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It is pointed out that the degradation of Si single crystals after heating is due primarily to

structural transformations associated with a partial transformation of diamond-like Si into silicon
with the structure of white tin. These transformations, which are observed at high pressures,
occur as a result of the appearance of numerous zones of stress concentration due to the anisotropy
of thermal expansion of differently oriented microvolumes of the crystal. The high pressures
required for the indicated phase transition to occur can be reached in these zones. It is pointed out
that the structural transformations leading to the degradation of the electrical properties of

Si can be prevented by doping it with transition or rare—earth metals, which increase the
interatomic interaction energy and, as a result, decrease the thermal expansion. The

choice of dopant is made on the basis of calculations of the binding energy and charge density
based on a system of unpolarized ionic radii. 1®97 American Institute of Physics.
[S1063-78267)00109-9

The problem of increasing the thermal stability of Si hasthe stressed state of a Si single crystal before and after heat
existed nearly since the time it was used as the main materideatment? The formation of a high—pressure phase in the
of semiconductor electronics It still exists today, despite sections of the crystal that were discussed above results in
the fact that it is long—standing. To decrease the degradatiostress relaxation and further growth of the precipitates stops.
of the material after it is heated and then cooled, heat treatHowever, the single—crystal nature of the material after heat-
ment involving annealing at a definite temperature followeding and cooling in accordance with the appropriate stages of
by slow cooling is used=* the technological process is substantially disturbed. This re-

Heat treatment decreases but does not completely elimsults in the formation of numerous lattice defects together
nate the degradation. It is therefore profitable to try to re-with thermal donors associated with thesee Refs. 1-4
solve this problem by doping Si with specially selected dop-which lead to the degradation of the electrical properties of
ants. In the present paper we examine the basis for choosirige material. Therefore, doping is used to introduce dopants
dopants for the purpose of increasing the thermal stability ofnto silicon that would suppress these transformations and
Si. thereby increase the thermal stability of silicon.

The approach proposed for choosing dopants which It is obvious that substances which on dissolving in Si
would increase the thermal stability of silicon is based onincrease the strength of the interatomic bonds, thereby
ideas which we advanced concerning the reasons why th&rengthening the lattice as a whole, can play the role of such
electrical properties of silicon are degraded after heating anddditives. A consequence of this process should be a de-
cooling. In our view, the comparatively recently observedcrease in the thermal expansion and therefore a decrease in
structural transformations occurring in Si when it is heatedhe probability of formation of high—pressure regions which
are due mainly to degradation of the material after heatingead to the phase transformation accompanied by a precipi-
(Refs. 5—10.Y It is well known'! that polymorphous trans- tation of a different modification of Si(high—pressure
formations occur in Si under high pressures. phase. To provide a basis for choosing dopants which are

When Si is heated, as a result of the anisotropy of therdistinguished by the indicated properties, we employed the
mal expansion, zones of stress concentration appear at locprinciples of the metal chemistry of complex doping which
tions where differently oriented sections of the single crystabre based on a system of unpolarized ionic ratfif. A
(subgrains, blocksmeet and high pressures develop in thesescheme for calculating the parameters that determine the
local sections of the crystal. Structural transformations assazharacter of the interatomic interaction of the dopant atoms
ciated with the precipitation of Si with the structure of white with the solven(in this case with Siis presented in Refs. 15
tin occur in such high—pressure regions. These ideas are sughd 16 . To estimate the interatomic interaction in the case of
ported by the results obtained in previous investigations ofloping of a material, according to Ref. 15 it is necessary to
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pay special attention to the directionality of the interatomiccontact!’ As a result, the effective charges of the interacting
bonds and the covalence, hybridization, and anisotropy oparticles are determined for a specific direction of the inter-
the electronic distribution which accompany it. The semi-action and include as constituent parts a spherical component
empirical approach, which makes it possible to take into ac{z; ) and a directed componenA(/2): 15

count these effects, is based on the use of a system of unpo- A= Za min+ Al/2125 =2 it A2, 5)

larized ionic radii* According to Refs. 14 and 15, we have
It follows from the solution of the system of equations

) _log RO - . €

log Ri™ —log Ri”'+7 tan «;=0, (D (2)—(4) that the effective charges and radii of the atoms of
wherez; is the effective charge of the dopant atom, the indexthe interacting substances vary in conformity with the inter-
i denotes the type of atonﬁ{i(z) and Ri(O) are, respectively, molecular distances and depend on the chemical individual-
the radii of the ions and atoms is the slope angle of the &y Of the bonding partners. According to Ref. 15(6)”“5 IS
function logR="(n), and n is the number of identifiable taken into account by a set of parametersofaand R;™ of
electronst* The interaction of Si and dopant atoms can bethe System of unpolarized ionic rad:
represented schematically as an interaction of israndB ~ This approach does not postulate the value of the effec-
at a fixed distancd. The effective charges and ionic radii of tive charge of the interacting substances or that their elec-

the interacting particles are determined, according to Ref. gronic shells are spherical, and it gives a clear representation
by solving the system of equations of the directed character of the interatomic boffs.

A special feature of the computational procedure de-

R(AZA)JFR(E;ZB):d, (2)  scribed above is that the conditions of equality of the di-
2n) ©) rected charge density, hold for any value of the effective
log R, =log Rp" = (Zamint Al/2)tan a,, (3 charges of the interacting particles when ions with charges

z, and zg come into contact and, according to Ref. 13, is

(zg) _ (0) _ ,
log Rg™ =log Rg" — (zg, min T Al/2)tan arg 4 determined from the relation
The quantityAl characterizes the degree of deformation of 0.434
the electronic clouds of the interacting particlasy,, is the p,A[e/A]= W, (6)

charge of the reagents for a purely ionic interaction and a
point contact of the interacting particles and is determinedvhere the index =1, signifies the directional nature of the

from the condition that the charge density and electronegacharge density. The correctness of this approach to estimat-
tivities of the interacting particles equalize at the point ofing the charge density is confirmed by comparing this quan-
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tity with different physicochemical properties of the ions and
the corresponding compountfsThe most important conse-
guence of this approach is establishing a direct correlation
between the experimental values of the binding energy anc
the results of a calculation of the charge density using Eq.
(6).1>1® According to Ref. 16 , this correlation can be repre-
sented by the empirical equation 300

4001

=85p,[e/A]—310. (7)

