figure 1 shows typical temperature dependences of the
the photoelectromagnetic effe@EME) in p-MCT. We use  registivity p and Hall coefficienRy, for the p-type samples
field, temperature, spectral, and stress measurements of @ inyestigated. These dependences will be useful in helping
PEME to derive a theoretical model that gives a good explays ynderstand the origins of the low-temperature photoelec-
nation of its primary features in this material. tric anomalies. The exponential growth pfand Ry as a
function of 1T in the low-temperature range of impurity
conductivity (T<30K) is connected with freezing-out of the

The samples ofp-Cd,Hg,_,Te we investigated had free holes onto acceptor levels located in the gap at energies
compositions in the range=0.20—-0.30 and concentrations Eo=5—7 meV from the top of the valence band. In this
of uncompensated impuritiesNy—Np=2Xx10"—10"®  case, for samples with a freshly etched surfacevesl and

EXPERIMENT
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FIG. 1. Temperature dependences of the Hall coefficRpt(1, 1) and 0 1 2 H3 7(0&4 6
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resistivity p (2, 2') for a p-Cd,Hg, _,Te sample(x= 0.205 and two states
of the surface:l, 2—a freshly etched surfacd,, 2'—a surface with an
oxide. The quantityR, was measured & = 5 kOe. Sample parameters at
T= 77 K: p=3.27x10%cm ™3, p,=3.11x 10 cn?/(V -9).

FIG. 2. Field dependence of the photomagnetic curtggje measured for
the following values of temperatuie K: 1, 1" — 4.2,2—7,3— 10,4 —
20,5 — 60. The sample is the same as in Fig. 1. The intensity of excitation
light was 1,=4X10kW / (cn?-s); the wavelengtih= 3.39 um. The
dashed line is the functiohpgyg(H) after anodic oxidation.

2) the quantityp has such a large value at very low tempera-
tures that it is not possible to reliably measure the value of
Ry . For certain samples we observed a second change in thiwe) component to the field dependeriggye is still signifi-
sign of Ry in this temperature range. The temperature depencant, giving rise to a characteristic kink on the curve in the
dences op andRy were observed to be qualitatively similar field rangeH=1-4 kOe.
for all the p-type samples with freshly etched surfaces. After ~ The data in Fig. 1 indicate that in the temperature range
a sufficiently long time in an atmosphere of &ir 10 h), an  of interest to ug4.2—30 K the concentration of free holes
oxide film forms on the surface of the crystal, allowing elec-decreases rapidly with decreasing temperature. Therefore, it
trons to accumulate in the skin layer. As a result, the segmens natural to assume that one of the main reasons for the
of rapid increase in the function(1/T) ends with saturation appearance of PEME anomalies is a change in the ratio of
at small values op. This effect is enhanced by deposition of nonequilibrium to equilibrium carrier densities. In fact, at 4.2
an anodic oxide on the freshly etched surface of the samplék the samples we investigated exhibited a decrease in the
in this case, the hole conductivity is shunted at low temperaeoncentration of free holes by 3 or 4 orders of magnitude
tures by the conductivity of electrons in the inversion layercompared to its original value, dropping as low as‘'10
near the surface. This causes the exponential segments of thel0'?cm™3. On the other hand, the lifetime of holes in-
functionsp(1/T) andRy(1/T) to virtually disappear, ang,, creases in this same temperature rahgéerefore, even
remains negative in the entire temperature range of intereselatively weak light intensitiefl = 10— 10*°kW / (cn?- s)]
(Fig. 1, curvel’). are sufficient to satisfy the strong-excitation condition
Field dependences of the photomagnetic current ardp/p>1.
shown in Fig. 2 for various values of the sample temperature. In order to confirm these conclusions, we measured the
“Normal” behavior of the functionlpgyg(H) as the mag- field dependence of the PEME at a constant temperature of
netic field intensityH increases consists of an increasing seg4.2 K and at various excitation intensitigsand also at sev-
ment that is characteristic gi-type crystals, followed by eral values of uniaxial stress while keepifig= const,| =
saturation of minority carriers in the strong-field range, inconst. In the first case, the change in the ratw'p is due to
this case electrongor u,H/c>1). It is clear from the figure a decrease in the quantityp, while in the second case it is
that this pattern is observed onlyBt-30 K: whenT=4.2K  due to an increase in In the latter case increases because
the PEME is negative over a significant range-bfin what  uniaxial strain decreases the ionization energy of the accep-
follows, we will refer to this sort of PEME as anomalous, by tor level in MCT? It is clear from Fig. 3 that in both cases
analogy with Refs. 6 and)7At slightly higher temperatures the field dependences of the PEME exhibit the same features
(T=6-8K), it is observed to change sign twice. Finally, in as in Fig. 2. It thus follows that PEME anomalies manifest
the rangeT =15-30K it has normal sign in the entire tem- themselves only whed p>p, i.e., under strong excitation.
perature range, but the contribution of the anomaloega- However, we emphasize that the condition for strong excita-
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Since the absorption coefficient in MC&=10*cm !
for the wavelengths used in our experiment, and the samples
are quite thick, it is obvious that the PEME anomalies in this
case cannot be diffusion-driven but rather must be field-
driven, and should be associated with the presence of a near-
surface space-charge electric fildhe results of many
studie~* have shown that the presence of an oxide film on
the surface op-MCT crystals leads to inversion of the sur-
face layer, which is then depleted of majority carriérs., a
blocking layey.

We note that previous theoretical analysis of the PEME
was based on the assumption that the effective diffusion
L lengthL is independent of the carrier concentrationsndp.

T 4 5 6 This assumption is well justified for wide-gap materials like
H, k0e Ge and Si, where the values of the electgonand holew,
FIG. 3. Field dependence of the photomagnetic curtgge for a sample mobilities differ by a factor of 2 or 3. However, in narrow-
of p- Cd,Hg, _, Te (x= 0.210: a—for values of the excitation light intensity gap semiconductors like InSb and MCT these quantities can
(A\=3.39um): 1 —Iy=5x10"°kW/(cn?-s),2 — 0.215, 3— 0.01l,; b— differ from one another by an order of magnitude, which, as
for elastic strain in kilobarst — 0, 4 — 17,5 — 2.2,6 —3.0. Sample g wil| show below, leads to important structural changes in
parameters aT =77 K: p=3.94<10°cm ?, u,=2.88<10° cn¥/(V 9. the anomalous PEME in the temperature range where holes
are “frozen out.”
tion for p-type MCT at low temperatures can be achieved for__ Following Ref. 6, let us write the expression for the
very moderate light intensities. ;El\le current in the presence of a space-charge layer of
icknessw:

~no

-~
y

<
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L oen
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Even with other conditions fixed, the ratio of normal to
anomalous PEME components can change due to the state of
the sample surface. The relative magnitude of the anomalous
PEME component is increased by the formation of a natural  peme=97! (Mn+ﬂp)g
oxide film on the crystal surface after a long period in which
the crystal is held in air. When an anodic oxide with thick- exp(—aw)) L al

ness 150-200 A and containing a high surface density of T Tir
2 aL

(1—exp(—aw)
W —
aw

. 1
1+s*L/D 1+eal @)

positive charge of %10'—10cm 2 is deposited, the
PEME atT= 4.2 K has a negative sign over the entire range
of H investigatedFig. 2, curvel’). Hereqis the electron charge; is the quantum yield, is the
intensity of the absorbed lighD is the ambipolar diffusion
coefficient, ands* is the effective surface recombination ve-
locity, which takes into account the surface band bending.
We know a number of casfsin which semiconduc- The first term in the square brackets in Ef). describes the
tors exhibit anomalous PEME, where the direction of currenfield-driven (“anomalous”) component of the PEME, while
flow and voltage polarity are opposite to their ordinary val-the second term describes the ordinary “diffusion-driven”
ues. Based on their physical origins, we distinguishPEME. From the form of Eq(1) we easily see that when the
diffusion-driven and field-driven PEME anomalies. first term exceeds the second in absolute value, the PEME
Diffusion-driven PEME anomalies occur in thin semi- current changes sign and becomes field-driven, i.e., anoma-
conducting films, where the penetration depth of the light idous.
large. In this case, carriers are generated almost uniformly It is important to note that Eq.1) was obtained under
throughout the volume of the semiconductor, and recombineertain approximations. Most importantly, it was assumed
primarily at the surface with a high surface recombinationthat L>w. This condition ensures quasi-equilibrium of the
velocity. When the rate of recombination at the illuminatedcharge carriers in the bulk at the boundary with the space-
surface is appreciably larger than it is in the dark, the diffu-charge layer independent of the method used to generate mi-
sion current of carriers will be directed primarily toward the nority carriers. Moreover, it was assumed that the sample is
illuminated surface, and the sign of the PEME becomes opthick and that the concentration of excess carriers is zero for
posite to its ordinary sign. A theory of this effect was con-a darkened surface.
structed in Ref. 7, and generalized in Ref. 12 to the case of The ratio of field-driven to diffusion-driven components
crossed electric and magnetic fields. in Eq. (1) was investigated in Ref. 14 for narrow-gppnSb.
Conversely, field-driven PEME anomalies occur in thicklt was shown there that at liquid-nitrogen temperatures
films (ad>1) when a layer depleted of majority carriers is samples with a large value o exhibited the ordinary
present near the surface. In this case, the electric field in theiffusion-driven PEME over a range of comparatively small
space-charge region pulls minority carriers towards the illuH. However, when increasingd decreases the diffusion
minated surface. A review of work on PEME anomalies canength L to a certain critical value, the anomalous field-
be found in Ref. 13. driven PEME begins to dominate and the PEME current

THEORY
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changes sign. In the previous studies, in particular, in Ref. 14 o
use was made of the following expression to analyze the ] - /%
function | peyg(H) from Eq. (1): “ 3 | /§’i
L(H)=L/[(1+ (uaHIc)2)] M2 ) . i it |
-+ i
This expression is the limiting case of a more general expres- § 2r [N
sion forL(H) [Eqgs.(16) and(18) of Ref. 10 at low levels of = 2 | l’ ,' |
injection An<ng,py and for extrinsicp-type semiconduc- S 1 |
tors, whereny<<p,. However, by virtue of the strong asym- o | l’ ,' o
metry of values of the electron and hole mobility, the ap- £0 K l :
proximation(2) for narrow-gap semiconductors requires, as ~ 1 b .
we will show, a considerably stronger criterion for applica- 1 |
bility. I o) N
. . . . -2F /
Let us write the general expression for the effective dif- - |
fusion lengtf® in a form that is convenient for later use: L 1 .
0 § 10 15
L2— D 1+n/p @ [n H/c
" n,U«n/p,U«p+ 1+ (MnH/C)2(1+ ,upn/,unp) FIG. 4. Field dependence of the photomagnetic currggje calculated for

. e a semiconductor with the parameters of narrow-gCT based on Eq.1)
Heren= An+ng, p=Ap+po, andris the “f_et_'me_ of car- ~ for L(H)<w (region ) and based on the expression that takes into account
riers in the bulk(we assume that under all injection condi- only the diffusion component in expressi¢h) for L(H)>w (region ).

tions the rate of recombination in an extrinsic semiconducto¥alues of the concentration ratio/p: 1 — 1,2 — 0.5, 3 — 0.05. The
remains linear with respect to the concentration of exces§shed curves show the assumed functitsg,{(H) in the intermediate
. . . . . . egime.
minority carrierg, whereD,=kTu,/q is the diffusion coef-
ficient for electrons.
It is easy to see that Ed2) is a limiting case of the
general expressio(8) if the conditionnu,/pu,<1, which  is anomalous, and then upon further decreasifig we en-
is considerably stronger for narrow-gap semiconductors, isounter the case where the PEME is normal in the entire
satisfied(the electronic conductivity can be disregarded onlyrange ofH. In a p-type semiconductor with initially frozen-
when this relation holds However, since in a narrow-gap out holes this can be achieved by three methods: lower light
semiconductor we have,> u,, the ratio of the field-driven intensity, accompanied by lowé&n andAp; increased tem-
to diffusion-driven terms in Eq(1) generally can be ana- perature, accompanied by an increasejnand the applica-
lyzed using the functiot.(H,n/p) from Eq. (3). tion of uniaxial compression, which increaggesby decreas-
We used Eq(3) in our calculations, along with Eq1), ing the binding energy of shallow acceptSrsWe
for a narrow-gap material with the parameters of M@I;  encountered the latter situation experimentalfyigs. 2
~ 100 cnf/s, 7~10 ®s, u,/up,~ 100, a~10°cm !, s*  and 3.
~10°cm/s, andv~10"%cm. Figure 4 shows the results of As we have already mentioned, the criterion for applica-
this calculation for various ratios/p. It is clear that at suf- bility of Eq. (1) is satisfaction of the relatioh (H)>w.
ficiently high levels of injection ifi=An~p=~Ap) and However, estimates based on Eg) show that for narrow-
depletion band bending, for all at which the approximation gap semiconductors with a high ratio of electron to hole
L>w holds, the field-driven term dominates in E4) and  mobilities this criterion is clearly not satisfied even for com-
the PEME is anomalous. Numerical estimates of the ratigaratively smalH. Conversely, when the opposite condition
[Eg. (3)] show that for MCT with the parameters given L(H)<w is realized and the additional relatioaw<1
above this approximation is satisfied even for sriblith a  holds, minority carriers are generated and recombine prima-
rather small margin. However, in the range of sntdlthe  rily outside the space-charge layer. In this case the PEME
photomagnetic effect turns out to be normal even whercurrent is given by the standard expression for the diffusion-
n/p=0.5, and the PEME does not change sign untdnd  driven component of the PEME effect in E{). Heres* is
the diffusion-driven term in Eq(1) have decreased suffi- a modified effective surface recombination rate, which de-
ciently, i.e., until a certain critical value &f is reached. We scribes the rate at which electrons and holes are supplied to
note that a similar dependence is foundoiinSb1® Finally,  the boundary of the space-charge layer, and is analogous in
for n/p= 0.05 the diffusion term in Eq1) dominates for all form to the expression fos given in Ref. 14. Hence, for
H for which the conditionL>w holds, and the PEME is samples thick enough that recombination of excess carriers
normal. at the surface can be ignored in the dark, the PEME is nor-
Thus, at low temperatures where freeze-out of holesnal for the range of magnetic field$ under study. In the
takes place and the relatior= p is easy to implement even range of temperatures corresponding to freeze-out of holes,
at rather low injection levels in the entire range laffor and hence sufficiently high values aoffp, the PEME is
which Eq.(1) is applicable, the PEME is anomalous. How- anomalous at moderate valuestbf However, as soon a4
ever, am/p decreases, we first encounter the case where thiacreases to a value determined by the relatiéH)~w, the
PEME is normal for small values ¢ but for higher values PEME switches sign and becomes normal.
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The effect of fields due to charge centers at random locations in a semiconductor
crystal on the electronic structure of neutral acceptors and on the polarization
of luminescence generated by (conduction band )-acceptor transitions

E. B. Osipov, O. V. Voronov, N. O. Sorokina, and B. V. Borisov
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(Submitted December 30, 1997; accepted for publication November 4) 1998
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Random fields in semiconductor crystals created by charged impurities and other defects give
rise to an additional splitting of acceptor levels, which by virtue of the random direction

of these fields leads to a decrease in the degree of polarization of luminescence from the
semiconductor when the latter is under uniaxial strain. In this paper, the usual description

of depolarization of the luminescence based on the effective- temperature mechanism is
generalized to include the influence of the Coulomb field of randomly located charge

centers on the ground state of an acceptor in an external uniaxial strain field. It is possible to
estimate the concentration of charge centers by comparing the polarization characteristics

of luminescence calculated within this model from a semiconductor under pressure alphgdhe
axis with experimental data at low temperatures. 1@99 American Institute of Physics.
[S1063-782629)01105-9

External uniaxial strain causes a splitting of fourfold- cence in the external strain field calculated within this model
degenerate acceptor levels in semiconductovéhen the with the experimental data, we can estimate the concentra-
thermal populations of the split sublevels are unequal, théion of charge centers.
luminescence generated by conduction band-acceptor transi- The effect of the random field on the acceptor center
tions is polarized. Naturally, the polarization of this lumines-(i.e., the Coulomb interaction of a charged impurity center
cence decreases with increasing temperature. However, rawith a hole bound to a neutral accepts described by the
dom fields in these crystals created by charged impurities i@perator

compensated semiconductors and by other defects give rise )
to additional splittings which by virtue of the random direc- |:|r: _ € 1)
tions of these fields also decrease the degree of polarization 4areeg|R—r']

of the luminescence. The effect of these random fields

should be largest when the magnitudes of the splittings the e charged tor and hole bound to the neutral tor
create are on the average comparable to the splitting caus ¢ charged acceptor a ole bound to ,e. eutral acceptor,
respectively. Using an expansion off R~r’| in spherical

E){_ uniaxial strain and the average energy of thermal mOtIorF1armonics°’, we rewrite the matrix for the energy operator of

o : : the hole, taking into account the effect of a charged center
Depolarization of light under the action of the random _ . . .
fields i v d ibed by introduci Hoctive t with coordinateRR, 8, ¢ on the acceptor in an external stress
1€lds 1S usually described Dy introducing an etiective tem-g,, p applied along the axig|[001], in the form
perature which exceeds the experimental temperature by sev- _ _
eral degreeé.The legitimacy of this procedure, however, is A Be '¢ Ce ¢ 0
guestionable. The fact is that when acceptor levels in a non- B¢ —A 0 Ce 2i¢
degenerate semiconductor are split by a fixed amount in a e i
uniaxial strain field, the hole populations of the sublevels are c 0‘ _A. ~Be
related by an exponential Boltzmann factor which affects the 0 ce?¢s —Bé€¢ A
integrated polarization of the luminescence. However, when . . S I .

g P o : " This matrix, which is calculated within the approxima-

the centers are distributed with respect to the additional rar%-. . . .

. : ... lion R>r, does not include the electrostatic interaction en-
dom splitting, the dependence of the integrated polarization

. . ) ergy, which n lit th&g level. We intr h
ratio on external stress cannot be a simple exponential of thl% 9y, ch does not split thé's leve e introduce the

: notation
kind.

In this paper we derive a model for the depolarization in 3 rg
which we take into account the influence of the Coulomb  A=be;+ ED(:% cog 0—1)—3,
field of the randomly located charge centers. We find that R
when these fields act on an acceptor in an external uniaxial 2
strain field, they affect the ground state most strongly. By B=D—(sin0cosﬁ)r—0,
comparing the polarization characteristics of the lumines- 5 R®

hereR(R, 6,¢) andr’(r’,6’,¢’) are the radius vectors of

(2
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a)
_4’77'880, Sl_Cll_C]_z, R_O

©® When the numbeN is sufficiently large, taking into account
whereb is the deformation potential constant, andc,,are  the fact that
elastic moduli of the crystat,q is the radius of a bound state
of a hole at a neutral acceptor, ands the dielectric constant N = 4 N
of the material(for GaAs we have used=3.4 in our nu- RS 37

merical calculations wheren is the concentration of charge centers, it is not dif-

For the eigenvalues of the Hamiltonian we obtain '[heficult to obtain the relation

3.3 r2 e? N
C=D1—\{)—(sin2 9)R—‘;, D P dw= 3R2dRsin0dfde. (6)

4R

expression )
- y dw=e~ ¥ ™R2 7nR2sin 9d 9dR. @)
Ei==* \/(bgl)2+ Dbsl§(3 cog 9—1) r_z + ng r_‘;_ The integrated polarization ratio for luminescence is de-
5 R 25R fined as follows:
4 |
_
The effect of strain and the random field is to split the ac- = [ ®)

ceptor level into two sublevels whose wave functions can be ) » ] ) o
written in the form of an expansion with respect to basisHerel; andl, are the intensities of light with electric field

functions: \{ectors parallel and perpendicular to the strain axis, respec-
tively.
, e The intensity of the radiation is directly proportional to
v E1Ex™ N_l2(_ Be W3, 50t (A-E12W3p2, 102 the square of the modulus of the matrix elements for transi-
T tions of electrons from the bottom of the conduction band to
—Ce'W 35 _3p), sublevelsE; andE, of the split acceptor level, as well as the
” 1 —2ig
VE E,= N_l,z(_ce W32, 32T (A—E1 W32 — 112 5L
+Be*W3, _31),
Ny ,= B2+ C%+(A—E; % (5)
17 2
We chose the distribution function for the random fields 4} i
with respect to magnitude and directidiV in the following
way. LetN charged centers be distributed in the crystal qua:
sicontinuously with a density . A
N N 3
V' (4/3) 7R}
2
Here V:(4/3)7TR8 is the crystal volumdga sphere whose E’
center is at the origin of the coordinate system, which is als(g
the point where the neutral center is locatdcet us assume &,
that the strongest splitting of the neutral acceptor is cause:?
by the acceptor center closest to it. In this case, since th
acceptors are so far apart, we can ignore the action of othe
charge centers.
Consider a spherical volume eleméatspherical shell 7L
[R, R+dR]. The probability that one of thhl charged cen-
ters lies within this volume element, and that none of the
other centers lie within the volumestr <R, is determined
by the expression
R N e N
_ P 2 p 2 J
dW—(l—fO N477'I’ dr) N477R dRN. be,., meV

. - G. 1. Dependence of the integrated polarization ratim the magnitude
Assuming that the charge centers occupy any given one c;cjffl the splitting of the levelbe; for stress along th¢100] axis: 1-4—

. . 2 . . .
the |Qent|cal VOlyme element® d.RSII’IG dode W'thm the  calculations; the points are experimental values from Ref. 2. The concentra-
spherical shell with equal probability, we obtain tion of charge centers, 10*cm™%:1—0,2—1,3—2,4—3.
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populations of these sublevels. Assuming that the hole popu<0), we find the integrated intensity of the polarization com-
lations of these split levels of the acceptor obey the Boltzponents that determine the polarization ra8

mann distribution, we obtain the expressions Figure 1 shows the results of this calculation of the ratio
2 rin Eg.(8) atT= 2 K for various values of the concentration
2 (A_ El) 2 . o
B2+~ ¢ of charged impurities.
dl. =0 i 3 Itis clear from Fig. 1 that for values of the concentration
* N2 1+e- = n=2x 1_016cm‘3 the dependence we obtain is in good agree-
ment with the experiments from Ref. 2. The slight deviation
B? (A—E,)? o2 of the experimental points from the calculated curve can be
1 + 3 + 8 explained as a manifestation of the electron-phonon interac-
+—= e kT [dW, (9 tion which leads to a Jahn-Teller distortion of the neutral

B
N2 _
2 l+e kT acceptor complex.

4 4
2 2
§(A_ =) 1 §(A_ Ez) 1G. L. Bir and G. E. PikusSymmetry and Strain Effects in Semiconductors

1 5
d|”:Q — —+ — s—e kT | dW. [Wiley, New York, 1975; Nauka, Moscow, 1912
% 1+e kT N% 1+e kT 2N. S. Averkiev, Z. A. Adamiya, D. |. Aladashvili, T. K. Amirov,
(10) A. A. Gutkin, E. B. Osipov, and V. E. Sedov, Fiz. Tekh. Poluprovazih.