[ kcal
D -
mole

kkal / mole
S

The relation(7) makes it possible to estimate, on the
basis of calculations of the charge density from the relation .;';
(6), the binding energy of a pair of atoms separated by a
certain distance. The effect of the interatomic distances of
the interacting substances is expressed in terms of(&gq. 100t
which is part of the system of equations whose solution gives
an expression for the directed charge dengjy

On the basis of the ideas examined above, we performec
calculations of the binding energy in the case of the dissolu-
tion of different simple substances in silicBriThe results of 03
these calculations are presented in Fig. 1 in the form of a plot
of D=f(d). We see that as the distance between the inter-
acting particles increases, the binding energy decreases
nearly exponentially. Figure 1 shows the curies f(d) not ~ F'C: 2. Relation between the binding enefgyand the charge densify for

. L interatomic distance=1.4 A corresponding to the silicon lattice.
for all elements in the periodic table but rather only for the
most important donor- and acceptor-type dopants, which are
employed for obtaining silicon with the required electrical tg the interatomic distance in the silicon lattit&his depen-
properties, as well as for some transition metals and rarejence is essentially obvious, considering the sequence of cal-
earth elementé?EE). Moreover, the b|nd|ng energy dependS culations and the constant Spacing of the Cu%f(d)
strongly on the physical-chemical nature of the interactingndeed, the dependence of the binding energy on the charge
substances. The highest binding energies occur for pair injensity(Fig. 2) is found to be linear, and the rectilinear sec-
teractions in binary Si systems with transition metals W, Ni.tion in the region of high binding energies agrees with the
Ta, Cr, and others, as well as with rare-earth elements. Th@pulated datd® This shows that our prediction is reliable
family of curves which lie in the region of high binding and gives hope that doping of Si with transition or rare-earth

energies also includes a curve for the silicon—gold system. metals will lead to a solution of the problem of the thermal
Therefore, when these substances dissolve in Si, the thermgapility of Si.
stability of Si should increase as a result of an increase in the
str(_ength Of the interatomic bonds in the CryStal lattice of thel)In Ref. 6 ribbon precipitates of hexagonal Si with microindentations of
solid $0|u“0n- _ _ diamond-like Si were observed in the temperature interval 400—500 °C.
It is well known that as the strength of interatomic bonds The microindentations were attributed to a martensite transformation pro-
increases, the thermal expansion coefficient decreases. TQ;SeSS- . o , _ _ ,
behavior should primarily lead to a decrease in the number?’r\]’ge .t:?r?g Ea\llc'ullagt'i‘::sd ko for a discussion of this problem and for assist-
of zones of stress concentration and, correspondingly, highvaccording to Refs. 1 and 2, when Si is doped with gold, the lifetime of the
pressure regions in the crystal when it is heated. Further-nonequilibrium charge carriers drops sharply. For this reason, doping with
more, because of the decrease in the thermal expansion, ¢ T?]Id if‘ ”‘tﬁ rteptzmmtenQe%,_ Stince ”l;etCOSt i(s ﬂ%s)o fake” ‘i”tt(r’] acs‘v‘_olutf:_t-

- . . e shortest Interatomic distance between planes In the Sl lattice
efficient, the effect of the_amSOtropy of thermal éxpansion equals 1.3577 ARef. 4), but this distance can change when dopants dis-
should decrease substantially. As a result, the pressures d&pjve in the lattice. This is why an approximate value is used in the text.
veloping in the zones of stress concentration are not be high
enough t(_) 'ndulce _a pha;e _transmon of Si W'th dlamondlA. Ya. Potemkin and |. E. Satsevichihe Effect of Heat Treatment on the
structure into Si with white-tin structure. Thus, it follows  physical Properties of Silicofin Russia, ONTI GIREDMET, Moscow
from the curve shown in Fig. 1 that the energetics of the2(1962- _
interatomic interaction n ntiall n the inter--A- Ya. Potemkin, Izv. Akad. Nauk SSSR, Neorg. Mat&r1353(1972.

te a.lto R C Interactio depe ds substantia y on the Inte 31. T. Bagraev, L. S. Vlasenko, V. M. Vollet al, Zh. Tekh. Fiz.54, 917
atomic distances, and therefore on the chemical nature of the(1984; [Sov. Phys. Tech. Phy&9, 547 (1984)].
interacting particles. However, in our specific case, when the*v. M. Glazov and V. S. ZemskovThe Physicochemical Principles of
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with the Si atoms is being solved, it is desirable to establish SSR, Fiz.-Mat. Tekhn. Naulé, 74 (1987,
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The luminescence and transmission of zinc diarsenide single crystals near the fundamental
absorption edge have been investigated in the temperature range 4.2—300 K. Intense luminescence
and absorption lines at 1.0384, 1.0488, and 1.0507 eV, referring to the groundrstate (

and excited statem&2, n=3) of a free exciton were observed at low temperatures. The free-
exciton binding energy was found to bel3.9 meV on the basis of the hydrogen-like

model and the direct band gap was found to be 1.0523, 1.0459, and 0.9795 eV at 4.2, 78, and
300 K, respectively. ©1997 American Institute of PhysidsS1063-78267)01208-9

The compound ZnAsis a |-V semiconductor which corded by the method described in Ref. 7. The spectral po-
crystallizes in a monoclinic structufeThe arsenic atoms sition of the lines in the optical spectra was determined to
form chain structures which are oriented along the principalvithin =0.2 meV.
crystallographic axi<. As a result, the physicdklectrical, A typical absorption spectrum of one sample of zinc
optical, and other properties of this material are strongly diarsenide §=60 um) at 4.2 K is shown in Fig. 1. Three
anisotropic>=® Until now, among the compounds in this lines with maxima at 1.0384, 1.0488, and 1.0507 eV, which
group of semiconductors, ZnA&as been studied in greatest merge in the short-wavelength region, are clearly seen in the
detail, but many of its properties, primarily the optical prop- spectrum. The half-width of these lines equal®.54 meV,
erties, have not been adequately studied. In most cases the., ~1.5 kT. It should be noted that the energy position of
data on the fundamental parameters and band structure tife lines is virtually identical for crystals grown by Bridg-
this material are inconsistefit® Furthermore, no one has man’s method or synthesized from the gas phase and remains
investigated the luminescence near the intrinsic absorptionnchanged from sample to sample in the rang&2 meV.
edge. Since optical spectroscopy is an effective method fofhe stability of the energy position of the spectral lines and
determining band-structure parameters, in the present worthe quality of the half-widths in samples cut from different
measurements of the optical transmission and luminescendegots or parts of the same ingot shows that the single crys-
were performed near the fundamental absorption edge in tals synthesized by Bridgman'’s method and the crystals
wide range of temperatures in order to establish the fundagrown from the gas phase were structurally perfect. The
mental parameters of this material — the exciton bindingstructure of the absorption spectrum displayed in Fig. 1 is
energy and an accurate value of the width of the band gapcharacteristic of direct-gap materials and can be interpreted

The investigations were performed on structurally per-as a manifestation of the ground state(1) and two ex-
fect ZnAs single crystals, grown by Bridgman’s method of cited states rf=2, n=3) of a free exciton — the lines
vertical directed crystallization, and on crystals obtainedl.0384, 1.0488, and 1.0507 eV, respectively. If the
from the gas phase. The initial samples exhibited, as a ruldyydrogen-like model describing the energy of the excitonic
p-type conductivity and possessed a carrier density0'*  states is taken as a basis, the exciton binding enggggan
cm™ 2 and Hall mobility 150 cri/(V-s). The dislocation den- be calculated and the direct g&p can be estimated. Ac-
sity in the crystals was less thark80? cm 2. The optical  cording to this model the enerdg;, of the excitonic states is
spectra were recorded in unpolarized light in the temperaturdetermined from the formula
interval 4.2—300 K. The spectral dependence of the absorp-

tion coefficienta(hv) was determined from the transmission Eeox
spectra according to the ratio En=Ey——- 2
n
(1-R)? exp( — ad) Using the experimentally determined values of the energy

(1)  position of the ground stat¢l.0384 eV and excited exci-
tonic stateq41.0488 and 1.0507 ey we estimated the exci-
ton binding energy as 13.9 meV and obtained a direct gap of
whereT, andR are the reflectance and transmittance, dnd 1.0523 eV at 4.2 K.
is the thickness of the sample. It was determined that the Figure 2 shows the transmission spectra o=800
transmittancel in the spectral region 0.7-0.9 eV does not um-thick-sample at 4.2, 78, and 300 K. One can see that as
depend orhv and equals 50-55% for all samples studied,the measurement temperature increases, the excitonic series
i.e., ad<1 (transmission region The reflectanc® for this  shifts into the long-wavelength region of the spectrum, the
energy interval was determined from the relationcorrespondingh=1, 2, and 3 lines are broadened, and the
To=(1-R)/(1+R). The luminescence spectra were re-components referring to the excited states gradually vanish.

" 1-RZexg—2ad)’
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FIG. 1. Absorption spectrum of zinc diarsenide at 4.2 K. The spectral reso-
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The experiments showed that the relative energy splittingriG. 3. Temperature dependence of the energy position of the excitonic
between the lines does not depend on the temperature afi@tes and band gap in zinc diarsenide.

remains constant. Lines with=3 andn=2 are present in

the transmission spectra up to temperatures of 70 and 180 K,
respectively. At room temperature only the exciton groundcited states, the=2 line possesses a fine structure, which
staten=1 is seen(Fig. 20.

consists of two additional components 1.0482 and 1.0498

As follows from Figs. 1 and 2a, besides the excitoniceV. These components are observed in the spectra up to tem-

absorption peaks corresponding to the ground and two experatures~35 K, and at higher temperatures they are not

Transmission, arb. units
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| | 1 | i
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1 ]
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resolved because of temperature broadening. One reason for
the appearance of a fine structure in the first excited state will
be given below.

The temperature dependence of the variation of the en-
ergies of the ground state and two excited states, as well as
the gap width, are shown in Fig. 3. It follows from our ex-
periments that the exciton binding energy does not depend
on the measurement temperature. In accordance witk2Eq.
the temperature dependence of the band gap can therefore be
obtained by adding the exciton binding energy of 13.9 meV
to the experimentally measured value of the ground-state en-
ergy (the linen=1). An estimate of the temperature coeffi-
cient of the variation of the band gap in the region 110-300
K gives 3.1 10 * eV/K.

Figure 4 shows the luminescence spectra of zinc diars-
enide single crystals at different temperatures. A doublet
structure(1.0384 and 1.0396 eMvith a 3:1 intensity ratio is
observed near the absorption edgégs. 4a and 4b This
structure is due to the recombination of free excitons in the
ground state. A large increase in sensitivity of the measuring
apparatugby a factor of~10°) makes it possible to record
in the emission spectra a line at 1.0788 eV due to the anni-
hilation of excitons in the first excited statm€2). The
experiments showed that the energy positions of the absorp-
tion and luminescence peaks for excitonic states are the
same. The 1.0344-e¥M5) luminescence line, which we ob-
served previously, is attributable it to the radiative recombi-
nation of excitons localized at impurity—defect comple%es.

FIG. 2. Transmission spectra of zinc diarsenide. The spectral resolution is 1€ half-width of the excitonic luminescence lines with
0.1 meV.T, K:a— 4.2, b — 78, ¢ — 300.
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n=1 andn=2 at 4.2 K is equal to-0.48 meV, i.e., 1.3 KkT.
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nescence lines=1,2 at4.2 Kand=1, 2, and 3at 48 K in
the hydrogen-like model.

The equation Ih* =1/m.+1/m,, together with the
known expressions for the electron and hole effective masses
me=0.345n and m,,=2.45m (m is the free-electron mags
give for the reduced mass of the excitori =0.3m. Taking
into account the permittivitg ,= 15, we can define the bind-
ing energy of the exciton in the ground state in the hydrogen-
like approximation as

m* e*

_2h283.

©)

ex

Equation(3) gives the valueE.,=18.3 meV, which agrees
satisfactorily with the experimental value.

It should be noted that the lines 1.0375 and 1.0475 eV,
which refers to then=1 andn=2 states of a free exciton,
were observed previously in Ref. 3 in the transmission and
reflection spectra at 4.2 K. The binding energy estimated
a from these data equals 12 meV, and the gap width equals
~1.049 eV at 4.2 K. However, the results obtained by us
give different values foEg, andEg.

Photoluminescence intensity, arb. units

n=2 In our opinion, the observation of a state witl=3 in
| x1 {! x 1000 absorption and states with=1, 2, and 3 in luminescence at
1.03 1.04 1.05 different temperatures made it possible to obtain more accu-
hv,ev rate values for the direct band gap and the binding energy.