421 (1987 [Sov. Phys. Semicon@1, 262(1987)].
Here 6=E,—E,, k is the Boltzmann constant, arfd is a 3L. D. Landau and E. M. LifshitzQuantum Mechanics: Nonrelativistic
Lo ] ' 3 Theory[Pergamon Press, Oxford, 1980; Nauka, Moscow, 1989
constant that contains the square of the interband matrix el-

ement modulus. Carrying out the integrations in E§sand  Translated by Frank J. Crowne
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The effect of intense laser light on the absorption-edge region of the spectrum
of a CdCr ,Se, ferromagnetic semiconductor
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The effect of intense incident laser light on the spectral dependence of the absorption of
circularly polarized light is investigated in single crystals of Cg&&; in the neighborhood of

the absorption edge for temperatures in the range 100—-130 K. The observed large changes

in the shape of the edge are related to peaking of the exciton resonance, which is caused by
photoexcited charge carriers that screen the internal electric fields in the crystaR9®

American Institute of Physic§S1063-7829)01205-3

The ferromagnetic semiconductor C¢dSe, is one of as those in Ref. 2, to investigate the nonlinear Faraday rota-
the few compounds that exhibit a strong nonlinear Faradayion. The optical density at low light intensitie®() was
effect>? This nonlinear effect, which occurs at temperaturescomputed from values of the photodetector signals with and
below 150 K, is observed both in the ferromagnetic and parawithout the sample in the path of the laser beam, taking into
magnetic phases. In Ref. 2 we showed that the nonlineaaccount its passage through the corresponding optical filters
Faraday rotation takes place within a narrow band of enerand reflection from the sample surface. The optical density at
gies close to the intrinsic absorption edge. We claimed therkigh light intensities D) was calculated using the expres-
that the increase in Faraday rotation with increasing intensitgionDy =D _+In(l_/ly), wherel andl are the magnitudes
of incident laser light is due to peaking of the exciton reso-of the signals when the same combination of optical filters
nance, which in turn is caused by photoexcited charge carriwas placed in front of and behind the crystal under study
ers that screen internal electric fields associated with theespectively. The dependence of the reflection of the sample
fluctuation potentiaf. In order to test this assumption, we on the radiation intensity was disregarded.
have investigated the effect of incident light intensity on the  The spectral dependences of the optical density of
spectral dependence of the absorption of circularly polarize€dCrSe, for right- and left- handed circularly polarized
light in single crystals of CdGB6e, in the neighborhood of light (D, andD _, respectively, are shown in Fig) for two
the intrinsic absorption edge. We note that the effect of highintensity levels of the incident light measuredTat 110 K.
power laser illumination on the absorption of light in The inset shows the spectral dependence of the optical power
CdCrSe at T= 300 K was studied in Ref. 3. However, itis P(hv) from the laser we used. The low-level light intensity
believed that the levels that make up the bottom of the confcurvesl, 1’) correspond to an optical power density at the
duction band of CdGSe, undergo a change dt= 200 K, maximum of the functionP(hv), P.=10kW/cn?. The
along with the electronic transitions responsible for the abfunctionsD, . (hv), D, _(hv), measured using a monochro-
sorption edgé:® mator and an incandescent lamp, coincide within the limits

The films we investigated, with dimensions 1.5 xith  of measurement error with the functioas1’ (Fig. 1). For
mm and thickness 12um, were obtained by cleaving and the functions2, 2' the optical power density incident on the
polishing single crystals. A one-beam method was used. Theample at each wavelength was 47 times largg,(= 470
light source was a tunable laser based~gncolor centers in  kW/cn?). As Fig. 1 shows, a considerable distortion of the
LiF, excited by the second harmonic of a neodymium laserspectral dependences of the optical density is observed at
The range of laser tunability was 830—1030 nm, the peakigh incident light power. The absorption edge of the func-
power generated at the maximum of the tuning curve was 28on Dy, (hv) (curve 2) becomes sharper, and is accompa-
kW, the length of the light pulse was 9 ns, and the repetitiomied by bleaching of the sample at low energies and darken-
frequency was 108" After being attenuated by a combina- ing of the sample at high energies. The funct@p_(hv)
tion of neutral optical filters, the laser beam was focusedcurve?2’) exhibits increased absorption, along with a barely
onto the surface of the sample, which was placed in aliscernible peak at the absorption edge. At higher tempera-
vacuum cryostat, into a spot with a diameter on the order ofures the changes in the absorption of circularly polarized
1 mm. The measurements were made using the automatdight with increasing laser intensity are analogous to the
apparatus described in Ref. 2. The infrared detector we usddnctions 2, 2’ (Fig. 1); however, the magnitude of the
was an 18ELU-FK photomultiplier. The studies extendedchanges decreases with increasing temperature. Because the
over the temperature range 110-130 K in a magnetic fieldbsorption edge of Cdg$e, undergoes a strong shift to-
H= 4.8 kOe, which saturated the sample in the ferromagwards lower energies at low,>’ where the intensity of the
netic phase. The Cdg®e, samples we used were the samelight from the laser decreases sharply, the temperature range
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7100 light with hy= 1.246 eV at low(1) and high(1’) intensities of light incident
on the sampleP .y, kW/icn?: 10(1) and 4701'); 2—dependence of the
0 I it I 1 0 nonlinear part of the Faraday rotatioAF) on the measurement time for
1.22 1.24 1.26 1.28 1.30 hy= 1.265 eV (shifted to the left by 1.5 ns relative to the oscilloscope

hy, ev tracesl, 1'). Measurement temperatufe= 110 K.

FIG. 1. Spectral dependence of the optical denéltyl’, 2, 2"; left-hand
coordinate axisand absorption coefficier(tl, 1', 3, 3; right-hand coordi-
nate axi$ for right-handed1—3) and left-handed circularly polarized light gccordance with curv@(hv) (Fig. 1), the different intensi-

(1'—3') measured at various intensities of light incident on the sample,. . . . i
Poay, kW/C?: 10(1, 1') and 4702, 2, 3, 3); the measurement tempera- ties of the incident light correspond to different photon en

ture wasT= 110 K. The inset shows the spectral dependence of the opticafTdi€s. The lack of bleaching of the crystal when illuminated
power from the laser. with left-circularly polarized light is probably connected
with inadequate intensity of the laser light near the long-
wavelength edge of the tunability range. Secondly, the quan-
for the measurements was limited from belowy 100 K. tity Dy, _>1 over the larger part of the spectral region we
Figure 2 shows oscilloscope traces of signals that are propostudied, and the density of photoexcited charge carriers is
tional to the light intensity passing through the C¢€s  strongly nonuniform with respect to the sample thickness.
crystal and the optical filter when the optical filter is locatedAn estimate of the diffusion lengthLg) using mobility val-
in front of (1) and behind1’) the crystal. These oscilloscope ues u,=uy= 10 cnt/(V-s) taken from Refs. 8 and 9 and
traces extend over the range in which the sample bleachefifetimes of nonequilibrium charge carriers=10"8—10""/
Here we also plot the magnitude of the nonlinear portion ofs, which are realistic for the high-resistance compensated
the Faraday rotation versus the time at which the measurerystal CdCsSe,, givesLp=1um. Consequently, nonuni-
ment was made within the duration of the optical pulse. It isformity is not eliminated by diffusion. If the nonlinear Fara-
clear that the relative values of change in transparency anday rotation and nonlinear absorption in Cg€eg, are attrib-
nonlinear Faraday rotation increase with the length of thaitable to the appearance of nonequilibrium charge carfiers,
light pulse. The similar time dependences of the nonlinearithen the absorption at high incident light intensitiesg; ¢ _)
ties in the Faraday rotation and in absorption are evidencie nonuniform over the sample thickness, and determining
that these effects have a common cause. The functiorthem from the ratidy, _/d (whered is the sample thick-
Dy+ —(hv) andD ;. _(hv) (Fig. 1) were measured at time nes$ gives only an effective value. Assuming that the mea-
T=6 ns on the oscilloscope traces. sured functiond . _(hv) are the sum of the optical den-

In Ref. 7 we observed no resonance peaks at the absorpities of layers with varying ¢, _) and unvarying
tion edge in the function® , _(hv), which probably indi- («, , —) absorption coefficients, and assuming that the im-
cates that the crystal we investigated in that study was oportant change in the absorption takes place within a layer of
lower quality. Further evidence of this conclusion is the dif-thicknessdy, = 1/a;, we can calculater,, _(hv) from the
ferent values of specific Faraday rotation at weak light intentelation Dy=apdy, +« (d—dy). The  functions
sities measured at the maximum of the Faraday rotation band,,, _(hv) obtained in this way are shown in Fig(durves
in Refs. 2 and 7. In analyzing the functiobBs,,. _(hv) the  3and3’). Itis clear that a sharply expressed resonance peak
following factors must be taken into account. First of all, in appears in the neighborhood of the absorption edge. The
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Saturated vertical drift velocity of electrons in silicon carbide polytypes
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Saturated drift velocities of electrons in the direction parallel to the crystal axis have been
determined for the first time for a number of silicon carbide polytyped,(@H, 8H, and 2R)

by investigating the current-voltage characteristics of novel three-terminalp—n*

structures intentionally designed for the purpose. The values of these velocities ar#03.3
2x10°, 1x 1P, and 4x 10° cm/s respectively. These results are in qualitative agreement

with a picture involving the miniband electronic structure caused by a natural superlattice in SiC.
Experiments confirm the correlation between drift velocity and width of the first miniband

in the various polytypes. €1999 American Institute of PhysidsS1063-782809)01305-§

INTRODUCTION data have not been published in the literature, probably be-
cause experimental difficulties associated with fabricating

The most important device-related characteristic of amicrostructures in the direction of the axis of the natural

semiconductor crystal is its saturated drift velocity, whichsuperlattice have kept researchers from making the appropri-

determines the frequency limits of semiconductor deviceate measurements. However, many devices, including high-

and consequently the range of their most efficient use. Thipower high-frequency transistors, are being designed to op-

remains true for the case of silicon-carbide crystals as wellerate in exactly this geometry, so that identifying the role of

At this time, saturated drift velocities are experimentallythe superlattice is a problem of practical interest.

known for two SiC polytype¢4H and 61) in the directions

perpendicular to the crystal axi€.According to these data,

Fhe velocities c0|_nc_|de in both polytypes, a cwcumstance thaEXPERIMENTAL METHOD

is also characteristic of many other parameters in these crys-

tallographic directions. However, for the direction along the  Our measurement method is based on the following con-

crystal axis this is usually not so, and the semiconductogiderations. If an experimental structure admits both a regime

parameters of various polytypes exhibit characteristic differof space-charge-limited current flow and a drift current re-

ences. It is well known that in noncubic SiC polytypes, with gime, we can obtain the saturated drift velocity by analyzing

the exception of Bi-SiC, the crystal axis is also the axis of a the current-voltage characteristics. For the one-dimensional

natural superlattice, which induces a miniband structure irproblem this regime is described by the equations

the electronic spectrum of these polytypes. The presence of

this structure should affect the values of the saturation ve- d?V/dX?=pl/eq, 1
locities; i.e., a correlation should be observed between the
velocities and the parameters of the miniband spectrum. The J=pV, @

dependence of the drift velocity on the width of the first
e ; . : -whereV, X, J, p, 5, andv are the voltage across the struc-
miniband was obtained analytically in Ref. 3 and observed i ! e
ure, the coordinate along the current direction, the current

various systems with artificial superlattices, where Changin%ensity the space-charge density, the dielectric constant of
the width of the miniband caused the velocity to vary from . o . :
the semiconductor, and the drift velocity, respectively. With

10° cm/s for a relatively wide minibarfcto less than 10 the help of standard transformations we thus obtain the ex-

cm/s for a narrow miniband. ; .-
In a series of prior papets we described a number of pression for the 1-V characteristics of the structure

effects in SiC polytypesH, 6H, and 84 that we interpreted J=2e VW3, 3)

as Bloch oscillations, electron-phonon resonances, complete

localization in the first miniband, and inter-miniband tunnel-wherew is the width of the active region of the structure. We
ing. According to our interpretation, these effects are a conean show that the -V characteristic obtained in this way
sequence of, and, therefore confirm, the miniband characteonsists of two regions. In the first region, the drift velocity
of the electronic spectrum, which in turn arises from thedepends on the field, and in the second region it is saturated
natural superlattice. Drift velocity data could provide yet an-and does not depend on the field. If we assume that in the
other argument for or against this picture. Until now, suchfirst region the velocity varies as follows:

1063-7826/99/33(5)/4/$15.00 547 © 1999 American Institute of Physics
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v=pViw, (4) 06+
then the |-V characteristics in this region will be described
by the expression B

— 213

J=2e.,uVIW>. (5) 04k
Here u is the mobility of the charge carriers. It should be
noted that the mobility that appears in E4) can itself be a f: L.
function of field; in this case the real |-V characteristics will
have a dependence different from E§). 02l

The |-V characteristics of the second region where ’
= const are described by the expression

J=2s0VIW? (6)

; ; ; ! | | i

Where vs IS t_he saturated velocity. Accordmgly,_ when the 0 70 20 0 w0
drift velocity is saturated, we should observe a linear region V.V

on the |-V characteristic.
FIG. 1. The 1=V characteristics of a three-electrode structure based on
4H-SiC.
EXPERIMENTAL STRUCTURE
For our investigations we used a specially designed and
novel three-terminain®™ —p—n* structure. The structure
consists of three regions which in accordance with transistolrh

terminologv we dive the names emitter. base. and collecton e base will be drift-like, which will ultimately satisfy the
9y 9 : ' . conditions under which Eq$l) and(2) are valid.

For purposes of investigation, the material of the base is . . o .
chosen to be a polytype of silicon carbide doped by a deepd TTS Tetht_Od differs ::‘lgqlf|car?tlyr/] er(])m traditional mtetfg-k
acceptor(scandiun in order to obtain minimum concentra- °¢S Of Saturating currents, in which the measurements take

tion of free holegless than 18cm~2 at 300 K). It is obvi- place in a re_gime of extremely high _current density. The
ous that this is a paradoxical way to make an effective tranlatter makes it necessary to take special measures to remove
sistor. However, as we show below, this structure provide$€at and fabricate high-quality contacts. For the method de-
the necessary environment for addressing the prob|em W@:rlbed here these difficulties can be a.VOided, since the cur-
pose here. Because the concentration of free holes in the bakgnt densities do not exceed?Wcn. The difference is in
is so low, virtually any current through the base injects athe fact that the electrons are located notinbut rather in
concentration of electrons that exceeds the concentration gftype material, although in this case the impurity concentra-
holes, which ensures that the current in the base is spactien (on the order of 18 cm™3) is roughly the same as in the
charge limited. n-type material used in Refs. 1 and 2. The latter fact is not so
However, because thgregion of thep—n junction is  important, since saturation of the velocity, which is the fun-
doped by deep acceptors, the operation ofrifie-p junc-  damental quantity, is determined not by impurity scattering
tion has certain features which we should pause to discusput rather by scattering by optical phonons.
Whenpzlolocm_3, the characteristic de-ionization time for The princip'es Of Operation of th|s structure are as f0|_
these deep acceptors in the space-charge region exceéd 1Qqws. A reverse-bias pulsé, with periodt,~10""s is ap-
s. This implies that the forward-biased emittef—p junc-  plied between the collector and the emitter. A forward dc
tion can be tu[nzed on only by a dc voltage or by pulses withyja5v/, is applied to the emitter-base junction. The emitter-
duratlont_>;0 - S Hoyvev_er, once.the _potentlal barrier is base current associated with it has virtually no effect on the
!owered, injection, which is a nonmerﬂalﬁgarocess, can b%/alue of the injection due to the high resistance offitgpe
implemented by shqrt pulses of length 1+0. S region (10—10PQ). The purpose of this bias is to decrease
Let us now consider the collectpr—n junction. When the height of the contact barrier. The pulse voltage applied
it is reverse biased, the establishment of an electric field in ’

the base is determined by the ionization of deep acceptobretween the collector and the emitter ensures a uniform elec-

impurities, whose time is also rather long. Therefore, if themc field, _Wh'c_h prppagates through_ the _base, rea_ches_the
pen emitter junction, and causes injection. The injection

reverse bias is applied in sufficiently short pulses, the accepp : X ;
tor levels in the base remain neutral. Now, as we said abov&Urrént increases together with the valuevgf, however, it

the concentration of holes in the base does not exceegn be limited by changes M, . The resistance of the base
10cm™3, which corresponds to no screening of electricegion as the current pulse flows through it decreases by a
fields over distances less thanfcm. Then when the base factor of 16—10* because electrons injected into the base
width is 5—10um, screening in the base will be extremely are swept up by the field and once they have drifted through
weak and the field in the base may be treated as nearly unibe base reach the collector. Thus, this experimental structure
form. Its value there will be given b =V/w, whereV is  admits an injection-drift mechanism for current flow. The
the magnitude of the voltage pulse, amds the width of the  electric circuit that we describe corresponds to a transistor
base region. Thus, the motion of electrons and the current inonnected in common-emitter configuration.
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FIG. 2. The |-V characteristics of a three-electrode structure based ogyrrent. Therefore, the 1-V characteristics obtained by us
6H-SIC. have only a linear segment, which begins before the field
becomes high enough to ensure a minimum current level for
EXPERIMENTAL RESULTS AND DISCUSSION detectiqn. Analysis of the I_—V cha_racteristics aIIo_ws us to
determine the saturation drift velocity of electrons in the su-

Figures 1—-4 show the 1-V characteristics of microstruc-perlattice of 2R-SiC . Its value turns out to be an extremely
tures made with SiC polytypest4 6H, 8H, and 2R. All  |ow, 4x 10° cm/s, which is a consequence of the high degree
the 1-V characteristics except for those ofRRSIiC consist  of |ocalization of carriers within the very narrow miniband.
of a nonlinear initial region followed a linear segment. Ac- Of all the polytypes we discuss, R1SiC has the most com-
cording to Eq(5), the nonlinear region should correspond to plicated and longest-period superlattice. This latter character-
a square-law dependence of the current on voltag&/®.  istic accounts for the narrow minibands.

However, in real |-V characteristics the current follows a In the series of polytypesH, 6H, and &4, the magni-
power-law dependencd~V'®. We asserted above that tude of the superlattice periaflincreases with the polytype
square-law behavior need not be observed when the carrigiimber from 5 to 10 A. We estimated the width of the first
mobility depends on field. In our case, its field dependenceninibandE; in polytype 6H-SiC based on experimental data
can probably be writtenu~V~%4, which cause the initial from studies of Wannier-Stark localization in the regime
portion of the 1-V characteristic to deviate from the squarewhere the first miniband is completely localized by an elec-
law. tric field® Starting from the relatiofE,~ k3= 7?/d?, we can

The absence of a nonlinear initial portion on the |-V estimate the width of the first miniband in polytypeld 4nd
characteristics of the BSiC sample occurs for the follow- 8H, which have analogous superlattices. According to the
ing reason. The very high internal resistance of these strugsajues of the superlattice periods cited above, the valig of
tures, a consequence of the low electron mobility offor 4H-SiC is 2.25 times larger and fot-8SiC roughly 1.9
21R-SiC, prevents us from recording a nonlinear initial seg-times smaller than for I8-SiC. The values obtained for the
ment of the |-V characteristics due to the low values of thesaturated drift Ve|ocity of electrons are: for po|ytype
8H, 1P, for 6H, 2x10°, and for 4, 3.3x10° cm/s,
which qualitatively confirm the relations~ 1/d.® Quantita-
tive agreement of these data with the dependence given
above is not expected for two reasons.

1. The simplicity of the theoretical representations,
which are based on a quadratic dispersion law.

2. Experimental errors, one especially noteworthy ex-
ample of which is inaccuracy in determining the width of the
basew. Errors here can be as large a§15—-20%, implying
an error in determining the velocity according to Ef) of
+(30-50%.

The threshold fields at which the drift velocity saturates
for polytypes 4, 6H, and & are the following: 1.55
X 10°, 1.4x10°, and 1.35%10°V/cm, respectively. The

1 ] ! rather small difference among these values could be a result
0 -/ 00 50 200 250 either of differences in objective characteristics of the poly-
.V types or of errors of the kind mentioned above. According to

FIG. 3. The I-V characteristics of a three-electrode structure based oﬁ\)_ef- 3, the drift veIoc?ty in the miniband transport regime is
8H-SiC. given by the expression
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Vy=AFB 1+ (F/B)?] 1, (7) 4H, 6H, and & we have observed a dependence of the drift
velocity on natural superlattice parameters that is in qualita-
tive and quantitative agreement with the simple theory of
Esaki and Tsd.This result is also independent confirmation
of miniband transport at fields on the order of{2)x 10°
V/cm in these polytypes, which corroborates with the picture
set forth by us previously in Refs. 6—8.

The anomalously low value of drift velocity in polytype
-SiC indicates that the drift mechanism is changed by the
. large change in parameters of the miniband spectrum. In par-
lations. ticular, as we noted in Refs. 6 and 7, the narrowing of the

. Befcc'tzluse .?f thfe practlcall_l |mpotSS||p|I|ty of recordtlng a :ﬁ'miniband causes the condition for strong localization to be
glon ot transition from nonfinéar 1o finear Segments on N€qiistieq in weaker fields, followed by suppression of mini-
-V curve of polytype 2R, all we can say regarding the

band transport and the likelihood of a transition to a mecha-
threshold field is that it is no larger than XK&0° V/cm. P

. . g . nism of tunneling hopping between individual unit cells of

Among the polytypes investigated, R4SiC is characterized the natural supe?lattigg g
bly atn extrerlnelytlct)r\:v valu% of th? saturgttlc&n ?)m;t veI0(|:|ty 0:: This work was carried out with the partial support of the
f:hec rons, amosl tree O[I_:,.rs.o' magnllsl et © OV\II va ui?\, Russian Fund for Fundamental Resealéhoject 97-02-

€ remaining polytypes. 1his 1S Impossibie 1o expain wi In18295} and the program MNTP “Physics of Solid-State
the framework of a common mechanism of electron tranSNanostructures’(Project 1-003
port. If, according to what we said above, the velocities for
polytypes 4, 6H, 8H can be reasonably explained by
minibgnd_ transport, then the _value of the velocity for iy v muench and E. Petterpaul, J. Appl. Phys, 4823(1977).
21R-SiC is two orders of magnitude smaller than the value?|. A. Khan and J. A. Cooper, ifProceedings ICSCII-N'97Stockholm,
expected from miniband transport. As we noted earlier, be-3i99E7), II(J_- 57& R, Tsu. IBM J. Res. Detd, 61 (1970

H H . ESakKl an . I'su, . Res. be¥4, .

cause of the extremely narrow ml.mband' the electronic spean_ Sibile, J. F. Palmier, H. Wang, and F. Mollot, Phys. Rev. L6éft52
trum of polytype 2R becomes discrete even at rather low (3999,
fields (1-2)x10° V/cm. Note that for polytype B this ®H. T. Grahn, K. von Klitzing, K. Ploog, and G. H. Dohler, Phys. Rev. B
o L o 43, 12 094(1997.
field is at a minimum & 10°, for 8H it is about 4< 10°, and . ' ) )
for 4H it is about 16 V/cm. For this reason, miniband trans- Eg;ﬁf::étg&?éfsf;c(’ll';ggciv‘ Fiz. Tekh. Poluprovodil, 489(1996
port at these fields is not possible inRSBIC, and in all 7y | sankin and A. A. Lepneva, iProceedings of the International
probability, the mechanism for electron transport is a hop- Symposium “Nanostructures: Physics and Technologt: Petersburg,
ping mechanism, which would also explain the rapid falloff 8SUISS? 1k99y Pa }52- Stolichnov. JETP Lebd 114(166
of the drift velocity in this polytype. -1 Sankin and 1. A. Stoliehnov, efi4, 114(1996.