In summary, our experiments, which were performed for

FIG. 4. Luminescence spectra of zinc diarsenide, the spectral resolution the first time, on the observation of the characteristic lumi-

0.3 meV.a—4.2,b—48, ¢ — 78, d — 3000. nescence of zinc diarsenide with high spectral resolution,
supplemented by measurements of the optical transmission,

As the temperature increases, these lines broaden and srﬁtade it possible to determine to a high degree of accuracy

into the low-energy region. AT~48 K (Fig. 4b), together © blndmg energy of a free ¢x0|ton~(13.9 meV and the
: - . ) . .. _band gap in the temperature interval 4.2—-300 K.
with then=1,2 lines, a line referring to the second excited '
R . ; .. This work was supported by the Fund for Fundamental
staten=3 is clearly seen in the luminescence spectra and |h .
) S esearch of the Republic of Belorus.
remains up to temperatures ef65 K. The excitonic state
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~180 K.
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The valence band structure in chalcopyrite Cu(In,Ga)Se  , films
A. S. Kindyak and V. V. Kindyak

Institute of Physics of Solid State and Semiconductors, Belorussian Academy of Sciences,
220072 Minsk, Belarus

Yu. V. Rud’

A.F. loffe Physico-technical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
Fiz. Tekh. Poluprovodr3l, 1033—-1036September 1997

The structure of the valence band at theoint of the Brillouin zone of C(in,GaSe films is
investigated on the basis of interference spectrophotometry data and an analysis of the
structure of edge absorption within the framework of the quasicubic model of valencepbanhd
hybridization in chalcopyrite compounds. The fundamental parameters of the quasicubic

model associated with splitting of the valence band under the action of the tetragonal lattice field
(A¢s), the spin—orbit interactionX,), and the degree of adulteratidnybridization of the

upper p-levels of the chalcogen by copper states in CdUn,GaSe chalcopyrite films are
determined. The dependence of the direct allowed transitgnskEg, Ec on the

composition of CulpGa, _,Se solid solutions(for 0<x=<1) is established. ©1997 American

Institute of Physicg.S1063-782807)01808-3

1. INTRODUCTION the framework of the quasicubic model pf-d hybridiza-
tion of the valence bands in chalcopyrite compounds.
Complex semiconductor I-ll-¥lcompounds and solid
solutuions based on them are unique objects for the study of sampLES
the fundamental properties of chalcopyrite semiconductors

and for practical use in photo-energetics and . - ;
opto-electronicd™® In recent years thick-film structures M€d out on CulpGa,_,Se films (0 < x < 1), obtained by

based on I-Ill—V} compounds have attracted much atten_pulsed laser evaporation, which _a_llowed us to grow multi-
tion in connection with the possibility of using them to build 0MPonent layers whose composition reproduces the compo-
solar cells with efficiencies as high as-167% (Refs. 2—8. sition of the target thanks to the high evaporation rate and the

: - ; high degree of supersaturation. Deposition of CIGS films
A special place among them is occupied by(Il81GaSe . . o
(CIGS) chalcopyrite thick films possessing high absorptionwaS carried out using a YA®Id) laser operating in the free

e _ : : lasing regime (wavelength A\ =1.06um, pulse duration
coefficient (16—10°cm™!) and optimal bandgap width <> % =9 """
(1.0—-1.7 eV). In this regard, the frequency region near the _ 10""s, E=150-180 ) on glass substrates at substrate

. : . temperaturel ;=350 °C(Refs. 11 and 12
absorption edge is the most important segment of the spec With the help of an x-ray diffractometer we determined

trum for obtaining qualitative and quantitative information . . :

that the obtained films possessed chalcopyrite structure and
about the band structure near the energy extrema. Howevev(}ere oriented in thé112 direction. The degree of disorien-
it should be noted that there have been practically no system- ' 9

atic, detailed studies of CIGS thick films in this regard, while 210 Of the crystaliites in th€112) plane as inferred from
: . . . . . .. the rocking curves for the better samples did not exceed
the information available in the literature is quite

contradictory?™ The energy transitions in CIGS films are 2.0-2.5° (Refs. 11 and 1R A determination of the compo-

. : o sition of the films by energy-dispersion x-ray analysis

e e oo ek o ki et g [EDRY) ad Rthrford bacoatrrgs showed tht
. ' . e . ... the composition of the films corresponds to that of the origi-

optical properties of CIGS thick films are especially critical nal material within the limits of measurement error

to the conditions of preparation of these films, and besidei+2%)

for the most part only the transmission spectra have beeh '

studied.

Previously, we published data on the structure of the®
edge absorption in laser-deposited, stoichiometric CylnSe  The optical constants and absorption coefficients of the
and CuGaSgfilms, solid solutions based on them, and onCIGS films were determined from the reflection interference
the observed splittings of the valence band connected witBpectraR(\) and transmission interference specti@) in
the tetragonal lattice field and with the spin—orbitthe visible and near-infrared region of the spectrum
interaction’~** The goal of the present work is to generalize (400— 1700 nm at room temperature. The spectral distribu-
these earlier data and to examine the structure of the valent®n of the reflection coefficienR(\) was measured on a
band of CIGS thick films at thE point of the Brillouin zone  Beckman-5240 spectrophotometer using a KSVU-3M spec-
using both reflection and transmission interference spectraal computational complex. To make these measurements,
and an analysis of the structure of the edge absorption withive used a special attachment which has symmetric ray-paths

A study of the structure of the edge absorption was car-

EXPERIMENT AND CALCULATIONS

882 Semiconductors 31 (9), September 1997 1063-7826/97/090882-04$10.00 © 1997 American Institute of Physics 882



for near-normal incidence of light on its surface. The error in
the amplitude,AR, was ~2%. The transmission spectra
were taken on a Perkin—Elmer-280 spectrophotometer. The
thickness of the films was 0-60.7 um.