To summarize our data, we can say that for polytypesiranslated by Frank J. Crowne

where A=dE,/2h, B=#/edr, d is the natural superlattice
constant,E, is the width of the first miniband, andis the
scattering time. The width of the first miniband is determined
experimentally for &1-SiC and isE;=256 meV (Ref. 8.
The natural superlattice constant foH&SIC is d=7.5A.
The scattering time obtained from E@) is 7=5x10 s;
this time coincides with data from our Ref. 7, which we 21R
calculated from the threshold field criterion for Bloch oscil-
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The conductivity of hybrid microstructures with superconducting contacts made of niobium

nitride to a semiconductor with a two-dimensional electron gas in a AlGaAs/GaAs heterostructure
has been investigated. Distinctive features of the behavior of the conductivity indicate the
presence of multiple Andreev reflection at scattering centers in the normal region near the
superconductor-semiconductor boundary. 1€@99 American Institute of Physics.
[S1063-782609)01405-2

1. An interest in investigating electron transport in semi-der in the form of a thina few nm layer of normal metal,
conductors with high-mobility two-dimensional electron gase.g., titaniunt Studies of such structures with contacts made
(2DEG) confined between two superconductif®) contacts  of fused-on superconducting Sn-Pd alfdypwever, revealed
(i.e., an S-2DEG-S structurdnas recently increased mark- the presence of a series resistance that greatly exceeds the
edly. The interest is driven by a desire to understand theomputed resistance of the 2DEG channel. In papers by
many mesoscopic phenomena observed in these structurether authors the possibility was demonstrated of obtaining a
and by the possibility of applicatiorts. high-transparency barrier between bulk GaAs withdoped

The main problem that arises in making these structurekyer and aluminuni,bulk GaAs and tirf,and also niobiurf.
is the need for a transparent boundary between the supercowe note that the superconductors ordinarily used as contacts
ductor (S) and the semiconductdEmg with a 2DEG. This have low critical temperatures. Therefore, the majority of
problem is solved by choosing suitable superconducting andxperimental studies were carried out in the temperature
semiconducting materials such that the Schottky barrier at eangeT< 3 K.
junction between them is low. In the overwhelming majority 2. We have made S-2DEG-S structures and studied them
of papers of this kind, the authors investigate the propertiesxperimentally. The S-2DEG-S structures are based on an
of structures in which the high-mobility 2DEG is formed in a isolated GaAs/AlGaAs heterostructure and NbN as the su-
symmetric quantum wellusing InAs and InGaAs as the perconductor, which normally is strongly disordered in films
2DEG channgl between Nb contactésee, e.g., Ref.)2In  and which possesses a high superconducting transition tem-
this case the superconductor is deposited on a mesa structyerature T.= 15.8 K in bulk samples The increased trans-
after removing the topmost layéone of the three that make parency of the S/Smc barrier in this case makes it possible
up the quantum wellwhile preserving the lower donor layer. for values of the Fermi velocity in NbN~2.5x 10° m/9) to
This approach makes it possible to avoid problems wittbe close to their typical value in the 2DEG. Such a structure
depletion of the edge regions of the semiconductor meswith high values ofT, is clearly of interest from an applica-
structure. tions point of view; it is one of several promising types of

However, the most attractive semiconductor material forsuperconducting transistor that could be used as a basis for
creating such a system is the AlGaAs/GaAs heterojunctionmnaking mixers and detectors in the teraherz region. The pre-
at whose boundary a 2DEG can be obtained with the highediminary results of this experimental study were presented
mobility known to datdlup to =10" cn?/(V-9) at liquid-  elswheré’
helium temperaturdswhich makes it possible to realize bal- 3. The structures we fabricated had the topology shown
listic transport in these structures over distanices 10 um  in the inset in Fig. 1. A mesa structure with nearly vertical
or, alternatively, to record the distinctive features of this typewalls, whose height was 200 nm and widthugh, was fab-
of transport more definitively over smaller distances. Marshricated by photolithography on a substrate with a hetero-
et al3 were the first to observe a supercurrent in these strucstructure formed by a doped layer of AIGaAs with concen-
tures with contacts made of fused-on superconducting intration=10"cm 3, a spacer layer of AlGaAs with thickness
dium. In their papers, these authors discuss in detail the po42 nm, and a layer of pure GaA#he heterostructures were
sibility of creating high-transparency boundaries between thgrown by deposition from the gas phas€he depth at which
superconductor and the semiconductor with a 2DEG in athe 2DEG was located was about 110 nm from the surface.
AlGaAs/GaAs heterostructure by introducing artificial disor- We determined the parameters of the 2DE@ncentration
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FIG. 2. The I-V characteristics of a S-2DEG-S structure at different tem-
FIG. 1. Temperature dependence of the resistance of the structure atgratures.

current of 0.1uA. The inset shows the AlGaAs/GaAs structure with super-
conducting contacts made of NbN.

=4.1kgT. for NbN, then this value ol exactly corresponds
to a temperaturd ;= 8.7 K, i.e., the temperature at which

ng=1.5x 10" cm 2, mobility u=1.8x10°cn?/(V-s) at 4.2  the resistance starts to become temperature-dependent. In the
K] from the period of the Shubnikov-de Haas oscillationstemperature rang€< 8.7 K the -V characteristics indicate
and from Hall measurements in the dark, using samplethe presence of an excess currdfg. 2), whose value in-
made from the same substrate as the structures which weeases with decreasirig while the voltage dependence of
investigated, but with ohmic contacts. The NbN contactghe differential resistanceRy(U)=dU/dI(U) exhibits a
were made in the form of long “banks”—strips of width 10 number of characteristic featuré&ig. 3). In these latter
pm and length 10Qum each, which overlapped the mesacurves we observe a deep minimumlat 0, whose depth
structure up to a distance of about Q& from the center, decreases with increasing temperature UAsicreases, plots
leaving a gap between the strips of widthuin. Thus, the of these same functionRy(U) clearly exhibit a knee at
NbN strips form symmetric end contacts with the mesa struc~2A/e= 3.5 mV (the position of this knee, denoted in
ture of widthw=10um, with a distance between contacts of Fig. 3 by the pointA, changes slightly a¥ varies, while the
L=2um. knee itself is smoothed out dsincreaseps At significantly

Magnetron reactive sputtering in a mixture of nitrogenhigher voltagesion the order of 14 mV aff= 4.2 K) a
and argon was used to deposit 10-nm-thick NbN contacts osecond clearly defined feature is observed: a maximum
a substrate heated to 200 °C after chemical removal of thgointB in Fig. 3), whose position almost exactly follows the
surface oxide layer(Note that the NbN films have a high relationU .~ (T —T)Y2 The I—V characteristics with fea-
and stable critical temperature of abd®iK even at thick- tures that exhibit similar behavior have been reported in pa-
nesses of 3.5 nm; see Ref. lThe superconducting struc- pers in which the structures under study had fused-in super-
ture was fabricated by lithography and ion etching with low- conducting contacts to bulk GaARef. 6 and to the 2DEG
energy Ar ions to a depth of 15 nm, so that only a smallchannel of a AlGaAs/GaAs heterostructure with contacts
fraction (no more than 5 npof the GaAs surface capping made of In(Ref. 4, and also in studies of other materials.
layer was left on the upper portion of the bridge of the mesa 5. These features of the conductivity were viewed in
structure, in addition to the film of superconductor. The re-Refs. 3—6 as signs of multiple Andreev reflection at the
sistance of the NbN contacts in the normal statéat15 K  2DEG boundary with the superconductor. At low tempera-
is roughly 8 K. They exhibit a superconducting transition at tures and low voltages the energy of electrons in the semi-
T~11 K (with a transition width of about 0.5 K As the  conductor between the contacts is lower than the supercon-
temperature is further lowered, the resistance of the structurducting gape<A in NbN (the value ofe is measured from
drops to a valueR;;,=35Q at 4.2 K, which is close to the the Fermi level. An electron drifting towards the boundary
calculated resistance of the 2DEG chanf#8 (1). This in-  from the semiconductor side with such an energy creates a
dicates that the current through the two-dimensional layehole that moves coherently in the opposite direction, which
flows in the diffusive regime, corresponding to the conditiongives rise to motion of a pair in the supercondudndreev
L=1=1.6um (wherel is the mean-free path reflection; see Ref. )1 Reflection at scattering centers near

4. The temperature dependence of the resistance of tithe boundary can greatly increase the probability of a subse-
structure for a current of 0.LA in the temperature range quent Andreev reflection compared with the case of a single
4.2-15 K(Fig. 1) shows that after the NbN strips become reflection of a quasiparticle from the boundary, thereby in-
superconducting the resistance of the structure remainsreasing the transparency of the barrier at the S—2DEG
nearly constant in the temperature range from 9 to 11 Kboundary. At high temperatures and large biases, the current
(=18002), while below 8.7 K it follows a dependence of the through the boundary becomes a quasiparticle current, and
form R~exp(—A/kgT), whereA=~ 1.6 meV (herekg is the  the resistance of the boundary is determined by normal re-
Boltzmann constait If we use the standard relatiom\20) flection, whose probability depends on the barrier height.
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FIG. 3. Dependence of the differential resistance of the structure on vaRgge) =dU/dI(U).

The transition from conductivity determined by multiple films with thickness 150 ninsurface layers of degenerate
Andreev reflections at scattering centers to normal condudSaAs (with a concentration of about »3108cm™3). The
tivity should be observed at voltages of abdlit=A/e at  resistance of these structures below the superconducting
each of the contacts. For NbN witly=11 K we haveA(0)  transition temperature was considerably higher than calcu-
~1.9 meV, and the valud&J,=2A/e coincides with the |ated(by roughly an order of magnituglewhich indicates a
value of the voltage at which we observe a sharp change iRigh resistance in the contact regions, but the primary fea-
the functionRy(U) (the pointA in Fig. 3. The value of the tyres of the conductivity that indicate a structure with a
voltageU », which corresponds to this feature, as we haveypDEG channel were preservéthe overall character of the
already noted, is virtually independent of temperature. At thgnction R(T), the presence of a minimum in the function
same time, the value df clearly decreases as we approachr () at U=0, the characteristic temperature dependence
the cr|t|_cal temperature. An analogpus situation was disyt the position of the voltage, corresponding to a maximum
cussed in Ref. .4, where the mutual mfluen.ce o.f the two efy, e differential resistancel 5(T)~ (Ter—T)¥2]. Similar
fects was considered: as the temperature Is ra'se.d’ t.hesen%jsults were also observed in Ref. 6 in studies of the conduc-
fects lead to voltage changes which are opposite in sign a

which correspond to the features mentioned above; specifi ity of an Al contact with an epitaxial film of GaAs and the
cally (a) the effect of decreasingd, and (b) the effect of same contact with a surfackdoped layer in GaAs—in the

thermal broadening of the distribution function. It should notSeCOnd case the resistance was considerably higher than the

be ruled out that the distribution function in the normal re-f:kt:ut:]a.ted resltls.tance of tthz cq?r(ljtéctmlgtllayer]; ,:L IS %OSS'ble
gion could be a nonequilibrium functidn. at this resuft1s connected wi epietion ot Ine edge re-

The position of the maximum in the differential resis- gions of the mesa structure which arises due to the surface

tance denoted by the poiBtdepends on temperature accord- 9€f€cts. _ _
ing to the lawUg~ (T —T)Y2 whereT = 8.7 K to an In summary, we have investigated a new S-2DEG-S sys-
C 1 C .

accuracy of 0.1 K corresponds to the point at which theleém based on atwo—dimensional electron gas in an AIGaAs/
resistance begins to decrease and becomes temperature g@As heterostructure with contacts made of superconducting
pendent(Fig. 1) and to the value off; obtained from the NbN. The distinctive features of the conductivity we ob-
exponent of the temperature dependence of the resistangégrved point to the important role of multiple Andreev reflec-
below 8.7 K(Fig. 1). This peak in the differential resistance tion at the scattering centéfsin determining the transpar-
is explained in Ref. 6 by heating of the electrons by theency of the superconductor-semiconductor barrier at
current in the normal region and a corresponding thertemperatures below the critical temperature in the supercon-
mal disruption of the superconductivity near the S—Smaducting “banks.”
boundary. This work was carried out with the support of grants No.
As control devices we made structures analogous in thei®6-02-18614 from the Russian Fund for Fundamental Re-
topology on substrates with bullin the form of epitaxial search, NATO HTECH.LG- 960606, the program “Physics
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The morphology of an oxidized cleaved surface of a grid of alternating GaAs agghlzaAs

layers was investigated by atomic-force microscopy. It was found that the surface of the

native oxide film on a cleaved surface possesses a quasistationary nanorelief that reflects the
composition of the layers of the heterostructure. The oxide regions above the GaAlAs

layers are 0.5 nm higher than the regions above the GaAs layers. Etching off the oxide film
shows that a nanorelief, which is inverted with respect to the relief of the oxide surface, also forms
on the bared cleaved surface. The appearance of nanoreliefs on the surface and at the

bottom boundary of the native oxide film is explained by the different oxidation depths of GaAs
and Gg-AlsAs and by an oxidation-induced increase in the volume. 1999 American

Institute of Physicg.S1063-782809)01505-7

In view of the advances in semiconductor nanoelectronwhose radius of curvature was less than 40 nm, were used.
ics it is of great interest to produce various artificial nano-The optical system, constructed in the laboratory, for posi-
structures on semiconductor crystal surfaces. In the presetibning the tip of the atomic-force microscope was used to
paper we call attention to an interesting possibility of obtain-position the tips of the microcantilevers in the region, located
ing a regular quasistationary nanorelief on cleaved surfaceat the edge of the cleaved surface, where the heterostructure
of semiconductor heterostructures by oxidizing the struclayers emerged at the cleaved surface.
tures. It is well known that native-oxide layers on the sur-  The heterostructure was grown on GaAg001) sub-
faces of different semiconductors have different thickneSsesstrate by molecular-beam epitaxy and consisted of a 50-nm-
A surface relief can therefore be expected to appear in athick n-Ga,-Aly2As layer, a 300-nm-thickn-GaAs buffer
oxide film on a cleaved surface of a heterostructure, since thiayer, and 10 alternatingn-Ga, ;Alp5As (250 nm/n-
height of the oxide is different above different layers of theGaA4250 nn) layers covered with a 250-nm-thickGaAs
structure. Moreover, when the oxide film is removed, thelayer; i.e., the final GaAs layer was 500 nm thick. The dop-
bared cleaved surfaces of heterostructures also possess a sag level of the silicon layers was several*i@m 3. The
face relief, which is determined by the composition of theexperimental cleaved surfaces were obtained in the standard,
layers, if the oxidation depths of the materials are differenthumid, room atmosphere by cleaving a sample, thinned to
The characteristic heights of the relief on a cleaved surfac&00—150um, by pressing a Pobedit knife in tH&10) di-
of a heterostructure can be assumed to be the thickness of thection on the backside of the substrate. Nitridization of the
native oxide on the semiconductor surface, which can beleavage surfaces was performed by the procedure described
estimated to be on the order of several nanométérs. in Ref. 4.

We investigated the morphology of cleaved surfaces of a  Figure 1a shows an AFM image of an oxidized cleaved
grid of alternating GaAs(250 NitGa, /Al 5AS (250 nm) het-  surface of a heterostructure. The image clearly shows the
erolayers, oxidized under room conditions, and after removabresence of nanorelief. Periodic alternation of light and dark
of the oxide and chemical passivation of the bared surface bstripes is clearly seen in the image. This indicates that the
nitridization in a water solution of pH,+NaS (Ref. 4. height of the surface relief changes at the transition from one
Nitridization using solutions of hydrazine made it possible tolayer to another. The disruption of periodicity at the center of
protect the cleaved surface from new oxidation by coating ithe image is caused by a 2-nm-high monatomic step, formed
with a monolayer nitride film coherently bound to the semi-on the surface during cleaving. The light stripes, i.e., the
conductor lattice. higher stripes, in the image are this0 nm) stripes above the

The surface structure was studied by atomic-force mistarting GaAlAs layer and all subsequent regions above the
croscopy (AFM) using the R4-SZM apparatusscanning GaAlAs layers, while the regions above the GaAs layers ap-
probe microscope built by the Russian company NT-MDT,pear dark and are lower. The AFM-image profile presented
located in Zelenograd The AFM images of the surfaces in Fig. 1b shows that the oxidized cleaved surface above the
were obtained in the room atmosphere in the contact regim&aAlAs layers is on average 0.5 nm higher than above the
with 10 to 40-nN forces on the surface being studied. Trian-GaAs layers. The same value is also obtained with a more
gular Si and SN, microcantilevers with pyramidal tips, accurate determination from a statistical analysis of the
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FIG. 1. a— AFM image of an oxidized cleaved surface of the heterostruot@e, ;Al 5 /As/n-GaAs; the arrows mark the starting GaAlAs lay&y and
GaAs(2) and GaAlAs(3) grid layers b — Profile of an AFM image along thecoordinate along the dashed line in panet a— Statistical distribution of
the height of the relief on the framed section of the surface in panel a; the dotted lines show the Gaussian contours and the solid line shows the total

approximation; the distance between the centers of the two peaks is 0.46 nm.
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height (h), distribution in Fig. 1c, over the cleaved surface. relief. After the cleaved surface has undergone nitridization,
This value of the difference in the heights of the oxide abovehe GaAlAs layers lie 0.6 nm below the GaAs layers. A
the GaAlAs and GaAs layers, which was obtained in the firsemall increase in the surface roughness is also evident; this is
scan of the surface, did not change subsequently when thedicated by the larger half-width of the peaks of the height
sample was studied several weeks and even months latefistribution in Fig. 2c as compared with Fig. 1c. We note
Apparently, the formation of oxide on a cleaved surface ishat the sign and even the magnitude of the height differen-
essentially completed in less than 1 h, the time required tdial in the AFM image of a nitridized cleaved surface re-
set the sample in the AFM and to perform the first scan oimained unchanged a period of at least 1.5 months when the
the surface. The formation time of a continuous oxide filmcleaved surface was exposed to the room atmosphere. The
under room conditions was estimated in Ref. 2 to be 20 minfact that the relief of the oxidized surface did not return
which agrees with our data. evidently shows that surfaces treated in this manner are
Figure 2a shows an AFM image of a cleaved surfacehighly resistant to repeated oxidation.

which has undergone nitridization. Inversion of the surface  Comparing the data in Figs. 1 and 2 shows that the oxide
relief of the cleaved surface after nitridization is clearly ob-layer on the cleaved surface of the periodic GaAlAs/GaAs
served. Now the thin stripe of the starting GaAlAs layer andheterostructures is fluted, the height of the oxide layer above
all subsequent GaAlAs layers appear darker and therefortne GaAlAs layers is larger, and the oxide layer penetrates
they are lower. The profile of the AFM image and statisticalmore deeply into these layers than into the GaAs layers. This
analysis of the height distributions shown in Fig. 2b and 2cwas independently confirmed by experiments on multiple
respectively, yield additional information about the invertedAFM scanning of an oxidized cleaved surface. Local re-
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for GaAs! The formation of a reverse relief on the top sur-
face of the oxide is due to the relative increase in the volume
of the oxdized layers, which leads to stretching of the layers
in the direction of the free surface. The deeper oxidation of
the GaAlAs layers will obviously also cause the cleaved sur-
face to arch more above these layers.

In summary, the atomic-force microscopy method with a
vertical resolution of 1 A allowed us to obtain the first quan-
FIG. 4. Schematic representation of a native-oxide film on the cleaved surtltatlve Chargcter_lzatlon of the modulation of the thlckness of
face of the experimental structure. The dashed lines show the imaginary lin@ Native-oxide film on the cleaved surface of alternating
of the initial unoxidized cleaved surfachy is the height of the oxide on  GaAs and Gg;Aly4As layers. The thicknesses of the films
GaAs, anch, is the height of the oxide on GaAlAs. arising on a(110) cleaved surface of GaAs and GAlsAs
layers under room conditions were estimated to be 1 and 2
nm, respectively. The desired stable nanorelief, which can
probe of the atomic-force microscope was observed. Figure %:so be inverted by removing the oxide, can be ob.tam'ed on
shows the AFM image of an oxidized cleaved surface of e (_:Ieaved surface_ of the heterostrl_Jcture after oxidation by
heterostructure with individual oxide sections which hadV2"Y'Nd the alternation of the layers in the structure.

been chipped off. The image profiles for the chipped off This work was supported by the Russian Fund for Fun-
sections of the oxide above the GaAs and GaAlAs layers ardamental ResearctGrants 96-02-17952 and 97-02-18291

presented beneath the figure. They give an idea of th@”d the State program “Physics of Solid-State Nanostruc-

characteristic depths of such sectiohg~1.0 nm andh; tures” (Grant 97-1035

~2.2 nm, respectively. Comparirtt, and h; suggests that

the oxidation of GaAlAs layers is indeed deeper tha_-n tha.‘t .0flw. Monch, Semiconductor Surfaces and Interfacé@pringer-Verlag,
GaAs layers and comes close to the depth of the relief arising 1993 [Springer Series on Surface Science, Vol. 26, 1993, Chap. 17,

on the cleaved surface of the heterostructure after nitridiza- P- 276- _
2p. Moriarty and G. Hughes, Ultramicroscogg—44, 956 (1992.

tion. . . . . 3Hirokato Ohno, Larry Akio Nagahara, Shangir Gwo, Wataru Mizutani,
Figure 4 shows schematically the fluting of the native- ang Hiroshi Tokumoto, Jpn. J. Appl. Phya5, Pt. 2, L512(1996.

oxide film on the cleaved surface of the heterostructure. ThetVv. P. Ulin, V. L. Berkovits, V. M. Lantratov, and T. V. L'vova, ifPro-
boundary of the oxide. This is explained by the higher rate of 1997
oxidation and greater thickness of the oxide for GaAlAs thanTranslated by M. E. Alferieff

(o01)

GaAs substrate

moval of the oxide film by the mechanical action of the
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LOW-DIMENSIONAL SYSTEMS

Spectrum and electron-phonon interaction in a medium with a cylindrical quantum wire
N. V. Tkach and V. P. Zharkoil

Yu. Fed’kovich Chernovtsy State University, 274012 Chernovtsy, Ukraine
(Submitted April 7, 1998; accepted for publication October 4, 1998
Fiz. Tekh. Poluprovodr33, 598—-602(May 1999

The effect of multiphonon processes on the electrdhale) spectrum in g3-HgS/CdS
nanoheterostructur@ylindrical quantum wire in a bulk mediunis studied in the dielectric-
continuum model. The electron—phonon interaction Hamiltonian is obtained for a potential well of
finite depth. The shift of the electraiole) energy level as a result of the interaction with

optical longitudinal(confined and interface phonons is determined. The dependence of the band
gap of the nanosysteB-HgS/CdS on the radius of the quantum wire is found. It is

established that interface phonons play the dominant role in the renormalization of the electronic
(hole) spectrum in a quantum wire with small transverse dimensions19@9 American

Institute of Physicg.S1063-782809)01605-1

The theory of the phonon spectrum of spatially confinedof the interaction of an electron with phonons, since the
heterosystems[flat quantum wells (QWs), quasi-one- I-phonon field has a maximum potential at precisely the lo-
dimensional quantum wire@WSs), and quantum dotshas cation(at the interfacewhere the electronic wave function
been under development now for a long time. There exisstrictly vanishes because of the assumed infinite well depth.
microscopic:  semimicroscopié, and  macroscopic Therefore the goal of the present work is to calculate the
hydrodynamic-continuum modéls and a dielectric- renormalization of the ground state of an elect(bale) in a
continuum(DC) model? which to a greater or lesser extent 8-HgS/CdS cylindrical nanoheterosystem as a result of the
determine the spectrum of confined voluthe and interface  interaction of the electrothole) with L andl phonons in the
(1) phonons in ionic semiconductor nanoheterostructures. presence of a finite jump of the potential at the interface.

The theory of the electronithole) spectrum is well de-  Since the interaction of the electron witlphonons in such a
veloped for such systems in the effective-mass approximaranosystem was found to be quite strong, it was necessary to
tion, which works fairly well even when the linear dimen- take into account effectively virtual multiphonon processes
sions of the nanosystems are only several lattice constanty the Green’s function method.

The theory of the electron—phonon interaction is now under

intensive development, since there are various unsolved

guestions that require an adequate understanding and de-SPECTRUM AND EFFECTIVE MASS OF AN ELECTRON
scription of physical processes in nanoheterosystems. IN A B-HgS/CdS CYLINDRICAL QUANTUM WELL

One problem is that if any of the microscopic or semim-DISREGARDING THE INTERACTION WITH PHONONS

icroscopic models are used to investigate the electron— . L .
phonon interaction, then the interaction Hamiltonian be- Let us consider $-HgS/CdS cylindrical QWFig. 19.

comes so complicated that without additional simpliﬁcations,_An electron with charge and radius vector is character-

which are difficult to control, the problem of renormalizing |zed_b¥ an effective mass,, which is different in different
the electronic spectrum, for all practical purposes, cannot b@ed'a'

solved. For this reason, the basic model for investigating Mgy, O=<p<R (medium 0", HgS),
problems_of this k_in_d is _the DC model, which, despitg its m(p :{ml, R<p<w (medium “1", CdS).
comparative simplicity, gives a phonon spectrum that is es-

sentially identical to that of the semimicroscopic Huang—zhuThe electron moves in the field of a potential which as a

model? The DC model has the advantage that it contains ndunction of p has the form(see Fig. 1b

D)

free parameters, only the known values of the phonon ener- —U,, 0<p=<R,
gies and dielectric constants of the corresponding bulk crys- U(p)={ 2
tals. —-U;, R<p<oo,

The theory of the renormalization of the electronic spec-whereR is the radius of the wire, andy, and U, are the
trum by phonons in a cylindrical QW was developed in Refs.potential energies of the electron in the corresponding media
1 and 5. However, it was based on an extremely idealizedelative to the vacuum. To determine the bound states it is
model, which presumed that the QW is an infinitely deepmost convenient to choose the energy reference point rela-
potential well. This strongly decreases a priori the real roldive to the potential in medium (CdS. Then

1063-7826/99/33(5)/5/$15.00 559 © 1999 American Institute of Physics
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FIG. 1. Model of a cylindrical quantum wir@-HgS/CdS. The numbers 0
and 1 denote the media HgS and CdS with the potentigland U, re-
spectively.

_Vo, 0$p<R, VOZUO_U]_,

0, R<p<oo. @

V(p)=[

The electron Hamiltonian in the nanoheterosystégn
noring the interaction with phonon& a cylindrical coordi-
nate system is

H( ) h%| o ( p a) 1 92
L 1Z =~ 5 - N 4 - T 5
Py 2p|dp\m(p) dp| p 92
hZ 92
- — +V(p). 4
Im(p) 372 (p) 4
The solution of the steady-state Scfimger equation
[H(p,(P,Z)_Enmk]l,bnml&p,(P,Z):O (5)
is
Enmi= Enm+ﬁ2k2/(2:“nm)1 (6)

where the energy leveE,, of the quantized motion of an

electron are determined by the roots of the equation

N. V. Tkach and V. P. Zharkol

X0 Jm/+1(XoR) ~ Jm-1(xoR)

Mg Jml(xoR)
:ﬁ K\m\+1(X1R)_K|m|—1(X1R) )
m; Kim/(x1R) '

and the correlated electron effective mass

®

as a characteristic of this quasiparticle in the nanoheterosys-
tem, depends on the quantum stafes) in terms of the
quantity

Lnm=M/(1+1,,m), m=(mg+m,)/2,

R _
lnm= R‘Z[ |Ajml? fo [m~2(p)—m~ ]| 3 (xop)|%pdp

#1Bnl? [T o) K20 |

9
The electron wave functions are
’ _exgdi(me+k2)] IJm(Xop), p<R,
nmk Ry27L ™ By Kjmi(x20),  p=R,
(10

where
A= 2K F i (XoR) = I~ 1(x0R) I+ 1(xoR)
+ B\Zm\[ Kim = 1(x1RKjmj+1(xaR) — K|2m|(X1R)]},

11
Bjm/=Jm(XoR)/Kim(x1R),  xo0=v2mo(Vo—|E|)/A,
X1=\2my|E|/%, (12
E is the electron energn=1,2,3,. .. is the radial quantum
numberm=..., —2,—1,0,1,2,... is the magnetic quan-

tum numberk is the axial component of the wave vector,
Jm are Bessel functions, and K are modified Bessel func-
tions.

Thus the electron motion is quantized in a direction per-
pendicular to the axis of the QW, and in the longitudinal
direction the electron undergoes an infinite motion with ef-
fective massu,n,-

2. RENORMALIZATION OF THE GROUND STATE ENERGY
OF AN ELECTRON BY L AND / PHONONS IN A
B-HgS/CdS NANOHETEROSYSTEM

The electron—phonon system in a quantum WigaV)
with a finite potential jump at the interface in the dielectric-
continuum(DC) model is described by the Hamiltonian

H=He+Hpn+ Hint, (13
where
He= > Enmk@imi@nmk (14)
nmk
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is the Hamiltonian of the electronic subsystem, obtained by R/,
rewritting the Hamiltonian(4) in the second-quantized rep- 0 f 10 1|5 257 245
resentation following the general thedrand RS b |
th: 2 meq( 6;rmq[i)\mq"' 1/2) (15 _ |
Amqg 0.5

is the Hamiltonian of polarized phonons in the dielectric-
continuum modet:® The indexA==* for | phonons and

A=L for L phonons. The Hamiltonian of the electron— @ -7.0[
phonon interaction in the second-quantized representation %
with respect to the variables of both subsystems =
. - 0 -1.5F
Hin= 2 2 ®202(\,0,m,a)an o s q@nmik >
nim; nm 1M 272 11 <
n,m, khq
X(B)\mq+ 6)J\r,fm,—q) (16) =-2.0I

was found by transforming the corresponding Hamiltonian
from Ref. 5 to the basis consisting of the wave functions
(10). Since the coupling functior@rﬂimi()\,n,m,q) are very ~2.5¢

complicated analytic expressions, we shall not present them
here in general form. In what follows we shall be interestedsi 2. Totala, and partial, shifts of the ground state energy of an
in the renormalization of the ground state of an electron in &lectron versus the radius of the quantum wire. The liheg, 3, and 4
heterosystem with a small QW. In such a system the bottorgorrespond taA_, A, A, andA,.

energy band is located far from the other bands, so that we

shall ignore the interband interaction via phonons and take

into account only the coupling function of the ground-state
band with phonons. Then

Q

ajt(Q)Zm

e [20(sgt—eod ———
(DLO(WQ):_—Z 2L(Szo 28052) AgJIl(Xno) \/Sjocl—8151[8159?:(Q)_8jx951] .
R? V LR%(g2+x5,/R?) X oz (1=0,1.
o Lj(Sjs_Sjoc)
X J . pF(xop)Jo(Xnop/R)dp (17) (20)

Here, according to Ref. EQLM are the energies of the con-
is the coupling function of an electron with confindg fined L phonons of media 0 and 1, respectively; dad(q)
phonons of the QW. The electron does not interact with thexre the energies of the interfaciaphonons. These energies
confinedL; medium—barrier phononsly_ =0), and the in-  are determined by the dispersion relation
teraction of the electron with the two branches of the

phonons corresponds to the functions , 0*-0f
Ko(X)[1o(X)]" €0

02-0%
& _ e ZWQt(q) A2 0
i(Q)——E TyR 9 02— (2
=1s(X)[Ko(X)]' €10o————= (X=qR), (21
A o([o(]lgz_gil( q
. dp, <R, - .
al*(q)fo pJS(XOP)JO(qp) P P where |, and K, are zeroth-order modified Bessel functions.
lo(aR) R We shall now investigate the renormalization of the
2+ (Q) o B2 f pK3(x1p)Ko(ap)dp, p>R, ground state of an electrofhole) by the interaction with
o(aR) 0 18 phonons. In the one-band approximationTat0 K the rer-
(18) normalized electron energy is determined by the pole of the
Where Fourier transform of the Green'’s function £ 1)’

G(k,w)=1[w—E(k)—M(k,0)], (22

Yq=2mLq lo(X){[1o(x)]’ _ o
. , whereM is the total mass operat@O). Since in our prob-
—lo(X)Kg "(X)[Ko(x)]'} (x=0R), (19 |em the electrontphonon coupling is strong, and since the
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FIG. 3. Probability density distribution for an electron to be located in aFG. 4. Band gap in the systerHgS/CdS versus the radius of the quan-
quantum wire. Sizes of the quantum wiréda,: 1 — 5; 2 — 10; 3 — 20. tum wire. The calculation was performdd— disregarding Eg) and2 —

taking into accountEg) the interaction with phonons.

coupling functions with phonons of all branches have sharp
maxima, the MO can be represented in the form of an infinite 0, =27.8 meV,

integral continued fractich o-=114,  £0=18.2,

s (L I®uQuliae . 50 S 09'18'
M(w) & wa_E(Ql)_Q)\l(Ql)_--- Upy=5.0 eV, g0=0.5 eV, a;=0.585 nm,
U,;=3.8 eV, Eq1=2.5 eV, a;=0.582 nm.
2
_ fl |q)"2(Q2)| dQ, Hereay,Eyo anda;, Ey are the lattice constants and band
", Jow—E(Q:+ Qz)—Q}\l(Ql)—Q)\Z(QZ)— ce gaps in HgS and CdS, respectively.
) Figure 2 shows as an example the computational result
. Jl @), (Qn)I*dQy (23 for the shiftA,=E.—E, of the ground state of an electron
Yy Jow— E(EJ”:lQJ-) —Ejr;lQM(Qj)— o and its partial components, , A_, andA, as a function of
the radius of the QW. It is evident from the figure that the
Here shift A, is formed mainly byl . phonons, while the contri-
a butions of the confinedL) and|_ phonons are very small.
Q :;Oqj ) As the radius of the QW decreases, the partial contribution of

the L, phonons changes very little and that of the

The phonon-renormalized positioE of the electron- phonons increases sharply. The rold ofmultiphonon pro-

band bottom k=0) is found as the root of the dispersion

relation understood from physical considerations. Indeed, as the ra-

dius of the QW decreases, an electron penetrates increasingly
wo—E—M_,(w)=0, (24)  more fromB-HgS into 8-CdS because of the finite height of
] o the potential barrier, so that the probability of the electron
where M() is the n-phonon approximation of the MO eing |ocated at the interface of the media incredBis 3).
(23). » ) This increases the coupling between the electron and the
We calculated the position of the conductioralence  fie|q of thel . phonons, and hence the role of multiphonon
band bottom(top) for an electron(hole) without interaction  rcesses in the shift of the electron level increases.
with phononsE¢(Ey) and with interaction with all phonons In a similar manner we calculated the shift of the hole
E(E) for the heterosysteng-HgS/CdS. The following ground state,
published parameters characterizing the bulk analogs of
nanocrystals of the heterostructure were used: An=En—Ej.

cesses increases substantially. The latter circumstance can be
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As a result, we found the dependence of the band gap of the In summary, the main result of this study is that the finite
nanoheterosyste-HgS/CdS on the radius of the QW with- potential jump at the boundary of a quantum wire results in a
out allowance for the interaction of the electron and holestrong interaction of an electron and hole with phonons.
with phonons: The effect is to decrease substantially the band gap in a

-HgS quantum wire in the mediumg-CdS.
Eg: Ego+ Voe+ V0h+ Eoe"l' EOh '8 g q m
and allowing for this interaction:

Eg= EgtAetAy. 1X. F. Wang and X. L. Lei, Phys. Status Solidi &5, 433 (1993.

. . 2K. Huang and B. Zhu, Phys. Rev. 88, 13377(1988.
The computed curves are presented in Fig. 4. We thus seeg_ F. zhy, Phys. Rev. B6, 13619(1992.

that the interaction with phonons does not qualitatively *R. Fachs and K. L. Kliwer, Phys. Rev. 240, 2076(1965.

change the fact that the band gap increases with decreasirﬁ(_{- g \I’DV:\?gdgCi;; #-h t?,i,’ F:)r;ysséliieé\il.aﬁ%a“?l\fgs(ig\?v‘g.l o6

radius of the QW. However, because of the strong interaction, Abrikosow, L. P. Gorkov, and 1. E DzyaloshindkiMethods of
of the electron and hole with, phononsk, is substantially Quantum Field Theory in Statistical PhysifBrentice-Hall, Englewood
different from E (from tens of meV forR=25a, to hun- Cliffs, New Jersey, 1963; Fizmatgiz, Moscow, 1362

dreds of meV folR=5a,). This should have a strong effect - V- Tkach, Teor. Mat. Fiz61, 400(1984.

in comparing this calculation with experimental data. Translated by M. E. Alferieff
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The electron and hole spectra in a superlattice of cylindrical quantum wires are calculated by the
augmented-plane-wave method. The energy component due to the motion of quasiparticles

in a direction perpendicular to the long axis of a wire consists of an alternation of bands with
positive and negative effective mass. The potential of the quantum-wire superlattice lifts

the degeneracy with respect to the magnetic quantum number away frohh ghit of the

Brillouin zone. The energies of the main bands are investigated as functions of the radius

of the quantum wires and the distance between wires for planar motion of quasiparticlé9990
American Institute of Physic§S1063-7829)01705-¢

Semiconductor heterostructures have been applied suc- 72 1 1 g2
cessfully in the last few years in opto- and microelectronics. H=-—-|V,, Vet +U(p), (D
. . . 2
Modern technology makes it possible to produce semicon- 2 wipe) #(p¢)oz
ductor heterostructures with quantum wells, quantum wires, . _
and quantum dots. To predict device characteristics and to 1 ¥ (P.#.2)=E¥(p.¢.2). )
create new devices it is necessary to develop a microscopig/e represent (p, ¢,z) in the form
approach to the analysis of the energy spectra of charge car-
riers in these heterostructures. 1 Kz
An interesting object of investigation is a heterostructure ¥(p.¢.2)= ﬁ Y(p)e™l", &)

which consists of quantum wirdQWs) of one material in-

side a different material which form a superlattice in a planevhereL is the length of the main region along the axis of the
perpendicular to the long axis of a QW. If the lengttof a ~ QW. Substituting the expressidB) into Eq. (2), we obtain
QW is much greater than the quasiparticle mean-free path, fer #(p) the equation

can be assumed that the QW is infinitely long. The radius of 5201 4 1 P 1 2

the QW and the distance between the nearest neighbors can —|==p 4 _)

then be assumed to be much smaller thariThe spatial 2 (P ap" wlp,e) Ip pPu(p,p) dp?

vagation odf the dri]mensiorrlls anld arrangehmeint of t:e QWs i_s ﬁzkf

understood to change the electronic, hole, and excitonic e

spectra in such a superlattice. TU(p.) "[/(p)_(E 2,u(p,<p)) v(p). @)

Our objective in the present paper is to investigate theo-
retically the electron and hole spectra and wave functions for
a superlattice of cylindrical quantum wiréSCQW).

1. ELECTRON (HOLE) SPECTRUM IN A SUPERLATTICE OF
CYLINDRICAL QUANTUM WIRES

d
We shall investigate a system consisting of cylindrical b
QWs (material 3 arranged periodically in a mediutmate-
rial 2). The planar cross section of the system is shown in
db)

Fig. 1. We assume for definiteness that the potential energy
and effective mass of an electron in the cylindrical coordi-
nate system witlz axis oriented along the long axis of one of
the QWs are different in the different media.

To find the electronic spectrum and the wave functions it
is necessary to solve the ScHiaoger equation with the
Hamiltonian, written in the cylindrical coordinate system, FIG. 1. Geometry of a superlattice of cylindrical quantum wires.

1063-7826/99/33(5)/5/$15.00 564 © 1999 American Institute of Physics
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The equation4) can be solved by the method of aug- wy for p<pg,
mented plane wave@PWs), which is well known for three- nip)= for o> pr (6)
dimensional system'sThe APW method is modified for our 2 10T P=po
case of a planar system as follows.

We assume that in they plane the quantum wires form Using the APW method,we shall solve exactly the
a square lattice with period=2p,+b, wherep, is the ra- Schralinger equation for the region of two-dimensional
dius of the cross section of a wire, ahds the thickness of ~space inside the quantum wells, where the wave function can
the barrier region between neighboring QMQ 1) We be representEd as a SUperpOSition of Cylindrical harmonics. In
place the coordinate origin at the center of a circle, whoséhe region outside the wells the trial wave function can be
radius isp,, which is centered at a lattice site. Inside achosen in the form of a plane wave, which can be expanded

Wigner—Seitz cell, the so-calleti—t potential, and the ef- in cylindrical harmonics. The expansion coefficients are

fective mass have the simple form found from the continuity of the functions at the boundary of
the circle of radiugg. Thus a trial wave function in the form
U(p)= —Up forp=po, 5) of an augmented plane way&PW) can be represented in
0 forp>po. the form

¢

1 2 mIn(lki —dlpo)

. Toxpg) xP)
xXexgim(e— ey —gl, P=po,
q)klf (l)):< % (7)

1 1
Eexp{i(kl—g)p): N im™Jnlk, —gl(p)

0~

\ Xexqim(‘P_(PkL—g)L P> pPo,
|
whereQ = (2po+b)? is the unit-cell volume, ;] are Bessel 52 1
functions, m is the magnetic quantum numbek; is the AIJ EVp,galﬂ*lmVp,wkl
O 1

wave vector of a quasiparticleorresponding to motion in

the xy plane, g is a two-dimensional reciprocal-lattice vec- ﬁzkﬁ
. *
Lor, ||$L;n§(11| and ¢y 4 are polar coordinates of the vector +|U(p)—E+ 20(p0) Y, ¥, [ dp- 9
1 Y

Minimizing the functionalA with respect tacy g, We

722 obtain the system of equations
_ I
X:ﬁ 1\/2M1(U0_E+— . 2 h2k2
211 h ) i _
{Z—M(kl—g) _E+2_,LL2 CkL_g+§ rgg/Ckl_g/—o,
The augmented plane wav@) satisfies Bloch’s period- (10

icity condition but does not yet satisfy the Sctimger equa- whereT 4y is an integral containing the functiorb, g,
1

t!on with the superlattice potential, since until now no reIa—the functionsby _, and the Hamiltonian with the periodic
tion between the energy and the wave vector was assumed to L

exist. To find this relation, according to Bloch’s theorem, Wepotentr:al of.the”systlem&Performgwg.the integrationl g,
shall seek the quasiparticle wave function as a linear combi2Ver the unit cell volumélo, we obtain

nation of augmented plane waves 27p4 X ﬁzkﬁ
1ﬂ@Jg’:Q—o - 2_qu(ki_g)'(kl_g )—E+ Z_,uz}
wkl<p>=§ Ck, -, —g(P), (8) wloegloy #2 Z
! |g_g’|P0 +2—;le:2_m exlimegy 13m( |k,

where the summation extends over reciprocal-lattice vectors,
and the coefficientskrg are to be determined. , d

Since the derivative of any APW is discontinuous at the ~9lpo)dn(ki =g’ po) ﬁln\]m()(p) | (1D

]

boundary between quantum wells and the interwell regions,
the problem can best be solved not by using the Stihger ~ where ¢4y is the angle between the vectork, (-g) and
equation but an equivalent variational principle. We defing(k, —g'). The first term on the right-hand side of Ed.1)
an energy functional in terms of the wave functidB$ as originates from the regions outside the quantum wells, and
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all other terms arise as a result of the action of a gradientABLE I.

operator on the augmented plane waves. The quantifjgs
are the Fourier components of the effective potential of the

superlattice of quantum wells.
The requirement that the systefh0) have a nontrivial ~8-CdS 0 0 2.5 0.2 07 5818
solution gives the secular equation

This equation is used to determine the quasipatrticle energy
spectrume,(k, k), n=1,2,...

det

dition

h? A 2kf
—(kl g)%— E+2 Sgg + T gq

* —
2 Ck, —gCk, —g'(Pgg +Sgg) =1,
99

where

Pyg'

Sgg

=gy

_ 2mpo I(|9—9'|po)
¥ 0 g-g|

y E(xP0) —In-1(xP0)In+1(xPo)

Jrzn(XPo)

=0.

2 %
mp
= 2 Ik ~glpo)In(lk. ~g'lo)
0 m=-—oo

U, ev US, eV Eg, eV ufuy uMue  a A

B-HgS 1.2 -0.8 0.5 0.036 0.044 5.851

12
In(p2)=—= \/— el 2 Cnk, —¢P nk, —(p). (16)

,7. The normalization con-

2. ELECTRON AND HOLE SPECTRA IN A SUPERLATTICE
OF B-HgS QUANTUM WIRES IN A B-CdS MATRIX

(13) The theory developed in the preceding section was used
to calculate the electron and hole spectra in a square super-
lattice formed byB-HgS quantum wires embedded in a
B-CdS crystal. This system is chosen because the two crys-
tals have very similar lattice constariee Table)l and be-

(14) cause the boundary between them is very slamtransi-

tional region), just as for complex quantum wells obtained

experimentally in Ref. 2.

We shall focus our attention mainly on the numerical
calculation of the dependences of the electron and hole en-
ergy spectraEﬁ*h(kL .k ), which correspond to the electron
and hole motion in a plane perpendicular to the axis of a
QW. We can thus assume thgt=0.