It is well known that allowing for all the optical phenom-
ena in the system film—substrate, including multiple reflec-
tion and interference, leads to complicated transcendenta °
equations that couple the refractive indexand the absorp-
tion coefficientk, of the film with the measurements of
R(\) andT(\)."~1°However, although the solution of these
equations may cause some difficulties, it allows one to obtain %
the most accurate and complete information about the com- §
plex structure of the edge absorption in CIGS thick films and 5

about the band structure of chalcopyrite compounds. -
The system of equations is
1-Ryp,
T = = ~1 il
YUI-RR; C
RT3
R14:m . 1) 2’ [ W N N N S S S S N
1277 05 1.0 1.5 2.0 2.5 Ja
Here Ry,=(n,—1)%/(n,+1)? is the Fresnel coefficient of hw, eV

reflection at the film—air boundaryR,=C/A; Ri=BIA; | decend e beorn N

T.= 16”3(n%+ k§)/A; Ti and Ry4 are the measured trans- FIG. 1. Spect‘ra _dependence of the absorption coefficient of
r ¥ . . CulnGa,_,Se thick films f | to 1.0(1), 0.8(2), 0.5(3), 0.9 (4).

mission coefficient and reflection coefficient of the system uInGa,-Se, thick films for x equal to 1.1), 0.8(2), 0.5(3), 0.9(4)

film—substrate;

A=pt exp(yky) + o exp(— yky) +2S cognyy) on the formation of the levels of the valence bah&ince
. the volume of the unit cell of chalcopyrite is four times
+2t sin(n,y), . )
greater than the volume of the unit cell of sphalerite, the
B=po exp(yk,)+ 67 expl— yKky) +2q cognyy) valence band of chalcopyrite compounds consists of not
three, but 12 branches, and in the case of I-1l}-¢bm-

+2r sin(nyy), pounds, of 16 branches. The transformation from sphalerite
C=r0 exp(yk,) + op exp(— vk,)+2q cogn,y) to chalcopyrite can be represented as the result of substitu-
tion of the metal atoms by metal atoms of two sorts. As a
+2r sin(nyy), result of such a substitution, the symmetry of the lattice is

lowered and the branches of the sphalerite valence band are

=(ny—n3)?+k3, p=(n+1)2+k3
o=(N2—N3) o Ptk deformed and partly split off, one from another. The top of

7=(Ny+ng)2+ks, r=2ky(ng— 1)(n§+ k§+ ns), the valence band, as in sphalerite, is located attipeint of
— s o the Brillouin zone. At this point the representatidly or
6=(n—=1)°+k;, t=2ky(nz+1)(n3+k;—ny), I'; develops in chalcopyritéFig. 2).

S=(n3+k3)(n3+1)— (n3+k3)?—n3+4ngks,

q=(n3+k3)(n3+1)—(n3+k5)2—n5—4nzk3, £ r
c 4 &
y=4md,/\.
The solution of system of equatiolis) was found itera- l‘:q
tively. It was assumed that the refractive index of the initial
phase ;) and of the final phasen() both equal unity, and F r
that the refractive index of the substratg=1.5+0.01. The v F 7
accuracy of determination af, and k, was +£0.001. The 8 ff
absorption coefficientt was determined from the expression y I
a=2mk/IN. The spectral dependeneg%w) of the CIGS 6
films is shown in Fig. 1. Ec £
4. ANALYSIS AND DISCUSSION OF RESULTS I
4

It is well known that the peculiarities of 1-IlI-\4lcom-

p_ound_s with ChalC()pyrit_e Struqture’ in particular, te_tragonahG. 2. Energy level diagram in the center of the Brillouin zone of CIGS
distortion of the crystalline lattice, have a substantial effecthalcopyrite films.
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TABLE I. Valence band parameters of CuBe, _,Se thick films

X Ea Eg Ec Ep Ee Er Eg —Agt Ago hybridization, %
0.00 1.68 1.78 1.98 2.60 2.80 - - 0.13 0.23 36
0.20 1.48 157 1.74 1.99 2.09 221 - 0.12 0.20 41
0.50 1.25 1.35 1.50 2.15 2.23 2.60 - 0.13 0.18 45
0.80 1.08 1.17 1.28 2.23 2.43 2.60 - 0.11 0.13 54
1.00 0.99 1.04 1.22 1.90 2.00 2.35 2.80 0.07 0.20 41

Note All values of the energy parameters are given in eV.

Here it should be noted that the results of band-structure 1 1 8 12
calculations for I-1l1-V}, compounds differ from the data E1275(Asot Ac) 25| (Aot Acr)?— 3Asoher|
obtained experimental#~1® The hypothesis op—d hy-
bridization was in fact advanced to explain these differencegvhereE;=Eg—E, andE,;=Eg—Ec. Thus we determined
In 1=11-VI 2 Compounds the uppq:r.“ke valence bands are the energies of thE7 valence bands relative to the tOp of the
subject to the influence of the near-lyirdy level of the I'e band. The calculated values af;; and Ag, for CIGS
group-I metal. The Hopfield quasicubic model satisfactorilyfilms, shown in Table I, are in good agreement with the
explains the observed splitting of the valence band in chaldcr and A, data for single crystaf¥.
copyrite compounds associated with the tetragonal lattice ~We have also established that the concentration depen-
field (A.;) and spin—orbit interactionAs), in terms of dences of thé&e,, Eg, andE transitions have a nonlinear
p—d hybridization of the valence band under the action ofform and are described by the quadratic equatiéig. 3):
the tetrggonal distortion of the phalcopyrite crystalline lat- Eo=1.678-1.00%+0.31%2
tice, which leads to an adulteration of the uppelevels of
the chalcogen in the valence band by the complevel 14-1° Eg=1.772-0.966+ 0.244>;

An analysis of the dependened# w) (Fig. 1) of CIGS _ 2
thick films within the framework of the quasicubic model Ec=1.978-1.168+0.40%".
shows that a substantial contribution to the structure of thdhe nonlinearity parameter for thEe, transition, equal to
edge absorption of CIGS films comes from direct, allowed0.317, differs from the value given in Ref. ®.160, but
transitions defined by the relationsf w)?’=A*(hw—Ey)  agrees well with the results of Ref. 18.298.
(Eq is the bandgap andl is a coefficientin different energy The values of the energy transitions in CIGS thick films
intervals: E,=0.99-1.68eV for the transition valence obtained in the region of the fundamental absorption edge
band—conduction bandl'¢—1g); Eg=1.04-1.78 eV for  agree well with the experimental values for bulk crystals and
the transition due to splitting of the valence band under theorroborate the valence-bamm-d-hybridization model in
action of the tetragonal lattice field '{—T%); and chalcopyrite compounds.
Ec=1.22-1.98 eV for the transition associated with spin—
orbit splitting of the valence bandl'¢—T¢). The high-
energy structureEp, Eg, Eg, Eg), which leads to an in-
crease ofa by nearly an order of magnitude, is due to
transitions of electrons from the coppaievels mixed into
the upper chalcogep levels in the valence band to the con-
duction band under the action of the tetragonal distortion of
the crystalline lattice. The degree of mixirtgybridization
of the copperd levels into the chalcogep levels in the
valence band is defined by the expres&ton

ASP=BAA+(1-p)Ag,

whereA, are the calculated valugs e, A, is the negative
spin—orbit splitting of thed levels(for copper compounds it
is assumed to be equal to 0.13)e¥nd 1- 3 is the percent
content of copped levels in the valence band.