The spectrunk,(k,) was calculated for a system with

(15

and the system of equatiorf40) determines uniquely the the parameters given in Table I. Figures 2a and 2b show the

coefficientscnykrg and therefore the wave functions spectrum of an electron and hole as an example. For the
a b
.
7.4 17.4F
1.2 _—_\ 1.2k
1.0t 1.0 S—
0.8 0.8F
0.6k 0.6k FIG. 2. Dispersion relation for an elec-
: ' tron and a hole in a superlattice of cy-
B = lindrical quantum wires with pg
~ O4f 0.4 =Tayys and b=14ac4s. The dashed
@ - - curves show the conduction-band bot-
..e‘“ 0.2 — - o2 tom and the valence-band top in HgS.
@ o | K, d/x The calculations were performed with
i B kxd'/” N ll J a — one site of the reciprocal lattice
o 0'2 . 0'4 L UJ6 : ola ' 127 g 02 04 0.6 08 10 (g=0) and b — the first coordination
s : ‘ ~ ’ circle.
-0.2} ‘0.2—____________
AR -0.4E
-0.6F -0.6 :
i -0.8
~0.8

-1.0
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0.91r 0.42¢ 5
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0.61 2 s
B 0.34
0.5F
i 3 0.32
a.4r A
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0.3} R kd/m
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~ T kld/'n: lu“ 1
"e.\ ! 1 | i i L ! ) 1 T
b ™~ .
W 0.2 04 06 08 10 o2k
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-0.3 5
J -0.52} 1
- 4 B
-0.4F 3 -0.34 -—\
L B 2
~0.36F
3
-0.5F 4 -
- [ &+
| 0.38 A
~0.61 FIG. 4. Dispersion relation for the main band of quasiparticles in a super-
lattice of cylindrical quantum wires witly,=10a,4s for distancesb be-
7 tween the wells corresponding to the raifacys: 1 — 12;2 — 16; 3 —
-0.7L 20; 4 — 30; and5 — 40.

FIG. 3. Dispersion relation for the main band of quasiparticles in a super-
lattice of cylindrical quantum wires with= 16a.ys for the ratiosp, /aygs . . . . .
of the well radiusp, to the lattice constant in HgR: — 4; 2 — 6; 3 — 8: equivalent to taking into account the crystal potential, which,

4 — 10;5— 12. Dashed straight lines — same as in Fig. 2. on the one hand, lowers the absolute value of the quasipar-
ticle energies and, on the other, lifts the degeneracy with
respect to the quantum number (when k, #0). The in-

spectrum in Fig. 2a, only one site of the reciprocal latticecrease in the widths of the bands corresponding to the ex-

(g=0) is taken into account, while the spectrum in Fig. 2bcited states of quasiparticles stems from the fact that a qua-

was calculated taking into account the first coordinationsiparticle with a higher energy tunnels more easily through

circle. We note that the difference between the spectra cathe potential barriers of the mediui@dS between the quan-
culated taking into account the first and second coordinatiotum wells (HgS).

circles is so small that it is unnoticeable on the scale in Fig.  Figure 3 shows the main bands of the electron and hole

2b; i.e., the convergence of the APW method is very good irenergy spectrum. These bands were calculated with different

this case. For convenience, the eneEgiy‘(kl) is measured values of the QW radius but with a fixed barrier thickness. It
from the center of the band gap B+HgS. The dashed lines is evident from the figure that the band widths are virtually
represent the conduction-band bottom and the valence-baridsensitive to a change in radius, but as the radius of the QW

top of the B-HgS crystal-well. increases, the bands shift very stronglyy hundreds of
It is evident from Fig. 2 that wheg#0 a large(on the  meV) to smaller absolute values of the energies.
order of hundreds of me\shift of all energy bands toward Figure 4 shows the computational resultsEj(k, ) and

the energy origin and splitting in half of all bantixcept the  E'(k,) with a fixed QW radius but different barrier thick-
ground-state bandccur. The higher the electron bafitie  nesses. It is evident from the figure that as the barrier thick-
lower the hole band the wider it is. The behavior of the ness decreases, both bands shift appreci@dymuch as a
bands agrees completely with physical considerations, sindeundred meV in the direction of smaller absolute energies.
allowance for the nonzero components of the vegas  The band widths increase by a factor of 10, which is equiva-
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lent to a decrease of the corresponding component of thaend 99-02-16796and the State program "Physics of Solid-
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1. INTRODUCTION atomic radii and in the configuration of the outer electron
shell, were selected as the metals.

The structure of hydrogenated amorphous carkan
C:H) is naturally related to the rich allotropic forms of this » pARTICULAR FEATURES OF THE EXPERIMENT
element, some of which, for example, the fullerenes, have - , .
been discovered only recently. The diversity of allotropic ~ 1h€ &C:H:Me films were grown by cosputtering of
forms reflects the greater diversity, than for other elementgdra@phite and metal targezs using ao planar magnetron in an
of atomic structures based on the three possible electronf90n-hydrogen plasm@0%Ar + 20%H;). The a-C:H:Me
configurations of carbon in linear structuresp(hybrid) and layers with metal concentration of the order of 10 at.% were
in trigonal (sp? hybrid) and tetrahedralsp* hybrid) envi- prepared. The layers were grown 00] silicon substrgtes
ronments, respectively. Tetrahedral carbon present in a struél adsubsdtrgte tf?mpe;aturek.of about 200°C. Spusttegng was
ture is responsible for the similarity of some properties ofconducted in a flow of working gas at pressures 8-9 mTorr
a-C:H and diamond. In due time, this served as a reason fo?nd voltages 36,0_380 V on the magnetron. It was found that
calling tetrahedral carbon diamond-lika the English ab- 0.5 to l.O;u'r'n-th|ck a-C:H:Me layers could be grown under
breviation — DLO. The coexistence of carbon in tise? such conditions. The grown layers were subjected to 1-h
andsp? states in the structuré-C:H) makes this medium vacuum thermal annealing at temperatures in the range 200
ideal for investigating the equilibrium between the two forms_450 C. . Lo
of carbon, which is the basis for the synthesis of diamond Inf_rared absorption spectroscopy near the vibrational fre-
and graphite. It is known from such synthesis that differenflUencles of carbo_n—carbon and carbon—herogen boan was
metals act as catalysts for the nucleation of diamonds, whic sed to characterize the grown layers. Optical absorption in

can be interpreted as a metal-induced shift of the equilibriu dueaﬁ)i;—lnﬁ?]frf;g?dwvev)a: :enc??cfrlriggr U'T'I(I)qgi]n?reigzccc:’cr)i tr7a5s|tR
of sp?/sp® configurations in the direction of the latter. P ' :

Therefore it is of interest to trace the nucleation of the dia-the double-passage absorption, which was accomplished in

mond phase at the stage of nanocrystallite formation irJ1[he reflection geometry with 45° angle of incidence, was

. ) : measured together with absorption under normal incidence
metal-modifieda-C:H. However, the use for this purpose of single-passage absorptjoio prevent radiation losses the
x-ray and electron diffraction methods, as well as Ramar% ge-p 9 P P

scattering, which are used conventionally for the detection O;ample was mounted on a mirror.
diamonds, runs into serious difficulties. In the diffraction
methods this stems from the fact that the crystal lattice pag' EXPERIMENTAL RESULTS
rameters of diamond and the metals employed as the catalyst Figure 1 shows typical double-passage transmission
are similar; in the Raman scattering methods it is attribuablgpectra of the grown layers. These spectra demonstrate the
to the resonance intensification of Raman scattering by thenodification of the layers when the metals are introduced.
graphite componerttwhich masks the weaker scattering by One can see that the intensity of the characteristic vibrational
the diamond component if it has nucleated. For these redands of bound hydrogen in the frequency raage 3000
sons, since one-phonon absorption does not occur in dia- 2800 cm ! decreases appreciably when the metal is intro-
mond, we chose to measure the optical absorption near twaluced. However, a greater result of introducing metals is the
phonon frequencies of diamond to detect diamonds. Thénitiation of new bands near the two-phonon absorption fre-
difficulties arising because absorption of this kind is weakquencies of diamon@2000-2200 cm?! (Ref. 2] and near
were found to be unexpectedly surmountable because of ththe Raman frequencies of graphitikhe G band w=1575
discovery of anomalous intensification of two-phonon ab-cm™! and theD band with a somewhat less well determined
sorption in the experimental layeasC:H:Me (Me = Er, Cl  frequency near 1400 cn).® Table | gives for comparison
on silicon. the published data on the features of the two-phonon absorp-
We investigated the effect of metals on the vibrationaltion bands in bulk diamonds and the parameters of the ab-
spectrum ofa-C:H. Copper and erbium, which differ in their sorption bands which we observed and were initiated by met-
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FIG. 2. Temperature dependences of the optical density at the maximum of
the pseudo-Rama@ band ofa-C:H:Cu (1) anda-C:H:Er (2).
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2500 a0 1500 a-C:H:Cu before annealing, is shifted by16 cm ! to lower
@, tm frequencies. Activation of the Raman frequencies of graphite
FIG. 1. Double-passage transmission spe€iga. Films:1—a-C:H;2— I the o_pti(_:al absor_ption spectra _has been observed previ-
a-C:H:Cu (dashed line — after annealing at 220°G — a-C:H:Er. |, II, ously with introduction of copper inta-C:H and has been
Il — absorption bands presented in Table I. attributed to intercallation of graphite fragments by the

copper® For brevity, we shall refer to them as pseudo-

Raman. The same phenomenon also occurs veh€rH is

als in the same spectral region. In both cases fewer featureg,neq with other elemenfsOne can therefore assume that
are observed in the spectrum than for bulk diamonds, but thgpiym interacts similarly with graphite fragments, intercal-

very c?Iose match.b(.atween the frequencies of the bands iping them essentially without changing the structure of the
a-C:H:Cu anda-C:H:Er layers and the frequencies of the iy member rings, which can be judged only from the very

two-phonon bands in bulk diamond permits us to refer tyeak softening of the corresponding vibrational mode (
them, for brevity, as quasidiamond bands. The numbers of 1575 cn2 for Cu andw= 1540 cm * for Er. This fre-

the bands in Table | are equal to the numbers of the bandg,ency shift can be attributed to the difference in the binding
|nd|_cated in Fig. 1. The differences in the structures of theenergies of copper and erbium with graphite fragments. The
erbium- and copper-induced bands, as follows from the datgjterence in the thermal stability of the bands activated by
presented in Fig. 1 and Table I, are manifested in the numbgfom, also attests to a higher binding energy of erbium with

of observgd s_tructural elements and in the f_requency of thﬁraphite fragments. Figure 2 shows the temperature depen-
band dominating the spectrum before annealing. One can segce of the optical densify o in the G band fora-C:H:Cu

that as a result of annealing at a temperature only negligiblynqa.c-H:Er layers in the temperature range 200—475 °C. It
higher than the growth temperature of the layer, the band g easy to see that while the copper-activated band decays

whose frequency matches well that of the band observed igyyonentially with temperature, the analogous band in the
bulk diamond and not completely identified, which corre- . qe of erbium even tends to flare up with temperature. This
sponds to a two-phonon combination at the asymmetric pointanavior of the pseudo-Raman ba@dn the a-C:H:Cu and

of the Brillouin zone, dominates in both cadésThe posi-  5.c.h:gy layers correlates in some way with the character of

tion of band Il also agrees well with the published data for,q thermal stability of the quasidiamond two-phonon bands,
bulk diamond. Band II, which is clearly observed only in 55 will be discussed in greater detail in Sec. 4.2.

TABLE |. Characteristic features of the quasidiamond two-phonon absorp—4- DISCUSSION

tion bands. A. Anomalously high two-phonon absorption

Band No. ' U I The fact that the two-phonon absorption frequencies in

Frequencyw, cm* 2177 2137 2024 bulk diamonds match the frequencies of bands observed in
" a-C:H:Cu and a-C:H:Er layers suggests that a diamond

a- . .ee “ee . >

a-C - H : Cubefore annealing Shoulder  Peak Peak phase or at least a phase in which Fhe carbon' atoms are

a-C : H : Cuafter annealing Peak  Shoulder Peak bound with one another by dlamond—ll.ke bonds, i.e., te-

a-C:H:Er Peak Peak tragonal carbon phases, are present in them. On the other

. Published data hand, the fact that two-phonon absorption is observed in

;refq“‘zniy‘”s' cm 2&_77k 2P153k 2§24k such thin films means that in the diamond phase built into the
els. Z, 4, n ea eal . .. .

Nature of band o LOF LA TO + TA copper- or erbium-containing matrix of amorphous carbon

) W) two-phonon absorption is apparently unusually large com-
pared with bulk diamond crystals. An estimate of the absorp-
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tion at the maximum of the 2177-¢m band gives a value B. Intercallation of graphite fragments and intensification of
on the order of several hundred cfh while the absorption ~absorption

coefficient in the strongest two-phonon band in bulk dia-  The activation of pseudo-Rama® and D bands in the
mond does not exceed 14 ci(Ref. 2. The correctness of gptical spectra makes it possible to determine a number of
this estimate can be verified by comparing in Fig. 1 thefeatures of the interaction of metals with graphite fragments
depths of the quasidiamond bands and the bound-hydrog&s the a-C:H structure. According to optical and electron-
bands, which correspond to an absorption on the order of 80Qjicroscopic data, these fragments are on the order of several
cm " (Ref. 7). It should be noted that only the lower limit 3nometers in siz It can be expected that the number of
was presented above, since the ratio of the sizes of d'amorljjraphite planes in such fragments does not exceed the num-

inclusions and amorphous-carbon phases is unknown. The.. ¢ six-member carbon rings in these planes, which on
observed intensification of two-phonon absorption can be atéverage is on the order of 4—6. The small size of the frag-

tributed to spatial confinement of phonons in small crystaly,onis tacilitates, on the one hand, their intercalation by the
line diamond formations, which have nucleated in the

whose half-width is on the order &w~30 cm 1. We shall
employ below the dispersion relation, which is available in
analytical form, ofLO phonons that propagate in the dia-
mond lattice in the directiom\ toward the pointX at the
boundary of the Brillouin zon@.Ignoring the true nature of
the phonons forming the combination which determines th
nature of the quasidiamond bands, we assume for an order
magnitude estimate that the dispersion of the phonons of ali
branches near the boundary of the Brillouin zone is the sam
Using Eq.(5) of Ref. 8, we obtain

calculation gives for the binding energy with a graphite clus-
ter consisting of four six-member rings a value on the order
of 0.4 eV. This value is smaller for a large fragment.
Assuming that the optical density at the maximum of the
G band is proportional to the concentration of intercalated
%quorbeﬁiatoms, it is possible to estimate using IR spectros-
opy the binding energy of the metal with a graphite frag-
ent from the temperature dependence of the band intensity.
t follows from the data shown in Fig. 2 that there exists a
temperature range in which the number of intercalating cop-
do 4dusinmTq— 7asin(7g/2) per atoms decreases exponentially with increasing tempera-
d_q: Moo ' (D ture. The activation energy for rupture of the bond of an
intercalant with a graphite fragme(the disintercalation en-
whereq is the dimensionless phonon momentum in fractionsergy), determined from the slope of the exponential section,
of the maximum momentum,,at the boundary of the Bril-  is on the order of 65 meV for copper. We have identified the
louin zone,w is the phonon frequency, anda are, respec- optical “activity” of atoms adsorbed on the outer faces of
tively, the principal Born force constants of the interactionthe graphite fragment and of the atoms Occupying interp|anar
for the first and second nearest neighbors, lnid the mass  positions(true intercalants It is evident that the experimen-

of a carbon atom. In addition, the additional relation tal estimate of the activation energy of disintercalation is
M several times smaller than the theoretical value presented
w= 3_2(2(050_ wéa) 2 above for the binding energy of a copper atom with a graph-

ite fragmentt? There can be a number of reasons for this

can be derived from dispersion relati¢B) in Ref. 8 for the result: the use of a simplified model for an elementary inter-
boundary of the Brillouin zone=1). Here wg, is the calation event, a larger number of six-member rings in actual
Raman frequency for diamord332 cm' %), andw, o is the graphite fragments, and a subbarrier mechanism of disinter-
frequency of the band. Together with the relation calation(thermally stimulated tunnelingHowever, for what
a=7.28u (Ref. 8, this makes it possible to estimate the follows it is important to underscore that the theory of Ref.
dispersion relatiow/ 8q~2x 102 for longitudinal optical 12 predicts that an electron is transferred from a copper atom
phonons at the boundary of the Brillouin zone in diamond.to a graphite fragment; i.e., in this case copper acts as an
The scale sizéx of diamond nanocrystals can then be esti-electron donor to a band of the graphite fragment. Thus the
mated from the relation 6x-8g=1, where 6q=5 interaction of copper with a graphite fragment together with
X 10%8w(mr/a) (a is the lattice constant of diamoydvhich  the activation of pseudo Raman bands in the optical spectra,
for the experimental valudw~30 cm ! presented above is also seen as an increase in the density efectrons in the
gives 6x~20 A . This is small enough to make the contri- graphite fragments. Comparing the temperature depen-
bution of surface phonon modes substantial and to give risdences, shown in Fig. 2, of the optical density of Giéand

to local electromagnetic field effects. Moreover, molecular-shows that the erbium-activated band has a higher thermal
dynamics calculatiofisshow that as the contribution of the stability, which attests to a higher binding energy of erbium
quasifree surface increases with decreasing particle size, tlidoms with graphite fragments. In the approach developed in
anharmonicity of the phonons increases on account of thRef. 12, the increase in the binding energy of erbium with a
relaxation of the surface atoms, thereby increasing the twographite fragment can be attributed to a larger than in copper
phonon absorption. It is possible to that one of these factoraumber ofs electrons in the outer shell. This difference prob-
or all of them together could be responsible for the anomaably also is responsible for the appreciable softening of the
lously high two-phonon absorption that we observed. graphite phonon mode corresponding to tAeéband in the
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TABLE Il. Frequencies of thé band. 030
Band frequencyw, cmt :
(o]
Composition of layer Before After annealing  After annealing = ___,P
annealing at 200 °C at 400 °C 020 e 1,~
- K / °
a-C:H:Cu 1577 1540 - . L - ° \~\ //°
a-C:H:Er 1540 1540 1500 & "™ ~~o O\ A
L N
N\
U.mj o °~\.
\
. : : \2
case ofa-C:H:Er (1540 cm *) as compared with the typi- i \
cally graphite value foa-C:H:Cu (1590 cm %), as is evident or L L |
1 1
from Table II. 200 400 500 500
As one can see from Fig. 1 and Tables | and II, thermal 7K

annealing affects the characteristic features of the transmi%]G. 3. Temperature dependences of the optical density at the maximum of
sion spectra ofa-C:H:Cu films. Is is noteworthy that the the quasidiamond band @fC:H:Er (1) anda-C:H:Cu (2).

results of additional thermal annealing are equivalent for

copper and erbium. In both cases the 2177-trband is

dominant. The nature of this band remains unclear even fan particular, by the correlation between the flareup and de-
bulk diamonds, as already mentioned above. The excessivay of quasidiamond bands and the behavior of the pseudo-
intensification of this mode in nanocrystals suggests that it iRaman graphite bands, as can be verified by comparing the
due to phonon modes activated by the destruction of longelata shown in Figs. 2 and 3. The temperature interval in
range order or local modes due to defects. In the first caseyhich the quasidiamond lines flareup in the case of
we have in mind a limited destruction of long-range ordera-C:H:Cu corresponds to the increase in the intercalation ef-
with preservation of pseudosymmetry of the polytope closesficiency with temperature. A further increase of temperature
to diamond with respect to the symmetry group, for exampleactivates the disintercalation, as one can see from the tem-
the polytopé® 240. In this case it can be assumed that theperature variation of the optical density of tBdine (Fig. 2).
dominance of the 2177-cnt band reflects the slightly The low value of the binding energy of a copper atom with a
higher symmetry of the nanocrystal nucleated in the amorgraphite fragment determines the narrow temperature inter-
phous matrix as compared with bulk diamond. For band llval in which the intercalation of graphite fragments by cop-
which predominates im-C:H:Cu before annealing, we call per occurs and, correspondingly, the quasidiamond bands are
attention to its frequency shift compared with bulk diamondobserved. The temperature dependence of the optical density
for the combination of longitudinal phonon modes thatof the quasidiamond band i&C:H:Er shows a complicate
propagate in th€111) plane. The observed softening of the behavior at the center of the temperature inteifag. 3),
phonon modes in this plane could be due to screening of thprobably because of the restructuring of the hydrogen part of
electric fields associated with them by the charges in thé¢he framework® However, its temperature stability corre-
matrix. Following the model of the nucleation of diamonds lates completely with the stability of th@ band, due to the

via the graphite componeft,t can be inferred that epitaxial higher binding energy of erbium with the graphite fragment,
growth of diamond nanocrystals occurs on (8801 face of  as noted above.

graphite fragments. The existence of graphite fragments, on

which diamond nanocrystals can nucleate, in the experimen-

tal films can be judged from the pseudo-Rantarand D . concrusions

bands activated in the IR specfi@ig. 1). As a result of such The introduction of the metals Cu and Er, which do not
epitaxial growth, a diamond nanocrystal grows in a directionform carbides, into the structure of hydrogenated amorphous
perpendicular to it§111) face, and the combinations of the carbon during cold magnetron sputtering of metals with
longitudinal phonon modes propagating in the plane of thiggraphite leads to metal-induced intercalation of nanosize
face next to the diamond—graphite interface effectively relaxgraphite fragments of the structure. In both cases a gigantic
as a result of the interaction with the electrons in the graphiténtensification of absorption is observed in the region of the
substrate. It should be kept in mind that the interaction otwo-phonon frequencies of diamond. The role of the inter-
copper atoms with graphite fragments increases the freealants in the nucleation of diamondsarC:H:Me remains
electron density in the fragmeni&intensifying this interac- unclear. It is possible that nanodiamonds nucleate in hydro-
tion. It is possible that the local changes in the conductivitygenated amorphous carbon in the process of magnetron sput-
of the host induced by this interaction are responsible for theéering of graphite without the participation of metafshut
anomalous intensification of the electromagnetic field genertheir catalytic activity in this process cannot be ruled out. In
ated by radiation as a result of two-phonon absorption irany case, the intercalation of graphite fragmenta-GfH by
nanodiamonds. It can therefore be assumed that the intensi-metal is important for observing nanodiamonds in thin lay-
fication of the two-phonon absorption is closely related withers by detecting such weak two-phonon absorption in the
the metal-induced intercalation of the graphite fragments abulk diamond. The nanodiamonds detected in this manner
which the diamond nanocrystals nucleate. This is indicatedare of the order of 20 A in size. It is amazing that the pa-
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The results of an experimental investigation of the current—voltage characteristics of Si:As-based
structures with blocked hopping conductivity are reported. The behavior of the dark current

in the temperature range=7— 25 K with bias voltages from-4 to +4 V is analyzed and views
about the mechanisms of dark-current flow are presented. Recommendations are developed

for choosing the bias voltage on the structures for optimal operation as an IR photodetector.
© 1999 American Institute of PhysidsS1063-782809)01905-3

1. INTRODUCTION 8 and 9 cannot be directly used in matrix PDs, since in the
case of backside illumination from the side of the common

A blocked-impurity-bandBIB) structure has been pro- contact for all elements, which is characteristic of a hybrid
posed by Petroff and Stapelbrdchs a far-IR impurity pho- matrix PD, the photosensitive region is protected from IR
todetector that operates at liquid-helium temperatures. Itsadiation by a thick(400 wm), strongly absorbing layer of
main advantage over the classical impurity photodetector —silicon.
high quantum efficiency combined with a high doping level The maximum detection power of a BIB-PD operating in
of the photosensitive layer and a low noise level due to the low-background situation is limited either by the noise of
presence of a blocking layer — has made it possible to prothe matrix silicon switch or the noise due to the flow of the
duce matrix photodetectof®Ds that operate in the spectral
range 0.4—-4Qum (Refs. 2 and B In isolated BIB structures
a quantum-counter regime appears to have been rehlizec
and photosensitivity at IR wavelength 190m has been
attained?