For CIGS films the degree of adulteration of the chalco-
genp levels by the copped levels amounts to 3641%(see
Table I), which is in good agreement with the data for copper
compounds reported in Ref. 14. 0.6

The main parameters of the quasicubic model, i.e., the
crystal field A.;) splitting and spin—orbit 4¢,) splitting,
were determined from the data of the observed splittings of g, 3. concentration dependence of tEa, Eg, Ec transitions in
the valence band via the relatidhs CulnGa,_,Se thin films.

o

oOn

¥n
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The energy diagram of the Erg@omplex in silicon is calculated. The square amplitudes of the
wave functions of the complex on the erbium atom are determined. The results of our
calculations show that the Erg@omplex is an acceptor in silicon. In addition, it is possible

that the electron trap energy level is located in the energy gap of silicon. On the whole,

the results of our calculations correspond to the Er—O quantum dot model proposed previously.
© 1997 American Institute of Physid$1063-782807)01908-X

1. INTRODUCTION well, which interacts with a silicon band hole.
In this paper we present results of a calculation of the

A great deal of attention by researchers worldwide hasnergy spectrum of the octahedral-BD; complex in sili-
been given in recent years to the study of the physical—eon, obtained within the framework of the cluster—band
especially optical—properties of erbium-doped silicon. Thismethod. We have consciously chosen the symmetric octahe-
interest has been motivated, first of all, by the fact that thisiral complex in order to be able to solve the problem ana-
material exhibits electroluminescence and photolumineshytically, understanding that the result so obtained is of an
cence at 1.54m due to the®l ;3,—*1 15, intracenter transi- approximate nature. However, we believe that the main fea-
tions of the E?* ion. As is well known, optical-fiber trans- tures of the electronic structure of the center are preserved in
mission lines have minimum losses and minimal dispersiorthe transition to a low-symmetry cluster with the difference
at\~1.5 um. that here we have additional splittings of the individual lev-

Numerous studié€ have shown that the optically active els which are degenerate in our problem.
center in erbium-doped silicon is a complex formed as a
result of the interaction of erbium with oxygen. The authors
of Ref. 3 used the EXAFS method to identify the optically
active complex consisting of an Er ion with a six-oxygen According to the available experimental ddtamay be
environmen(the Er—Q complex. The most symmetric con- assumed that an atom is located at an interstice with distorted
figuration of the six oxygen atoms corresponds to an octahesctahedral configuration of the nearest sites of the tetrahedral
dral complex. However, by virtue of the fact thiat f tran-  |attice® At these sites the silicon atoms are replaced by oxy-
sitions are forbidden by parity in this case, intracentergen atoms. As a result, an Ey@omplex which is imbedded
luminescence of the Ef ions cannot be observed. There- in the silicon matrix is formed. Since the formal valence of
fore, it is natural to assume that the symmetry of theoxygen is equal to two, each oxygen atom bonded with an Er
Er—0; complex in erbium-doped silicon is lower than cubic, atom retains a bond with only one silicon atdhit may be
as is the case, for example, for the erbium sites igOgr assumed that the remaining tetrahedral bonds of the silicon
(Ref. 4, where two Et" ion sites are observed with sym- atoms, having been broken, close back up with each other
metries G and G; . Furthermore, the authors of Ref. 5 sug- (Fig. 1), by analogy with the formation of aA center in
gested on the basis of an analysis of structural studies dfilicon.
Si: Er, O crystals that the optimal radiating objects in Disregarding distortion, we will treat the Eg@omplex
erbium-doped silicon are ED; clusters having dimensions as a complex of octahedral type; Fig. 2 indicates the oxygen
of 1X2.5 nm. Recent studies of amorphous doped silicororbitals which take part in the formation of the bonds with Er
a-Si: H(Er) by Mossbauer emission spectroscbpiydicate  (sp,, Py, py) and Si Ep,). Next, we will show that the
that the optically active center is the low-symmetry complexcalculation of the electronic states of such a system can be
Er—O in amorphous erbium-doped silicon as well. reduced to a calculation of an Eg@omplex possessing total

Obviously, the problem of determining the electronic electrical charg®, where the quantum-chemical parameters
structure of such complexes is of vital interest since it playsf this complex are renormalized with allowance for the O
an important role in the excitation mechanismfeff lumi- bonds with the Si matrix. The symmetry of the system of
nescence. The authors of Ref. 7 proposed a quantum-dtgvels of the octahedral complex is described in the literature
model of E5O5 in silicon, where the quantum dot is approxi- (see, e.g., Ref.)%and contains two levels each with symme-
mated by a spherical square well of the second type. Thay a;q (the bond of the 6-orbitals of Er with the
well parameters were estimated from the parameters of thep,-orbitals of O, a level with symmetry e, [the
band spectra of silicon and erbium oxide. It was assume8d(Er)—sp,(O) bondg and a level with symmetry,, [the
that the excitation of intracenter luminescence is effected b¥d(Er)—p,, py(O) bondg, and also a group of nonbinding
Auger recombination of the “indirect” exciton formed as a levels, which can be subdivided into two subgroupsoxy-
result of trapping of an electron at a level in the potentialgen levels with symmetryt,,/sp,/f and symmetry

2. MODEL OF THE [ErOg]@ IN A SILICON MATRIX
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FIG. 1. Nature of the chemical bonds near an oxygen site in the system
“ErOg complex in a Si matrix.”