Nonetheless, until now no systematic experimental data
on the behavior of the dark current—voltage characteristics
(IVCs) of BIB structures that could be used to establish the
basic processes that control the flow of dark current and ta
optimize the parameters of photodetectors have been pub 70
lished. In Ref. 1 the temperature at which the dark IVCs
were measured and the areas of the BIB structures were nc
given. The dark-current IVC presented in Ref. 6 was mea-z
sured over two orders of magnitude in current and at one
temperature and therefore cannot serve as a basis for anal 79
sis. In Ref. 7 the dark IVCs were measured over an order of
magnitude in current and at two temperatures.

The data presented in Refs. 8 and 9 clearly do not cor-
respond to a BIB structure and its operating regime in a
matrix photodetector. The main features predicted in Ref. 10 10-75_
for the IVC of a BIB structure is asymmetry attributable to
the asymmetry of the BIB structure, and a strong nonlinear-
ity due to carrier injection from the contacts. The forward | . | . "
and backward currents in the structufésneasured with a -4 -2 0 2 4
bias voltage of 1 V, differ by no more than an order of Y
magnitude, indicating that the bIOCk.mg effect is weak. It wil FIG. 1. Family of current—voltage characteristics of a BIB structure at tem-
be shown below that the current difference can reach morgeragrer, k: 1 — 24,2 — 22,3 — 20.5,4— 19,5 — 17.5,6 — 15,7 —
than six orders of magnitud&ig. 1). The structures in Refs. 11.6,8 —9.7,9 — 7.4.
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dark current of the BIB photocells of the matrix. The maxi- mise in the requirements for the BIB structure from the
mum signal integration time that can be obtained in a PDstandpoint of maximum photosensitivity and connection with
with given storage capacitance of the switch also determinethe switch. The density of the compensating impurity in the
the dark current of the BIB photocells. On this basis wephotosensitive layer, whose value is of fundamental impor-
performed an experimental investigation of the dark current-tance for operation of BIB structures as photodetectors, was
voltage characteristics of BIB structures. The results are remeasured by the low-temperature photoluminescence
ported below. method on samples obtained in the perfected regimes but
without the introduction of arsine into the gas phase. Analy-
sis of the impurity composition showed that the boron den-
sity fluctuates in the rangdlg=(2—4)x 103 cm™* and the

The BIB structures were fabricated using 76-mm-diamgroup-V impurity densities ardlp=2x 10" and Ng,= 10
n-silicon wafers with(100) surface orientation and resistivity cm™2.
10Q- cm. The BIB structure was fabricated by gas-transport  After the BIB structures were fabricated, the density of
epitaxy at 1180°C from Siglwith total impurity content the compensating acceptors in the photosensitive layer was
less than 10°% on the UNES-2PV setup. Figure 2 shows measured at temperatur&=10 K by the method of
the typical density distribution of arsenic atoms, measure@¢apacitance—voltage characteristic@—<V). The valueN,
with an ARS-100 setup by the method of resistance to=(2+1)x 10 cm 2 which we obtained matches the data
spreading on a spherical section, in the epitaxial layer usingbtained by the low-temperature photoluminescence method.
a mixture of arsine with hydrogen for doping. The “built-in” layer plays the role of a common ohmic con-

The impurity concentration in the photosensitiig” tact for all BIB elements where the charge carriers are not
layer was chosen from the data in Ref. 11 according to thérozen out down to 4.2 K. The second ohmic contact to the
optimal doping to obtain the maximum quantum efficiency.blocking layer, which is a separate contact for each element
The donor densityNy in the “built-in” N** layer should of the matrix, is located on the planar side of the silicon
reach a value at which the low-temperature freezing of conwafer and is obtained by ion implantation of phosphorus
ductivity is no longer observed and the layer becomes suitwith densityNp=2x 10 cm™3, followed by annealing.
able for use as an ohmic contact at low temperatuies ( Samples of the BIB structures were secured on a copper
>5x 10" cm™3; Ref. 1). The impurity density in the block- holder and cooled in a transport helium Dewar. The con-
ing | layer is determined from the condition that the hoppingstruction of the holder reduces to a minimum the thermal
conductivity decreases to low values, and that its value in th&ackground incident on the BIB structure and the leakage
experimental structures<(10*> cm™3), which is determined currents. The current was measured with a \iZEelectrom-
by the residual impurity in the technological setup in thiseter: the current noise threshold was 1DA. The absolute
process, satisfies this condition. The thicknesses of the phaalue and stability of the temperature were monitored with a
tosensitive and blocking layers are determined by a comprosemiconductor detector. The temperature was varied by regu-

lating the distance to which the holder was lifted above the
helium surface.

2. SAMPLES AND EXPERIMENTAL APPARATUS

701.9 -

3. RESULTS OF MEASUREMENTS OF THE

. CURRENT-VOLTAGE CHARACTERISTICS AND
d . DISCUSSION

0 The current—voltage characteristics of the BIB structure
o000 eorten 0y 0 are quite complicated and cover many orders of magnitude in
° current. Their typical form is shown on a logarithmic scale in
‘ Fig. 1. The area of the experimental structural elements is
} 70X 80 um?. A positive potential on the planar electrode
1 corresponds to the working polarity of the photodetector, and
>t a negative potential corresponds to the reverse polarity.
: Analysis shows that in region | at relatively high tempera-
l
|
I
I
b
f

turesT>17 K and low voltages the IVC is linear and the
current is an exponential function of temperatiFég. 3
with activation energy close to the activation energy of an
As donor level in Si. Hence it follows that in this region the
current is determined by the equilibrium electrons that move
along the conduction band. As the temperature is lowered,
—L L L the current in section | becomes immeasurably small. The
o K ' 0 40 main feature of the IVCs of BIB structures, as predicted in
Ref. 10, is their asymmetry, specifically, the zone Il ranging
FIG. 2. Arsenic densiti,, distribution over the depth of the layer in an N Width from tenths of a volt to several volts where the
epitaxial BIB structure. current becomes immeasurably small, i.e., current blocking

1015 .... Py YL
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FIG. 5. Temperature dependence of the current in a BIB structure ith:

FIG. 3. Temperature dependence of the current in a BIB structure at tenthe working polarity (+1 V), 2 — the reverse polarity{1 V).
peraturesT>17 K and bias voltag&/=0.3 V. The ionization energy of a
single arsenic atom in silicon Bps=54 meV.

finite density of compensating acceptors. For the reverse po-
larity, the external bias voltage is applied entirely across the

blocking stems from the fact that for the working polarity ostIOCkmg Iayer(_F_lg. 4b, which is several times thinner than .
the photosensitive layer. As a result, there is a larger electric

the BIB strL_Jcture(Flg. 4_3 the applied _external bias voltage field on the injecting planar ohmic contact and exponential
decreases in the blocking layer and in the space-charge re-

. . . current growth, starting with small biases. For the working
gion of the photosensitive layer arising as a result of the : _ .
polarity of the external voltage, similar current growth is
observed when a certain bias voltage is reached. Unfortu-
nately, the other features of the IVCs of BIB structures are
not contained in Ref. 10 because the computational model
used there is extremely simple — the punch-through struc-
ture model.

Exponential current growth in section Il can apparently
be treated as electron tunneling from the impurity band into
the conduction band of silicon at the photolayer—
(blocking laye} interface with a positive bias and as electron
tunneling from theN* " region of the planar ohmic contact
into the conduction band of the blocking layer for negative
polarity. A tunneling current in the simpleN™*—N
—N** structures has been observed in Ref. 12 at liquid-
helium temperatures. For both polarities this exponential cur-
rent growth(section Il passes into a more even section IV.
b An exponential temperature dependence of the current is ob-

+ o served in this sectiofiFig. 5. At V=+1 V the activation
N el e N N energy ise=8.5 meV, which corresponds to the current

' bounded by the hopping conductivity along the impurity
band in silicon at the given donor densitjy=5x 10’
cm 3, and acceptor densitpy,=2x 10 cm 3. To check
this explanation of the current behavior in section N/} *
—N*—N™*7 structures were fabricated from the BIB struc-
tures by etching off the blocking layer. Their IVC in this
temperature range correspond completely to the section 1V
of the IVC of BIB structures. In accordance with the model
— for weak compensatiof, the position of the Fermi level in
etinininininini! I the impurity band with respect to the level of an isolated

! donor is given by the reIatioEF=0.9912N33/47rX. Hereq
is the electron charge, andis the permittivity of the semi-
FIG. 4. Distribution of the potential in a BIB structure — with the work-  conductor. In our case we obtdif =9 meV, which is close
ing polarity of the external biad — with the reverse polarity. to the experimental value of the activation energy and indi-

I
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cates that the conductivity along the impurity band is due tosoltage on the photocells becasue of the greater thickness of
holes transferred from the Fermi level into the peak in thethe space-charge layer and therefore higher power—current
density of states of the impurity band. The mobility in the sensitivity.
impurity band, estimated in section IV from the current den-  The section V, in which the noise intensity and the pho-
sity in the structure and the acceptor densityuis 1 cn?/  toresponse were found to increase simultaneously, is inter-
(V-s), consistent with the data of Ref. 4. esting for operation of an isolated BIB photocell. In this

Switching from the bias region IV to region V, the section the power—current sensitivity reaches several hun-
power—current sensitivity of the BIB elements increasesdreds of A/W, and the detection power passes through a
reaching several hundreds of A/W. In Refs. 14 and 15 thisnaximum, but the large variance of the dark currents from
growth is attributed to avalanche multiplication of chargeone element to another makes it impossible to use them in
carriers due to impact ionization of impurity centers. How-the matrix. Section Ill can therefore be used for detection of
ever, in this case the hopping conductivity along the impuritythe IR radiation in matrix PDs.
band, which is connected in series with the avalanche con- We wish to thank D. O. Leonov for assisting in the fab-
ductivity, must be able to provide carrier outflow from the rication of the samples.
multiplication region and the observed value of the current.
It has not been ruled out that the intensification of the pho;”E 4 _

. .. . . -mail: esaev@thermo.isp.nsc.ru
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The instability of a two-dimensional electronic liquid in the channel of a ballistic field-effect
transistor is analyzed by investigating the energy balance. A criterion of instability is found for
arbitrary boundary conditions. Using energy-balance analysis we propose a device with a

high instability growth rate. The transistor possesses a spatially nonuniform channel and is
analogous to a divergent channel in classical hydrodynamics. Our computed growth rate

and threshold of the instability for this device agree with the computational datal9%®
American Institute of Physic§S1063-7829)02005-F

1. INTRODUCTION instability of the stationary state. Next, following the hydro-

D’yakonov and Shurhave described a new mechanism dynarmc anglogy we shall ana_llyzg the energy balance for a
two-dimensional (2D) electronic liquid. Both approaches

of plasma-wave generation in the channel of a ballistic field- ) -
. . lead to the same result: Instability depends on the boundary
effect transistor(BFT). It was shown that the behavior of . . .
) . conditions and arises if the energy flows from an external
electrons in the channel can be described by the hydrody="" ".". .
namic equations for shallow water, where the water Ievef:IrCUIt into the transistor channel.
q ' In Ref. 1 it was shown that the behavior of the electronic

plays the role of the gate—channel potential and the plasma_ .. e ;
waves correspond to waves on the water surface. When t I%qwd in the channel of a ballistic field-effect transistor can

e : oo e described by the following expressions, which are similar
source voltage is fixed and the current is maintained constan0 the hvdrodvnamic equations. for shallow watér:
at the drain end, the stationary state is unstable, which resul%s y y q '
in the generation of plasma waves. As shown in Ref. 1, the

: 2 o N 9 [V eU
instability is a consequence of the amplification of a plasma — + _(_ + _) =0, (1)
wave reflected by the drain of the transistor. gt ox\ 2 m

In Ref. 2 the effect of the friction of the electronic liquid,
due to the scattering of carriers as result of collisions with ﬂ+ i(VU)=O @)
phonons andor) impurities, on the instability growth rate at  Ix '

was examined. In the presence of friction the growth rate

decreases and the instability acquires a threshold charactayhere V(x,t) is the local electronic flow velocity, and

As shown in Ref. 2, the high plasma oscillation modes ardJ =Uys(X) —Uy; hereUyy(x) is the local voltage between

always less stable than the low modes. Accordingly, in Refthe gate and the channgl, is the threshold voltage, amdis

2 the increment and threshold of instability were calculatedhe electron effective mass. The equatidn is identical to

in the high-mode approximation. The results of the analytidhe Euler equation for shallow water, where the voltage

calculation are in agreement with the results of a numericatorresponds to the level of the shallow water. In the conti-

simulation. nuity equation(2) we already took into account the relatfon
In the present paper we analyze the D’yakonov and Shufor the approximation of a smooth Shockley channel

instability by investigating the energy balance and we find an

instability criterion for arbitrary boundary conditions. n=CUl/e, 3

wheren is the local surface density of carriers induced in the
channel,C=¢pe/d is the capacitance of the insulating layer
beneath a gate of unit area, atglande are the permittivity

We shall analyze the D’yakonov—Shur instability with and relative permittivity of the subgate layer.
arbitrary boundary conditions. For simplicity we disregard In the absence of carrier scattering the stationary state of
scattering of the carriers. First, using the standarda two-dimensional electronic liquid is characterized by a po-
perturbation method we shall find the growth rate of thetential Uy, which is constant along the channel, and the flow

2. THEORY OF INSTABILITY IN A BALLISTIC FIELD-EFFECT
TRANSISTOR. EFFECT OF THE BOUNDARY CONDITIONS

1063-7826/99/33(5)/8/$15.00 578 © 1999 American Institute of Physics
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velocity V. Following the standard procedure, the small per-imaginary impedancegZ,(w) and Zy(w), respectively, are
turbations V=V,+ 6V(x,t) and U=Uy+ dU(x,t) of the correlated with these operators. It is easy to rewrite in this
stationary state can be written as notation the boundary conditions considered in Ref. 1:
V=V, (x)exp(—i ot), Z.=0 for a fixed source voltage antj;=« for a fixed drain
current.
SU=U (x)exp —iwt). (4) Solving Eq. (5) with the boundary condition§6), the

. o ) instability growth rate can be written in the form
Using Egs.(4), we can easily find a solution of the system of

linearized equation§l) and (2) in the form S

_ _ "= 57 (1=M?)inrgd, @)
u,=Aexpik,n)+Bexpik,n),
vi=Aexpik,7)—Bexpik,n), where
and 1-M+z;'1+M-251
ji=A(1+M)expik,7) —B(1—-M)expiky7), 5 rSd_l—M+ZJll+M—Z;1

where A and B are arbitrary constantsy;=V;/Ss, U, is the complex reflection coefficient at the source and drain
=U, /Uy, andj;=u;M +v, are the dimensionless values of With the boundary conditiong6). We note that in the ab-
the perturbations of the voltage, velocity, and current, resence of currenti.e. for M =0) there is no instability. Using
spectively;U, and V, are the potential and flow velocity at the expressio), we can easily find the necessary condition
the transistor source, ald, andS,=(eUsm) 2 are, respec- for instability (i.e., when|rs{>1) in the form
tively, the Mach number and the velocity of the plasma wave 12 <|Z4. ®)
at the source. The dimensionless wave vectdrs, ° d
=+ wl[Sy(1+M)] correspond to plasma waves that propa-The expressior(8) determines the necessary condition for
gate parallel and antiparallel to the current, respectively. Thénstability. This condition is satisfied identically for the
complex frequencyw=w’ +iw” can be determined from the boundary conditionZ,=0 andZy=2 considered in Ref. 1.
solution (5) with prescribed boundary conditions. A positive In reality, there is an additional condition for instability.
imaginary partw”>0 of the complex frequency corresponds In the limit M— 1, the gainjr | is infinite. At the same time,
to instability. the instability growth rate vanishes & — 1 because of the
We shall now discuss in greater detail the instability additional cofactor in the expressién). This occurs for the
mechanism of Ref. 1 with a fixed source voltagg{1)=0, following reason: The wave propagates in the forward di-
and a fixed drain current;(1)=0, of the transistor. As rection for timel/[Sy(1+M)], while it propagates in the
shown in Ref. 1, instability occurs because of the amplificabackward direction for the longer timé Sy(1—M)]. In the
tion of the plasma wave as a result of reflection at the sourcdimit M— 1, the propagation time of the wave in the back-
In Ref 1, for example, the case of a voltage perturbatipn ~ ward direction becomes infinite. We note that under the con-
for which the amplitude gain at the draiﬁg:(l.;_ M)/ ditions of superfluid flow (M>1) the plasma wave can
(1—M) is much greater than 1 for<OM <1, was analyzed. propagate only in the direction of flow. For this reason, even
Here the superscript corresponds to the type of perturbatioth the gain|rsq is infinite, the instability growth rate is van-
wave and the subscript corresponds to the device boundarighingly small in the limitM — 1, and forM>1 it becomes
Amplification does not occur at the source, sifRg=—1.  nhegative. Thus, we have clearly shown that there exists an
At the same time, the wave of current perturbatipn,jnten- ~ additional condition for instabilitl <1, suggesting that the
sifies at the drain. It follows from Eq5) that in this case the flow in the channel must be subsonic.
amplitude gains at the source and drain are, respectively, We shall now analyze stability starting from the equation
R'S:(1+ M)/ (1-M)>1 andR'd =—1. Itis easy to see that Of energy balance. Using the hydrodynamic equations for
in both cases the product of the amplitude coefficients reshallow water, we obtain

mains constantRs=RYRY =RL.R}. This rule also extends g0

to the case of the perturbation wave. Thus the quantity &_I(J de) =Ad, 9

R4 is an invariant and does not depend on the type of per- 0

turbation wave. This quantity is the gain of a plasma wave eU/eU eUV/V2 eU

over the total time that the wave propagates in both direc- E=_-—|—+V?]|, =—|—=+—=1,

. . . P o 2m\ m m \ 2 m

tions. The instability growth ratew” is positive when

|Rsd>1. whereE(x,t) is the energy density, arl(x,t) is the energy
We shall consider arbitrary boundary conditions at theflux density of the electronic liquid. Energy flows in the

source and sink of the transistor: same direction as the current in the chande®)=®(0,t)

A . —®d(l,t). The integral on the left-hand side of the expression
U1 (01) =Zj1(0), (9) is the total energy of the electron flow. The sign of the
(1) =24 1(1.0) ©) time variation of the total energy depends on the sign of the
no ala(h.b)- right-hand side of the expressi¢®). The total energy of the
In the expression$6) the gate—source and the gate—drainelectronic liquid increases if energy flows from an external
impedances are indicated by operators. In what follows, theource into the channel, i.e\®>0.
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Linearizing the expressiof®) and using the expressions case and in the case of a uniform channel. Instability exists
(1) and(2), we easily find the energy flux densidy(x,t) in  when M <1. It can be shown that the growth rate of the
the form instability is always greater in this case than in the other two

® = 5j(Su+Mov)S5, (10 cases. B_oth caseM>My ar!d MS<_M 4) can b(_a realiz_e‘?j

in a device whose channel is spatially nonuniform, i@.,

where du= 56U (x,t)/Ug, Sv=26V(X,t)/S;, and §j=Mdu =C(x). A nonuniform transistor channel can be obtained by
+ dv. Let us consider the source contact. In general, whewarying the permittivitye or the thicknessl of the subgate
the impedancé&, at the source contact is given, we obtaininsulating layer. In what follows we shall distinguish
the following expression for the energy flux densif0.t): convergent-channel @’ <0) and divergent-channel C(

— ¢,2c5|7 | -2 >0) transistors, respectively. These devices have corre-
©(00) = 0uy 12 M. e sponding analogs in classical hydrodynanficds will be
Since ®(0,t)>0, the energy flux at the source is directed shown below, the instability growth rate is much higher in a
from the external circuit into the device channel. It is impor- divergent-channel transistor than in a transistor with a uni-

tant that for a fixed currenv the energy flux density in- form channel

creases with decreasing value Zyf. The behavior of the 2D electronic liquid in a channel
Let us consider a channel at whose source and draiwhich is longitudinally nonuniform is described by the Euler

contacts the impedancé&s andZ,, respectively, are given. equation(1) and by the continuity equation

The energy flux at the drain is directed away from the tran-

sistor channel into the external circuit and is given by an EjL ii

expression similar to the expressidr). The modulus of the gt Cox

difference A® of the energy flux entering at the source, \we note that this equation differs from the hydrodynamic

@(0}t), and the energy flux leaving at the drad(l,t), are  continuity equatiod which describes “shallow-water” flow
positive if | Zg|<[Z4|. This condition is identical to the con- j, 5 pipe with a varying cross section.

dition (8) obtained above.

Thus, both approaches — the perturbation method and
the energy-balance analysis — lead to the conclusion that, in  U(0Ot)=Us  and  j=CqU(l,t)V(l 1), (13
general, the instability occurs whéhg| <|Z4|. An additional
instability conditionM <1 is that the motion of the two-
dimensional liquid must be subsonic.

(CVU)=0. (12

Let us consider the boundary conditions

where U is the constant voltage maintained at the source
(x=0), j is the constant current at the draix={1), andCy
is the subgate capacitance at the drain.