tius tous tlg/an py/;z) 2) the 4f-levels of Er, whose split- FIG. 3. Filling dia_lgrgm of the one-glegtron levels in m%]Q_complex
ting into levels with symmetrg,, , t1,, t,, We disregard in (Q<0); a — unbinding levelsb — binding levelsc — nonbinding levels.
light of the weak influence of the crystal field on this sH&Il.
Finally, in addition to the 4 levels, there are the ten levels
of the ErQ complex, on which the “valence” electrons of binding levelsaj,,ej ,t3, remain empty and constitute an
Er and the O electrons are located, with the exception ofnalog of a conduction band. This situation is shown sche-
those that participate in the bonds with Si. matica”y in F|g 3. We have excluded the 4evels from
Let us now determine the total number of “inner” elec- consideration since in what follows we will disregard their
trons of the complex filling the above-enumerated levels. Tohybridization with the states of the O atoms. This automati-
Ward th|s end, we take as our Starting point thék’gz Ca”y means that thé'states, bOth f|”ed and empty, dO not
complex and then introduce corrections associated with théke part in the process of charge transfer. Therefore, these
deviation from pure |0n|c|ty of the Er—0 and O-Si bonds. In levels are not shown in F|g 3, but it is noted that the Er atom
the approximation of Comp'ete po'arization of these bondgives back three electrons to the formation of the bond—two
the valence shell of the oxygen ion takes the forsAzp®; of ~ 6S electrons and onef4electron.
the eight electrons here, six are localized on the “inner”  What will happen if we reject the hypothesis of complete
SP,,Px.Py Orbitals and two on the “outer’sp, orbitals. polarization of the bonds? As for the Er—O bonds, a redistri-
Thus the[ ErOg] 2 complex includes 36 electrons formally Pution of the inner electrons of the complex will only affect
assigned to the oxygen ions plus 11 electrons of the ion in e effective charges of the Er and O ions, which now must
shell of 4. The first group of electrons must be assigned tode written in the formg=3—x andqo=—2+ x/6, respec-
the ten levels of different symmetry indicated above. Takingfively. The total charge of the comple®=q+6q,, of
into account the data on the structure of rare-earth oxitles, course, will not vary.
it may be assumed that these electrons occupy the lower The matter is somewnhat different with the O—Si bonds.
(binding) levels a,4,€4,t14, and also nonbinding oxygen It is clear that a redistribution of eIec_trons on these bonds
m-levels (u,toy,t1g) and a-level (ty,). The upper(un- will have no effect on the number of “inner” electrons.
In any case we take for granted that in the formation of
the complex the O atoms give back a total of three electrons
0 to the outer bonds with three electrons from the Er atom
compensating this loss. Here it is understood that the Si ma-
trix contributes nine electrons to the bond with the complex
(and not six, as one might assume by simply “cutting the
Si—Si bond in two at the middle and replacing the neutral Si
atom by a neutral O atomIn other words, we assume that
the electronegativity of the O atortelectron affinity is
manifested already in the very process of complex formation,
and not only by the charge number, in the distribution on the
O-Si bond of the electrons obtained from O and Si for parity
reasongone from each atojn Obviously, this must lead to
the appearance of holes in the silicon matrix. In this sense,
such a complex should play the role of an acceptor.
FIG. 2. Octahedral Erpcomplex; the oxygen orbitals which form the “in- However, this redistribution affects the total Charge of
ner” and “outer” oxygen bonds are shown. the complex due to the change in the effective charge of the

Er
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O atom, which should now be written in the form TABLE I Values of the intraatomic parameters for Er and O.
Oo=—2+ x/6+ 8, where é is equal to the fraction of elec-

trons forming the O—Si bond, which effectively belongs to
the Si atom. To estimaté, we may make use of data on the E{ —222.69 -

Er O

Si—0 bond in Si oxides. It is well known that the mean bondEd ~iir4l -
energy here is equal to approximately 8 eV, where the frac'-Ei _10_6'34 :1‘11(7)'2421
tion of the ionic and covalent contributions are roughly U':f 20.00 _
equal’®> We denote the effective energies of the® orbitals U, 7.87 -
of Si and thesp orbitals of O byE; and E,, respectively, Ug; 8.77 -
and their overlap integraiinteraction integralby 8. From  Yaa 9.40 -
elementary quantum-mechanical arguments we then obtain#GI ;";g 2:1 29
system of binding and unbinding levels: u: _ 21.98

1 1 Upp - 20.02
Eap==(E+Ey)* \/=(E;—E2+ 52 . —— .
ab— o=l 2 41 2 ’ Note: Values of the energies are given in é\élative to the vacuuin

The bond energy is defined, in the first approximation, as the
distance between these levels, i.e.,

Ep=V(E1—E»)2+45% proximation for the Er@ complex. However, expanding

Hence, taking the above into account we fig=8 eV. The ~ Cm(E) near the center of the Si band gap, giverthy (Ref.
square amplitude of the wave function of the lower binding13> We can writeG; (E) in quasicluster form:

level E,, on thesp-orbital of O is given by ~%
1
E._E.,)2]-1 Gi(E)= E—Ei—? ) 2
Cg: 1+ % =0.85. I

where the parametebs andE, have been renormalized with
Thus, on the O atom is effectively located an electronicallowance for the effect of the matrix; specifically,
charge numerically equal to 1.7, i.&%=0.3. Consequently,

in a more accurate description the initial Er@luster has Ei=(E+vEn)/(1+y), ©)
total chargeQ=q+6g,=—7.2, and the Er and O charges b

are equal, respectively, tp=3— y andqy=—1.7+ x/6. The b= il '

correctiony, associated with the redistribution of electrons Vi+y

the Er atom and the six O atoms, will be estimated below. where y= bfm/(bi—bg)i the quantitiesh, andb, character-

ize the band structure of Si, and are uniquely determined by
3. CALCULATIONAL METHOD AND RESULTS the width of the band gap and the width of the conduction
Within the framework of the cluster—band method, vari- band. An estimate using the data on the Si-O bond consid-

ous aspects of which were considered by us in a number ogredLabove givey= Q(';lo' he effecti . f thseaBd
publications(see, e.g., Refs. 13 and)14he main character- 54 ebt_ UT’ no:vEconS|d eLt e§e ZCt'Ve ekr;_er?lesfoot_ h
istics of the electronic structure of the impurity center mayE Oor Ita SI 0 V\; an.” the 92 th or 't.as 0 n tde.
be obtained with the help of the one-electron Green’s func:="-s COMPIEX. Ve Wi start with the S|tuat|onzcorrespon g
: to purely ionic bonds inside the compleb;(=0, x=0,
tion represented as i . : .