The steady state in a ballistic transistor with a nonuni-

3. DIVERGENT- AND CONVERGENT-CHANNEL form channel is characterized py the voltdgig the velocity
TRANSISTORS— NEW BALLISTIC MOS TRANSISTORS Vo, and the Mach numbeM, which all vary along the chan-
WITH A LONGITUDINALLY NONUNIFORM CHANNEL nel of the transistor. For the steady state Hd$.and (12)
can be written in the form

We shall now investigate the D’yakonov—Shur instabil- )
ity in a ballistic transistor with a longitudinally nonuniform J=CVoUo, (14)
channel. For simplicity, we shall consider boundary condi-
tions such that the source voltage is fixef€ ) and the
drain current is fixed Z,=0).! For these boundary condi-
tions energy is pumped at the source, while the energy flux at

the drain is zero. Therefore, for a fixed pumping letiad., tion of mass in hydrodynamics. The equatitt6) can be
fixed M) the Mach numbeMy at the drain is arbitrary. At ,qeq 1o determine the spatial distribution of the Mach num-
the same time, the total transit time of the plasma wave in thBer along the channel and has an analog in classical hydro-

fo_r_ward and backward directions an_d, asa result, the inStadynamics in the form of an equation that describes the mo-
bility growth rate depend on the distribution of the Mach tion of a liquid (gag in hydrodynamic (aerodynamic

number along the channel. Let the Mach numbde€1) be ;5165 The solution of Eq15) can be easily found in the
given at the source. Let us also assume that it increases aImﬂgrm

the channel to the Mach numbkgty at the drain. In this case

forward passage of the wave requires less time and the re- C(M) Mg
verse passage more time than in a device with a uniform C—s: W
channel. For some critical Mach number at the source,

MS'<1, we haveM4=1. The instability vanishes, since the wherei =M =j/CUS; is the dimensionless current, equal
propagation time of the plasma wave in both directions igo the Mach numbeMg at the source, an@; is the capaci-
infinite. We therefore have an instability whev<M¢"  tance at the transistor source.

<1. Figure 1a shows the functioo(M)=C(M)/Cg, nor-

Let us now consider the opposite case in which the Machmalized to the value of the capacitance at the source and
number decreases along the chankkl>M . Now the pas- calculated for the casil >0 using the expressiofl6). The
sage of the wave requires more time in the forward directiorfunctionc(M) has a minimum at Mach numbét=1. Fig-
and less time in the reverse direction than in the precedingre 1b shows the reduced subgate capacitaf®&=c(1),

dM 1 12+M2dC 1

Gy M 21 mzdyC 9

The equatior(14) plays the role of the law of conserva-

2+ M2\ ¥

— 16
2+M?2 19
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FIG. 1. a —c(M) calculated using the ex-
pression(15) for c™"=0.4 andc™"=0.8. The

thick line shows the possible distribution of

the Mach number in the shock waue— Di-

mensionless quantitye

min

numberMg at the source.

TF—-—~—~ ===

0o M7

2)
s

calculated at the minimum of the functi@{M), versus the
Mach numberMg at the source. The conditioo(M¢)=1
always holds at the source. For the upper curve in Fig. 1
this condition holds foM =M or M;=M®, while c™"
=0.8. The lower curve in Fig. 1a correspondsct"=0.4,
and the Mach numbers at the source satify)<M? and
M{M>ME® | Following the hydrodynamic analogy, subsonic
(M<1) and supersonicM>1) branches can be distin-
guished in the functiorc(M).

Let the capacitanc€(x) vary along the channel from a
certain valueCg at the source to the valugy at the drain.
We consider first a convergent—channel transistor, wher;
C,>C4. For subsonic motion the Mach number increases
along the channdthe left-hand branch on the lower curve in
Fig. 19, starting at some value at the souM§1)<M(52) up
to the valueM (" at the drain. When the Mach number at the

versus the Mach

a Divergent channel b Divergent channel
")/M M(’) “) (1)
M, e <Ms "M Mg> M
_ —_
M<1 M>1
c Convergent channel d Convergent channel
—_— —_—
M My=1) M} Mg=1
e —
M< 1 M>1

source equald ?), the current in the transistor channel satu-
rates(the arrowC in Figs. 1a and 2¢ since the flow velocity
at the drain is equal to the plasma velocity, iM4=1. This

effect, called the choking effect, has an analog in classicadupersonic 1>1) flows. ¢ d — Choking regime.

FIG. 2. Schematic diagrams of a divergent-channel transi€gf Cs>1)
and a convergent-channel transist@r(Cs<1) for subsonic 1 <1) and
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hydrodynamics:* Thus the current cannot excest{? . tant to underscore that in reality there exist only shock waves

For supersonic flow the Mach number decreases alonfpr which the Mach number varies abruptly, switching from
the channelright-hand branch on the lower curve in Fig. the supersonic to the subsonic branch. Otherwise, the second
1a), starting at some value of the Mach number at the sourckaw of thermodynamics is violatetlln a shock wave the
M) down to the Mach number at the drait{(") . The chok-  flow velocity and the potential vary abruptly, while the cur-
ing effect appears whell ;= M(S3) (the arrowD in Figs. 1a  rent remains constant. The spatial position of the shock wave
and 2d. Using Fig. 1b, we easily find the values of the in the channel is arbitrary.
saturation currents for subsonic and supersonic flows in an Let us now consider the behavior of the current—voltage
arbitrary convergent-channel transistor. characteristics of a ballistic transistor with a longitudinally

We now examine a divergent-channel transist@ ( nonuniform channel. Introducing the dimensionless voltage
<Cq). The Mach number increases for supersonic flowin the formuy=U,/Ug and using the relation
(Figs. 3b and the arrow in Fig. 18 and decreases for sub-
sonic flow(Fig. 2a and the arrovi in Fig. 13. There is no
choking effect in a divergent-channel transistor for subsonic MCs) %3
and supersonic flows. Uo= ’

We note that Eq(15) admits solutions which have dis-
continuities. These solutions correspond to shock waves in
classical hydrodynamic¥® Shock waves can exi¢Fig. 1a which follows from Eq.(14), the current-voltage character-
in divergent- and convergent-channel transistors. It is imporistic of the transistor can be written in the form

17
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2Ugy 12 able coefficients in front of the main derivatives. Despite this
i=+ 5 > 5 (1—ugg), (18 circumstance, Eq(20) can be easily solved by the high-
(Cs/Cq)*— (1~ Usq) mode method proposed in Ref. 2. It was shown there that the

where ugg=1—uUy(1) is the dimensionless source—drain high modes of plasma oscillations are always less stable than
bias. The+ Signs Correspond to pos|t|\(§|g 3) and nega- the low modes. The |nStabl|lty growth rate is determined by
tive directions of the current. We note that the current—the most highly unstable high modes. For this reason, it is
voltage characteristic of a convergent-channel transistor igxpedient to use the high-mode approximatitm find the
similar to that found in Ref. 7 for a uniform-channel transis- instability growth rate for convergent- and divergent-channel
tor, where carrier scattering occurs. In both cases currerftansistors. Correspondingly, we shall seek a solution of Eq.
saturation is determined by the choking effect. (20) with the condition|Q2[>1, i.e., Q=Q'>0", |a|.

It is interesting to note that the current—voltage charac- We note that Eq(20) is similar to the one-dimensional
teristic for a divergent-channel transistig. 3b) contains a  Schradinger equation in quantum mechanics, and the high-
subsonic branch where the current falls in a direction oppomode approximation corresponds to the semiclassical ap-
site to the applied voltage. This contradiction can be easiljeroximation. The complex frequency plays the role of energy
explained on the basis of the similarity between the elecin quantum mechanics. Substituting into expres<i2d) a
tronic and aerodynamié divergent channels. In both cases trial function of the form
the flow velocity decreases along the channel, while the po-

i
tential (the pressure in the case of the aerodynamic divergent w=F( n)exp{i f k(n)dn|, (22)
channel increases. Correspondingly, the source—drain volt- 0
age drop(the pressure drop in aerodynamiés negative. whereF(7) is a function of the coordinate, ard 7) is a
dimensionless wave vector, we can easily find the dispersion
4. INSTABILITY GROWTH RATE IN A DIVERGENT- relations
CHANNEL TRANSISTOR
. 2_ _
Let us now consider the instability of the steady state in k= 1 9 + i ZM—le 1
a ballistic transistor with a longitudinally nonuniform chan- 1+M|s 2 1-M
nel. Again the expressiofi3) gives the boundary conditions 1 [0 ial2M2+M—-1
at the source and drain of the transistor. We can write ex- ko=— vls 2\ = uz 1
pressiong(1), (11), and (12), which are linearized with re- + S 1-M
spect to small fluctuations of the veloc(x) and voltage 1 Ko/
Us(x), in the f —exd — = ["%a2l9m
1(x), in the form FiA7n)=ex dn|, (22
q ! 2 0 k1’2+b
) e
1oVt = | VoVt EUI):O' where b=QM/s(1—M?). All leading terms inQ) are re-

tained in the expressiof22). The wave vectork,; andks,
correspond to two plasma waves that propagate in the for-
ward and backward directions, respectively. The terms con-
taining the parametar characterize a longitudinally nonuni-

d
—IwU1+ &[C(UOV1+U1V0)]=O,

u(0)=0, form channel.
U1 (1)Vo(1) +Ug(1)V4(1)=0. (19 Finally, we seek the solution of EqR0) in the form
We now transform the expressiofi®) using the dimension- _ . j’?
less correction to the curremt=(C/Cg)(UoV;+UV,)/SE w=AiFa(mexp i 0 Ka(m)d7n
and the variabley introduced earlier:
A n
0 ami-1 Ao n>exp(| | k2<n>dn), 3
(1-M?)w" + 2i§|v|+ Salw 0
B where A, , are arbitrary constants. Using the prescribed
02 2i0Ma boundary conditions, we obtain the relation
&2 s(1-M3)) Fol) [ (1
F.(D expgi | (ky—kydy|=—R, (29
w’'(0)=0, w(1)=0, (20 1 0

where a=C~1dC/d7 is a parameter that characterizes thewhere R=(1+Mg)/(1—-Mjy) is the amplitude gain for a
nonuniformity of the channel) =wl/S; is the dimension- transistor with a nonuniform channel. We note that for a
less frequency, ans=S/S; is the dimensionless plasma ve- uniform channel {=0) R=Rgq, sinceM=Ms=Mg.

locity. A solution of Eq.(20) with prescribed boundary con- Using the expressio(®4), it is easy to find both the real
ditions exists only for strictly determined values of the and imaginary components of the complex frequeficy
complex frequency) (eigenvalues in our problemWe note L q

that finding an _analytip solution of Eq&0) is_a quite d_iffi— Q= wnIZJ 7 '

cult problem, since this second-order equation contains vari- 0 s(1-M?)
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FIG. 4. Instability growth rat€)” versus the Mach number at the source for FIG. 5. Diagram of the instability threshold. The functipg(Ms) with the
a divergent-channel transistax ) = 1+ 0.5z, with constant source voltage boundary conditions(19) for a divergent-channel transistog(7)=1

and drain currentl), with constant source and drain voltadés), transistor ~ +0.57, and a uniform-channel transistdH). Ill — Instability threshold for
with a uniform channél(ll), and a convergent-channel transistt(ry) = 1 a divergent-channel transistor with fixed source and drain voltages. Dots —
numerical calculation, thick solid line — theory. Asympototes: threshold

—=0.1n (Iv).
7V va(Mg) of the choking regime for divergent-channe{l) and
uniform-channél (2) transistors(3) weak-friction limit, y<1.
" term V/ 7, which corresponds to scatterihg,’ to the right-
Q"= In(R)+f(My)—f(M ' '
(R)+1(Mg) = (M) hand side of Eq(1). We can then rewrite Eq15), which

describes the steady state, in the form
2+M?

dn
1-M?2

1aM
s(1-M?)’

+Jo 3 Zdn}/zfol
(25)

wheref(y) =In[(1+y)/(1—Yy)]—2y/3. We underscore that the
expression$25) are written in the high-mode approximation,

|.e.,_f0r_n>1. G|ven_ the_fur_wcn(_)rC(n), using Eq.(14), we fect of friction reduces to the following: For a fixed Mach
easily find the spatial distributioM () of the Mach num- numberMg at the source the value of the Mach number at
ber, which in turn can be used to calculate the instability, S

. . . the drain increases with the friction At some value of the
growth rateQ)” from Eq. (25). Finally, the instability growth fricti o . )
t ter th t . <M tis-
rate depends only on the Mach numbdg at the source. riction parameter the opposite inequaliys=M, is satis

. . fied. Then there is a strictly determined value of the friction
Figure 4 shows the functiof)”(M) for convergent- and ! ! ey ! vau et

. . . . . parametery,, such that the choking effect appears at the
divergent-channel transistors. The instability growth rate |sp Yeh g PP

a2+M? N 3y M
21-M2 2s1-M?
where y=1/S¢7 is the friction parameter.

We recall that for divergent-channel transistor in the ab-
sence of friction the inequaliti ;> M is satisfied. The ef-

M
Vi

(26)

much larger for divergent-channel transistor than for drain, i.e.M4=1. Instability vanishes in the choking regime.

over, asM¢ — 1, the instability growth rate becomes infinite,
sinceR— . In reality, carrier scattering is always present in
a real transistor and, as will be shown below, it decreases t
growth rate substantially.

5. INSTABILITY THRESHOLD IN A DIVERGENT-CHANNEL
TRANSISTOR IN THE PRESENCE OF CARRIER
SCATTERING

As shown in Ref. 2, in the case of a transistor with a
uniform channel the presence of carrier scattefthg analog
of friction between a liquid and the walls in hydrodynanics
leads to lower instability growth rates. The instability ac-

i

8Figure 5 shows the threshold curyg,(My) for a divergent-
convergent-channel and uniform-channel transistors. More- g ve(Mo) g

hannel transistor in this regime.

It is easy to show that for weak frictionyc1) the ex-
ression(25) for the instability increment)” contains the
Kdditional term— vI2. It is also obvious that the instability
should vanish completely in the limit of strong scattering
(y=1). Therefore, for a given value & ; there should exist
a critical value of the friction parametey,,, such that flow
is always stable fory> vy.,. The instability threshold can be
easily found by substituting)”=0 into Eq. (25 and by
substituting the parameter (which takes into account the
presence of friction

C

1+M?+M* 3y
(2+M?)2 Ms’

(27)

a—a

quires a threshold character. For sufficiently large friction theFigure 5 shows a diagram of the instability threshold,
instability vanishes. A similar threshold behavior of instabil- y., (M), for divergent-channel transistor. The threshold dia-
ity in the presence of friction is also observed for divergent-gram lies between the two asymptotes. The first asymptote

channel transistor.
It is easy to rewrite Eqg1) and(12) with allowance for
friction in the electronic liquid. Accordingly, we must add a

(dashed line Lcorresponds to the thresholg (M) of the
choking regime in a divergent-channel transistor. The other
asymptotey,=2Mg (dashed line B corresponds to weak
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friction v<<1, where the Mach number is essentially constanfor the instability and generation of plasma oscillations. At
along the channel. Moreover, Fig. 5 shows the result of demperature3 =4-20,77, and 300 K the carrier mobility in
numerical calculation of the instability threshold obtained bythe channel of a field-effect transistor can reach 300, 30, and
solving the system of equatiori$), (12), and(13) directly 1 n?/(V-s), respectively. For channel lengtlk=1 xm and
by the method described previously in Ref. 8. The results ofypical gate—source voltagd q=0.1 V we obtain the fol-
the analytic and numerical methods are in excellent agredewing values of the friction parameter for the three chosen
ment within the limits of the numerical error. This agreementvalues of the mobility:;y=0.02, 0.2, and 6, respectively. For
confirms the correctness of the high-mode approximatiorthe boundary condition€l3) and the divergent-channel tran-
which we used to investigate the instability in a divergent-sistor considered abov€ig. 4) instability will occur only at
channel transistor. cryogenic temperatures, singe<y.,=0.75. We note that
Let us now compare the diagram of the instability the value of the parametet, depends only on the geometry
threshold of a divergent-channel transistor with the analoef divergent-channel transistor and can differ substantially
gous diagram calculated for a transistor with a uniform chanfrom the value obtained above, including being larger.
nel. The two curves are identical in the limit of weak currentsTherefore instability can be obtained in a divergent-channel
and weak carrier scattering, since in both cases the Mactiansistor by using less pure materials. This greatly simplifies
number distribution along the channel is essentially uniformthe problem of observing instability in practice.
In contrast, for high currents the instability threshold for a
divergent-channel transistor is much higher than for a device
with a uniform channel. For the divergent-channel transistor
considered in Fig. 5 there is no instability for,=0.75,
while this criterion is much smaller for a device with a uni- 6. CONCLUSIONS
form channel. For this reason, to achieve the same instability
level as in a transistor with a uniform channel a material with ~ The instability of a two-dimensional electronic liquid in
a lower mobility can be used for the divergent-channel tranthe channel of a ballistic field-effect transistor was analyzed
sistor. We propose using a divergent-channel transistor as@n the basis of the energy balance. An instability criterion
more efficient generatofdetectoy than existing genera- was found for arbitrary boundary conditions. On the basis of
tors 310 the energy-balance analysis we propose a specially con-
In conclusion, we shall examine the instability in a structed transistor with a high instability growth rate. This
divergent-channel transistofno friction) when both the device, which we call a divergent-channel transistor, has a
gate—source and gate—drain voltages are held constant. Veerresponding analog in classical electrodynamics. Simple
underscore that for a device with a uniform channel there ignalytic expressions were found for the growth rate and
no instability under these boundary conditidi@ec. 3. The threshold of the instability for a divergent-channel transistor
energy flux into the transistor channel at the source equalsf arbitrary shape. We propose this device as a more efficient
exactly the energy efflux at the drain. In contrast, under thesgenerator(detectoy than existing device%°
boundary conditions the instability growth rate is strongly =~ We thank M. D'yakonov, M. Shur, and M. Levinslite
positive in a divergent-channel transistor. For fixed voltagefor support and fruitful discussions.
at the boundary the energy flux density is proportional to the  This work was supported by the French government and
Mach numberM. Since Mg>My for a divergent-channel the Russian Fund for Fundamental Resedfgfant No. 96-
transistor, the differencéA® of the energy fluxes at the 02-17895.
source and drain will be strongly positive under the given
boundary conditions. Energy flows from the external circuit
into the transistor channel, leading to instability. It can be
shown that the gain in a divergent-channel transistor is
R=[(1+Mg/(1-MyI[(1-My)/(1+My)]. Substituting M. I. Dyakonov and M. S. Shur, Phys. Rev. Lettl, 2465(1993.
this expression into Eq26), we can then find the instability M. V. Cheremisin, M. I. Dyakonov, M. S. Shur, and G. G. Samsonidze,
growth rate(Fig. 4 or the given boundary conditions. Using 754" SORSSRoSSee Bl m e
the expression&5)—(27), it is also easy to find the instabil- 1966.
ity threshold(Fig. 5) in the presence of carrier scattering in a 4v. L. Streeter and E. B. Whyliefluid Mechanics(McGraw Hill, N. Y.,
divergent-channel transistor. It is evident that the instability 1985 _ _ _ _
growth rate is comparable to its value for a transistor with a gr'ers‘t?:;:;fs'l‘?g;f Semiconductor Devicéngelwood Cliffs, N. J.,
uniform channel. The advantage of a divergent-channel transy; v cheremisin and G. G. Samsonid#roceedings ISPC24Jerusa-
sistor is that boundary conditions such that the source andiem, 1998; Proc. CMD17-JMC6 (Grenoble, 1998
drain voltages are fixed can be easily realized in practice.;'V'- I Dyakonov and M. S. Shur, Phys. Rev.3, 14341(1995.
Thus a generatofdetectoy constructed on the basis of a ﬁ&&gggv‘ V. Yu. Kachorovskii, and A. S. Furman, Phys. Re\64
divergent-channel transistor can be viewed as an alternativey. |. pyakonov and M. S. Shur, IEEE Trans. Electron Devid@s 380
for existing devices:'° (1996.
Let us now make some quantitative estimates of the’R. Weikle Il, J.-Q. Lu, M. S. Shur, and M. |. Dyakonov, Electron. L8,
characteristic parameters of a field-effect MOS transistor 2148(1996.
based on AlGaAs which are required to obtain the conditionSranslated by M. E. Alferieff
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Semiconductor heterostructures with vertical optical cavities with active regions, based on arrays
of InAs quantum dots inserted in an external InGaAs quantum well, have been obtained by
molecular-beam epitaxy on GaAs substrates. The dependences of the reflection and
photoluminescence spectra on the structural characteristics of the active region and optical
cavities have been investigated. The proposed heterostructures are potentially suitable for
optoelectronic devices at wavelengths neardr8. © 1999 American Institute of
Physics[S1063-782809)02105-3

In the last few years semiconductor heterostructures witlyears for InGaAs/AlGaAs/GaAs heterostructures: the addi-
arrays of quantum dot®QDs) have aroused interest not only tion of small quantities of nitrogen into InGaAs layers and
because of their unique physical properties but also as pronthe use of QD arrays obtained by depositing a strongly
ising materials for various optoelectronic device®ne ad- strained InGa, _,As (x=0.5) layer. For devices with an ac-
vantage of InGaAs/GaAs structures with QDs is the fundative region in the form of a QW based on the quaternary
mental possibility of utilizing the wavelength range near 1.3compound InGaAsN, laser generation has been achieved at a
um (Ref. 2, which is not accessible in the indicated systemwavelength of 1.3um at room temperatuféand the use of
of materials with strained quantum well@Ws) because of InGaAs-QD arrays with 50% InAs content made it possible
the limitations that the conditions of pseudomorphousto obtain a photodetector with a vertical optical cavity for 1.3
growth impose on the QW widthThis opens up new pos- um (Ref. 9. The results of the latest investigations show
sibilities in the search for optoelectronic materials for wave-that it is possible to obtain photoluminescer(&.) in the
lengths neara =1.3 um that could be alternatives to the range 1.3-1.7%m and electroluminescen¢EL) at 1.3um
conventional InGaAsP/InP heterostructures. Although theat room temperature for structures with InGaAs-QD grown
heterostructures mentioned above make it possible to matdhy molecular-beam epitaxfMBE) on GaAs substrate§:!?
the lattice parameters and give the required band gap, they In this article we report the results of an experimental
nonetheless have two fundamental drawbacks: poor temperatudy of the possibility of obtaining by MBE on GaAs sub-
ture characteristics of laser diodes, because of the weak costrates heterostructures with a vertical optical cavity and an
finement of electrons in the active region, and low param-active region based on InAs-QD, placed in an external
eters of InGaAsP/InP Bragg mirrors because of the smallnGaAs-QW, which are potentially suitable for producing
difference of the refractive coefficients of the layers and theoptoelectronic devices for wavelengths near iLr8.
poor thermal conductivity of InGaAs The poor quality of Inserting an array of InAs quantum dots into an external
the InGaAsP/InP mirrors makes it necessary to use fostrained InGaAs quantum well makes it possible to increase
surface-emitting lasers and photodetectors with vertical optisubstantially the wavelength limit of radiation in structures
cal cavities(OC9 a complicated technology based either ongrown by MBE on gallium arsenide substrates. The position
separate growth of AlGaAs/GaAs Bragg mirrors, followed of the maxima in the photo- and electroluminescence spectra
by sintering with the active layéror the use of dielectric can be varied in a controlled manner over a wide range by
mirrors. varying the In content in the outer quantum wéllTo pro-

The production of heterostructures in the system of maduce the active regions for structures with vertical optical
terials InGaAs/AlGaAs/GaAs, which give the required spec-cavities(OC9g we used InAs-QD arrays inserted into an ex-
tral characteristics near=1.3 um, would make it possible ternal 4-nm-wide 1g;Ga, -As QW. The experimental struc-
to produce in a single epitaxial process structures for surfaceures were grown by MBE with the solid state source of As
emitting lasers and resonance photodetectors with AlGaAsh a Riber 32P setup on semiinsulating Gaf$90) sub-
GaAs Bragg mirrors. Two main directions for utilizing the strates. The substrate temperature was 485 °C for deposition
long-wavelength range have emerged in the last three or fowf the active region and 600 °C for the rest of the structure.

1063-7826/99/33(5)/4/$15.00 586 © 1999 American Institute of Physics
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Photoluminescence was excited with an*Alaser (514.5

nm) and detected with a Ge photodiode. The excitation
power density was 100 W/¢mThe reflection spectra were
measured in normal geometry at room temperature using a
Ge photodiode.

The experimental structures were fabricated in three
steps. First, the bottom mirror, based on an undoped AlAs/
GaAs structure with nominal layer thicknesses equal to one-
fourth the working wavelength\(4), were grown by MBE. 1
Mirrors of this type are used for structures with buried
andn™ contact layers, formed inside the active layer of the A A A Ry Wy .y
OC. After the mirrors were grown, the structure was re- o
moved from the chamber and the reflection spectra were
measured. The structure was then divided into individual 3
parts on which the different variants of the active layers were
grown. This approach makes it possible to investigate differ- 1
ent types of active layers with the same bottom mirror. To
avoid problems due to the possibility of oxidation of AlAs, }2

all structures of the mirrors were completed with X/4)
GaAs layer. To ensure that the active-layer material is of
high crystallographic quality, the surface of the bottom mir-
ror had to be properly prepared or it had to be protected after
the completion of the epitaxial process. We used-@.1

— um-thick layer of amorphous arsenic, deposited on theriG. 1. Schematic representation of the transverse section of the experimen-
surface of the structure at20 °C immediately after the ep- tal structure with a bottom semiconduct® and top dielectriq5) Bragg
itaxial process was completed, in order to shield the surfac?ﬂ_ecwrs_il_AGaAB:’T_Shloré'gz”(’d A'AS/GaAﬁ superlatticd — active

of the bottom mirror. Before starting growth of the active region with InAs-QD In an InGaAs quantum well.

layer, the protective coating was removed in the MBE cham-

ber by annealing the substrate at 610 °C for 10 min with an

excess As flow. A sharp diffraction pattern was observed spectra. This is due to the inaccuracy in calibrating the
even at temperatures400 °C, which attests to the absence growth rate and possible instability of the parameters of the
of oxide films beneath the arsenic layer. After the reflectionePitaxial processfor example, slow variation of the growth
and PL spectra of structures with a grown active region weréate for GaAs or AlAs layers or disruption during growth of
measured, the upper dielectric mirrors of various types wer€ne of the layers Moreover, there are discrepancies in the
formed and their influence on the spectral characteristics waata on the composition and wavelength dependences of the
investigated. The final variant of the experimental structurdefractive indices of AlGa, - As.**** For this reason, it is

with bottom and top mirrors is shown schematically inimportant to analyze the experimental reflection spectra and
Fig. 1. to compare them with the computed spectra. The following

When a\/4 reflector is designed for a definite wave- relations were used to calculate the reflection spectra of the
length, it is assumed that this wavelength is the central waveultilayer structures?®
Igngth A for the_ reflection spectrum of a structure with pe- Rir1(N)={ri+1:(N)+Ri(N)exd —2) Bi(M)11}
riodically repeating layers, whose parameters are relatéd as _
X141 (VRN exd —2i 8V, ()

Ae=2n (N )h+2ny(No)hy . 1)
Ri(N)=ry(N),

Heren (\.) andh, are the refractive index and thickness of
the layer with the low refractive indef@lAs), andny(\.) r{(N)=(m;—n;_/(nj+n;_4),
and hy are the analogous parameters of the layer with the
high refractive indeXGaAs. In addition, it is assumed that Bi(h)=2mni(N)/,
the ratio of the optical thicknesses of the layers where\ is the wavelength of the optical radiatidR,(\) is
_ the reflection coefficient for the part of the structure contain-
P=Nr(Ne) /N (he)hy & ing i layers,r;(\) is the local reflection coefficient between
is exactly 1. For a AlAs/GaAs reflector with.=1.3um and theith and the {—1) layers,8;(\) is the propagation con-
refractive indicemy=3.44 andn,_=2.90 the corresponding stant for theth layer,|;=h;coss, is the effective thickness of
nominal layer thicknesses aré,=94.4 nm andh_ theith layer, andh;, n;, and 6, are, respectively, the thick-
=111.9 nm. ness, the refractive index, and the propagation angle for the
However, the conditiori2) holds only approximately for ith layer. Figure 2 shows the computed and measured reflec-
real mirrors. The mismatch between the actual and the ddion spectra at normal incidence of optical radiation for the
sign layer thicknesses can have a large effect on the devidabricated Bragg mirror, which consists of 12 pairs of AlAs/
tion of the experimental reflection spectra from the computedsaAs \/4-layers and which is used to make devices for the
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FIG. 2. Computed reflection spectrum for an AlAs/GaAs Bragg reflector
with 12 pairs of\/4 layers(solid line) and measured spectra at the cefier
and edgg?2) of the structure.

range near 1.2:m. The chosen number of pairs of layersis  , 5i a
inadequate to obtain vertically emitting lasers, since the
maximum value of the reflection coefficient does not exceed
0.98, but it is completely sufficient for investigating the fun-
damental features of structures with vertical OCs. Careful ,
calibration, performed with use of pregrown test structures in *§ 0.6
the form of several AlAs/GaAs layers, allowed us to obtain
reflection spectra close to the computed spectra. However, aé
follows from Fig. 2, in the real structures there is a gradient & ™
of the parameters over the area of the substrates. In our cas
where the substrate was grown during the epitaxy process 8.2
the parameters exhibited a sharp radial nonuniformity. This -
feature was taken into account in the design of the active . : . ! . L . )
region of the structures, since any deviations from the nomi- 1.1 7.2 7.3
nal parameters of the mirrors lead to the appearance of ai
additional phase shift at the working wavelength.

Figure 3 shows the PL spectra for a structure with an 7.9 b
undoped OC with a total nominal thickneks=377.6 nm, : .
corresponding to one wavelengi=1.3 um (taking into
account the refractive index of GaAd he parameters of the
active layer correspond to a test sample with the PL spec- o
trum maximum ai=1.3 um. To eliminate the influence of 2 0.6
surfaces, short-period AlGaAs/GaAs superlattices were in-'{;
serted 20 nm from the active layer at the top and bottom. The3
GaAs—air boundary played the role of the top mirror. At E
room temperature the PL spectrum maximum corresponds tc .
1.33 um. The width of the PL line, determined at half- 0.2 -
maximum amplitude, is 40 nm for a structure with a vertical 5

0.8

t

04

OC, and 70 nm for the test structure. This shows that in our , ; . o , \ . I
case the form of the PL spectrum is largely determined by 1.1 1.2 1.3 1.4 7.5
the parameters of the OC. The small drop in the PL intensity A, pm

upon raising the temperature from 77 to 300 K suggests thaFth 4 Reflect a f e with ive | dared
. . . . . . 4. Retlection spectra tor a sampie with an active layer, measaye

the epltaX|aI structure Is O_f hlgh quahty‘ . and computed(b) with different GaAs active layer thicknesse$: —

The measured reflection spectrum for the experimentals,16n, 2 — 317/32n, 3 — An, 4 — 33\/32n, 5 — 17A/16n0. A

structure is shown in Fig. 4a, and the computed spectra witk 1300 nm,n=3.44.
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3 Semiconductor heterostructures with vertical OCs with
1.0 10 5 active regions based on InAs quantum-dot arrays inserted
s into an external InGaAs quantum well were obtained on
0.8 “h GaAs substrates by the MBE method. Bragg reflectors were
- 0.8 2 used to form the OC: the bottom reflector was based on
So06f g AlAs/GaAs and the top reflector was based on SDS.
+ 0.6 ® The dependences of the reflection and photoluminescence
é’ 0.4 é spectra on the characteristic structural features of the active
< 10.4 ~ region and the optical cavities were investigated. The tech-
S nology developed is potentially suitable for producing verti-
0.2 10.2 5 cal emitters and resonance photodetectors for wavelengths
§ near 1.3um on gallium arsenide substrates.
01.7 7.‘2 7"3 7 p 50 = This work was supported by the Russian Fund for Fun-

A, pm damental Research and INTAS-96-0467. B. V. Volovik is
grateful for an INTAS Grant 94-1028-YSF41.

FIG. 5. Reflection and PL spectra for a sample with an active layer after the

formation of the top\/4 dielectric mirror.
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Correlation between the reliability of laser diodes and the crystal perfection of epitaxial
layers estimated by high-resolution x-ray diffractometry

V. P. Evtikhiev, E. Yu. Kotel'nikov, I. V. Kudryashov, V. E. Tokranov, and N. N. Faleev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Fiz. Tekh. Poluprovodr33, 634—638(May 1999

The dependence of the degradation of high-power quantum-well GaAs/AlGaAs laser diodes,
grown by molecular-beam epitaxy, on the crystal perfection of the individual layers of the
heterostructure is investigated. The crystal perfection of the layers is estimated by high-
resolution x-ray spectrometry. A numerical fit of the diffraction-reflection curves is performed
using the Debye—Waller static factor. It is shown that considerably higher crystal

perfection of laser heterostructures can be obtained by using as the waveguide layers binary
AlAs/GaAs superlattices instead of the solid solution AlGaAs. 1@99 American Institute of
Physics[S1063-782@9)02205-X

The need to increase the service life of powerful injec-diffractometry. The laser structures for the investigations
tion lasers is stimulating further investigations of the initial were grown using the TsNA-4 molecular-beam epitaxy sys-
epitaxial structures to determine the possible reasons for them on orientech* -type GaAs(001) substrates. The struc-
degradation of these devices. Investigations of the degrad#dres contained 0.%m-thick n™-type GaAs buffer layers)-
tion of injection laser diodes can be divided into two direc-and p-type Aly¢Ga /As emitter layers, waveguide layers,
tions. The first one is the study of degradation arising neafl00-A-thick GaAs quantum well€QWs), and 0.5xm-thick
the mirrors of the laser diodes as a result of surface phenonp™-type GaAs contact layers. The quantum well in type-|
ena and the interaction of the material with atmosphericstructures (Fig. 18 was confined by 0.Z2em-thick
oxygen? In this area of research several methods for im-Al, ,Ga, gAs waveguide layers and in type-Il structur@sg.
proving the reliability of lasers have been suggested: the uskb) the well was confined by a 0.2&m-thick layer of a
of Al,O; thin films for the mirrors and the use of nonab- variable-gap superlattice(VSL) with linearly varying
sorbing mirrors' The second one involves the study of vol- band gap, similarly to the equivalent graded layer
ume degradation due to the imperfection of the epitaxialAlg;Ga gAS—Aly Gay gAs. Then-type dopant was Si and
layers®=’ We posed the problem of finding methods for pre-the p-type dopant was Be. The choice of growth regimes for
dicting degradation this type for epitaxial layers, obtained byall layers and monitoring of the growth procdgsowth rates
molecular-beam epitaxyMBE), on the basis of structure- and substrate temperatuyresere performed by the HEED
sensitive diagnostics methods. High-resolution x-ray diffracimethod. The growth rates were measured from the oscilla-
tometry, widely used for investigating various hetero-tions of the intensity of the specularly reflected reflectioff
structure$:® was chosen as the main method of investiga-Bragg. The ratio of the fluxes of group-V/Ill elements was
tion. chosen in the range 1.5-2.0. The buffer and contact layers

High-resolution x-ray diffractometry is based on the in- were grown with substrate temperature 600 °C ardiZsur-
ference of x-rays in multilayer heterostructut@s! This  face reconstruction. The wide-gapAGay JAs emitter lay-
method possesses, on the one hand, high spatial resolutiens of all laser heterostructures were grown with a sub-
which is comparable for certain types of heterostructures tatrate temperature of about 720°C. The solid solutions
the resolution of transmission electron microscép¥?and,  Al, ,Ga, sAs — waveguide layers and QW in GaAs — were
on the other, high sensitivity to crystal structural perfection,grown near a substrate temperature of 690 °C. The growth of
which can be used to study the characteristic features of thihe VSL and the QW was optimized near a substrate tem-
mechanisms of epitaxial growth and defect formation inperature 660 °C. The laser diodes fabricated from the experi-
heterostructure¥:*® mental structures for lifetime tests consisted of 108-wide

Using structure-sensitive diagnostics methods, we reand approximately 70@m-long strips with SiQ insulation
solved the problem involving the investigation of the possi-and mirrors formed by natural cleavage surfaces. The diodes
bilities of predicting the development of degradation pro-were soldered onto copper heat dissipators withptheyer
cesses(during the operation of laser diodesvhich are oriented downwards. The devices had good characteristics:
attributable to the imperfection of the crystal structure ofthe threshold generation densities 180—250 Ajcdifferen-
epitaxial layers. tial quantum efficiencies 75-80% on two mirrors, and char-

Two types of MBE diode structuré&ig. 1) were chosen acteristic temperaturek, on the order of 200 K.
as the objects of investigation. The main method of investi-  The x-ray diffraction studies were performed on a TRS-1
gation was the nondestructive method of two-crystal x-rayhigh-resolution diffractometer. A dislocation-free Ge single

1063-7826/99/33(5)/4/$15.00 590 © 1999 American Institute of Physics
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0.5um, p'-GaAs
0.8um, p-AlpsGagsAs

0.25um, SL-AlAs/GaAs
100A, GaAs

FIG. 1. Schematic diagram of two

0.25pum, SL-AlAs/GaAs types of laser heterostructures: a —
with an AlGaAs waveguide; b —
0.8um, n-AlpsGagsAs with a waveguide in the form of an

AlAs/GaAs superlattice.

Sum, #'-GaAs
n'-GaAs, substrate

Sum, n-GaAs
——n'-GaAs, substrate

crystal, asymmetric for th€004) reflection (CiK,, radia-  structure grown were compared with the technological pa-
tion), giving a divergence of 1.0—1.Zor monochromatized rameters measured using the HEED oscillations and incorpo-
radiation, was used to monochromatize and collimate th&ated in the growth program. Typical data obtained by the
x-rays. The beam size after the monochromator was limitedwo methods are presented in Table | for structures from
by the exit slit to 0.%X2.0 mnf in order to decrease the different seriesA-224 and A-327. Comparing these data
influence of the bending of the heterostructures. The diffracshows that they are at least consistent with one another.
tion reflection curve$DRC9 were measured in a symmetric When analyzing the RDCs, it is necessary to take into
geometry near th€004) reflection of GaAs. account the fact that the laser diode structures are
At the first stage a qualitative preliminary analysis of the"interference”-type multilayer heterostructures. In crystallo-
shape and parameters of the DRCs showréd. 2) that all  graphically perfect layers of this type, each layer and a col-
laser heterostructures that were grown possess high crystiglction of some layers influence in a definite way the shape
perfection — there are no extended defdofsthe mismatch and parameters of the resulting diffraction curve. For ex-
dislocation typg The epitaxial layers are planar and the in-ample, the parameters of the quantum w#lickness and
terfaces are sharp. The density and size of the structural deemposition influence primarily the shape of the envelope
fects(primarily of the point type or clusters of such defgcts of the curve near the peaks that correspond to the waveguide
are not so large that under our conditions of measurement déyers. The thickness and composition of the QW and the
the diffraction curves the off-planarity of the layers, the vol- waveguide layers determine the shape of the emitter peaks,
ume stresses, and diffuse scattering would wash out therhose position and shape, with good matching of the com-
thickness oscillations and broaden the diffraction peaks. Apositions in the bottom and top emitter layévathin 2—4%
the second stage of the investigations, to simplify the subsewith respect to the quantity of Alis uniquely determined by
guent numerical fit the parameters obtained from the DRC¢he interference of the radiation diffracted by them. The re-
(layer thicknesses and percentage compogitifan each sulting pattern near a substrate peak is a superposition of

1 - experimental
1 - experimental b 2 - calculated
2 - calculated
2L 1 1072__ )
z 10 >
g 8
u) N
o 5]
x
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FIG. 2. Experimentall) and computed?) diffraction curves of th€004) reflection (CK ., radiation for samplesa — with an AlGaAs waveguideX-224)
and b — with a waveguide in the form of an AlAs/GaAs superlattiée3Q7).
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TABLE I. Comparison of parameters obtained by the RDC method for twotyre (the composition and thickness of the layeisis first
structures whose technological parameters were measured using HEED ‘ﬁ'ecessary to match the positions and shape of the main peaks

illations. . — T :
catons and thickness oscillations, taking into account the interfer-
S s | Measurment method ence nature of the formation of the diffraction curves. When
tructure tructural :
No. parameters HEED DRC the shapes of the computed and experlmentql curves match
well, a difference of their parametefthe comparison should
224 fe. #m 43-8 58-75 be made according to the reflection coefficients of the main
i Nte(AI,)L’mA) 0.4 0.36 diffraction peaks — from the substrate, from the waveguide
NL(AD), % 20 29 and emitter layepsindicates that small cluster-type crystal-
te, um 0.75 0.77 line defects are present in the structure under stddshe
A327 Ne(Al), % 55 57 static D—B factor was used for the final fit of the parameters
ty, M 0.45 0.46

of the computed curves. The experimental and computed val-
ues of the reflection coefficients for the main peaks must be
Note: HEED — high-energy electron diffraction, RDC — diffraction reflec- matched by adjusting this factor.

tion curve,t, andt,, — thicknesses of the emitter and waveguide layers, The investigations of the degradation of laser diodes
Ne(Al) andN,,(Al) — Al content in the emitter and waveguide layers. were performed on severéhree or fouy samples of each
structure in the regime where the initial working current for
output optical poweP =0.4 W from each mirror with fixed
eneat-removal temperatur@ =25°C is maintained. The

The existence and sharpness of these oscillations, togeth(é ;V(_es gf. thti.Ume—depePdence cl)f the OUttPUt (f)ptlcal pot\r/]ver
with the other indicated characteristics, are consequences amned n this manner for samples operating for more than

the high crystalline perfection of the structures investigated: 000 h usually consisted of a continuous saturating decrease

As a rule, large changes in the parameters and shape of tf¢% the output optical power, which occurred most likely be-

RDCs, due to large disruptions of the crystalline perfectioncause of the degradation of the material near the mirror sur-

of the heterostructures can be easily interpreted. The absenf@ €S- A characteristic feature in the time dependence of the
of a particular group of thickness oscillations in the RDCs or0UtPut optical power for samples with a short service life was
a change in the shape of the curves, for example, near tH8€ terminal section where the power dropped shaifhB0
emitter or substrate peaks, indicates that the growth proced8in. most likely because of the development of dark-line
has been disrupted at a definite stage. defects in the interior of the material. The final stage of the
At the third stage of the investigations numerical fitting Process of rapid degration was observed under an optical
of the RDCs was used to refine the distribution profile of theMicroscope on specially prepared samples with an optically
deformation and composition and to estimate the density offansparent contact and by examining the degraded samples
structural defects. The dynamic Takagi—Topen model for af? @ scanning electron microscope. The lifetime of the laser
ideal deformed crystal was us&dThe corrections taking diodes was taken as the time when the initial output optical
account of the scattering of x-rays by structural defédes ~ power decreased by more than 30% from the initial level and
crease in the intensity of the main peaks in the RD@sre then averaged over several characteristic degradation curves
introduced using the static Debye—WalléD—B) factor, for samples with the same structure. Data on device degra-
which characterizes the degree of structural perfection of théation and the computed values of the static D-W factor are
epitaxial layers. The technological distribution profile of the presented in Table 1.
composition, refined according to the composition and thick- ~ Table Il gives the values of the static D—W factor for the
nesses of the layers with respect to the parameters of theaveguide and emitter layers closest to the QW, in which the
experimental curves, was used as a starting approximation fptical radiation propagates and a high-density electron-hole
calculate the deformation profile. As a rule, this makes itplasma arises; the structural perfection of these layers
possible to decrease the number of adjustable parameters asttiongly influences the degradation characteristics of the de-
to improve the computational reliability. When fitting the vices. Comparing the values of the static D—W factor for the
computed RDC by varying the parameters of the heterostruepitaxial layers of various structures with the lifetime of de-

Ny (Al), % 26 25

thickness oscillations from the epitaxial layers as a whol
(except for the buffer laygt* and from the top contact layer.

TABLE Il. Comparison of the values of the static Debye—Waller factor for epitaxial layers of stru¢witbs
two types of waveguide layersvith the lifetime of devices fabricated from them.

Type of Threshold Differential quantum Device Debye—Waller factor
Sample structure current, A/ém efficiency, % lifetime, h waveguide emitter
A-254 1 200 35 10
A-219 1 250 34 80 0.67 0.835
A-224 1 220 35 200 0.92 0.915
A-327 2 175 40 2900 0.99 1.0
A-309 2 180 40 2500 0.97 0.95

Note: Types of structuresl — AlGaAs waveguide2 — waveguide with variable-gap AlAs/GaAs superlattice.
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vices fabricated from them shows that the estimates obtained It has been shown that high-resolution x-ray diffractom-
for the crystalline perfection of the epitaxial laye(static  etry is a reliable method for estimating the crystal perfection
D-W factop by calculation from the x-ray diffraction spec- of device laser heterostructures. The results of our investiga-
tra correlate well with the degradation characteristics of lasetions show that there is a strong correlation between the den-
diodes. On this basis we can assert that the crystal perfectiagity of growth defects in device heterostructufEsestimate
of the device heterostructures is decisive for achieving a lonthem we employed a computational parameter — the static
service life for this class of devices. Note, in particular, thatDebye—Waller factgrand the degradation rate of laser di-
in laser structures the crystal perfection of heterostructures azles fabricated from these structures. Comparing the degra-
a whole, not individual layers, is important. It is impossible dation parameters and the crystallographic perfection accord-
to single out the layer whose perfection guarantees high deng to the D—W factor for devices with various types of
vice performance. In epitaxial structures the crystalline perwaveguides shows that epitaxial layers with much higher
fection of the lower layers determines the structural perfecerystal perfection can be obtained by using as waveguide
tion of the upper-lying layers. In addition, the structural layers variable-gap binary AlAs/GaAs superlattices instead
defects formed in the upper layers migrate into the lower-of the solid solution A} ,Ga gAs. Of course, the threshold
lying layers during growth and during device operation, andnature of this method should be noted, since the methods of
they degrade the crystalline perfection of the layers. high-resolution x-ray diffractometry are sensitive not to in-

Growth of thick layers of the solid solutions AlGaAs in dividual point defects but rather to accumulations and clus-
a wide range of compositions is the most difficult task inters of such defects. Nonetheless it is correct to use the
obtaining crystallographically perfect multilayer AlGaAs/ method of double-crystal diffractometry and the static
GaAs heterostructures by the MBE method. If this, at firstDebye—Waller factor as the main parameter to estimate the
glance, local problem is not solved, it is impossible to obtaincrystal perfection of heterostructures.
by the MBE method diode laser structures with high working ~ This work was supported by grants from the Russian
parameters. Because of the characteristic features of tHeund for Fundamental Research.
molecular-beam epitaxy, surface segregation of Ga occurs
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