Q=0,g=—1.7). In this case we obtain, to start with, unoc-
bj -t cupied levels of the $§and 5 orbitals in the Ef 3 ion; their

Gi(E)=|E-Ei~ E-E —b2.Gn(E)| @ effective energies can be represented in the form

whereE; andE, are the effective energies of the orbitals of ~ Es=Eg+11Ug+pQ,
the central atom(Er) and the orbitals of the ligandsn the ¢
present case, the O atomb;, andb,,, are the hybridization Ea=EBqt+ 1lUartpQ,
integrals(of the covalent bondbetween the Er and O orbit- whereES andEg are the contributions of the Er shélith
als, and also O and SB,,(E) is the model Green'’s function charge Q.=14.0) to the corresponding orbital§}; and
for the Si matrix. The poles d&; g determine the position Uy are the intraatomic interaction integrals with participa-
of the localized levels of the impurity center with respect totion of the electrons in the f4shell (their values together
the Si bands prescribed l6y,,(E). Expression(1) allows us  with the values of other intraatomic parameters were ob-
also to calculate the square amplitude of the wave functiomained by the method described in Ref. 16 and are given in
of the corresponding impurity levels on the Er orbitals, andTable ); the number 11 in expressio(®) corresponds to the
also the local density of states in the allowed bands. number off electrons, ang is a parameter of the electro-
The structure of the functios,,(E) for ideal semicon- static interaction. The last term, whose fundamental impor-
ductors with tetrahedral bonds was considered in detail inance for the stabilization of the states of rare-earth ions in
Ref. 15. Without discussing the details, we note only thesemiconductors was considered in Ref. 17, formally takes
following. Setting b,,,=0, we obtain the pure cluster ap- into account the total electrostatic interaction with the envi-

4
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ronment. But since the system “EgG- matrix” as a whole ~ TABLE Il. Energy parameters of Er and O for the free atoms and in the
is electrically neutral, the given term in fact determines theE'Os cluster.

contribution to the effective energy from the Er electrons thaf
have been shifted over onto the O ions; the effective number

of these electrons is equal to the effective charge of the Er Bq 271 —633
. e . . . Er = -6.11 -5.16
ions. Utilizing the data given in Table I, we obtain for the E, 695 _2808
Erd30g 1 complex o E, ~13.62 ~14.66
E -21.05 —20.44

Es=—19.77+3p;, Eg=—20.94+3p. (5) *

. . . Note: Values of the energies are given in €hélative to the vacuu
The effective energies of thesand 2p orbitals of the O 9 9 ¢ "

ion are determined in an analogous way with the one differ-

ence that here we are dealing with occupied states and, con-

sequently, it is necessary to exclude the “self-action” of the

electron in the corresponding orbital. Taking this fact intoEr,Oz (Refs. 7 and 1], the distance between these levels can

account, we write be set equal to 5.4 eV. On the other hand, to estimate the
— = — — — position of the'Ep level we can make use of the data of Ref.
Es=EstUsdNss= 1)+ U Np+pq, 6) 19 on the position of the |2 level of fluorine relative to the

top of the valence band of Si. This givéjz—lzz eV

(relative to the vacuujpand finally, transforming froﬁp to
The overplaced bar in expressio® is needed to distin- E_p we findp=4.87 eV andp_= 20.46 eV.
guish the O parameters from the corresponding Er param-" Thjs radical difference in the values of the electrostatic
eters. Above for the ion with effective charge= —1.7 we  interaction parameter for the Er and O ions is in some sense
determined values of the effective occupation numberg e standable. Both andp are close to the values of the
Ns=1.85 andN,=5.85. Using the data of Table I, we find ¢corresponding intraatomic Coulomb integrals in these ions
E—855-170. (see Table)l It is just this similarity that accounts for the
s P (7)  stabilization effect: by losingor acquiring electronic charge
E.=2012-1.70. in the crystal, the impurity ion “feels” a charge of opposite
p . Ap. . .
sign located at the surrounding atoms, and therefore does not
Let us turn our attention now to the role of the “outer” deviate strongly from the electrically neutral state. Note that
electrostatic field, which is taken into account by the paramthis does not pertain to the effective energy of tHeotbit-
etersp (for Er) and p (for O). The loss by the Er atom of als; for them the difference between the valuespolnd
three electrons will lead to an abrupt drop in the effectiveU¢; is very substantial and therefore the levels of the 4
energies of the § and 5 orbitals since attraction to the electrons lie significantly lower in the E? ion than in the
ionic shell now substantially dominates over the Coulombfree atom. The system of levels for the free Er and O atoms
interaction with the 4 shell. This is reflected in the signifi- and for the corresponding ions in the'BO; " complex are
cant negative value of the first terms in E§). In contrast, ~given in Table Il. Finally, the estimate we used for the pa-
in the O ion, which has acquired almost maximally negativerametersp and p are of a qualitative character, like the pro-
charge, the reverse phenomenon occurs: neglecting the elggesed model as a whole.
trostatic interaction with the environment, we would obtain  Let us now consider the hybridization of the Er and O
here an abrupt increase in the effective enerdibe first  orbitals (o;; # 0, ¥ # 0), taking into account the main sym-
terms in Eq.(7)]. Taking this interaction into account makes metry aspects of the problem. In each irreducible represen-
it possible to stabilize the states of the corresponding ions imation (IR) of the groupO,,, where hybridization occurs, the
the sense of decreasing their deviation from the states in thequation[ G{(E)]~*=0 gives the pair of levels
neutral atom.
Naturally, it is impossible to estimajeand p from data N E+E E—E ? ~5
for free atoms and ions. Therefore, we use data on the state E12=—5 =+ + b, ®
of the Er and O ions in semiconductors. In this regard it
should be noted that as a result of the interaction with theyhere« is the index of the irreducible representation; natu-
matrix the energies of the O orbitals are renormalized and theally, different values ofx correspond, in general, to differ-
energies that figure in the calculation are, in fact, the energiegnti and|. In particular, for the irreducible representation
Ei (I=s,p) defined abovgEg. (3)]. The value ofE,, can be  a,q4 the indexi=s, and the index corresponds to the “hy-
determined, departing from the fact that data on the photobrid” sp, orbital of O(see Fig. 2, whose effective energy is
ionization threshold in Si give the position of the top of the given byEsp:(l/z)(Es+Ep)- For the irreducible represen-
valence bandE,=-5.20eV (Ref. 18; consequently, tatione, the indexi=d, and the index also corresponds to
Em=—4.64 eV (all values of energies are given relative to the sp, orbital. For the irreducible representativg the in-
the vacuum From Egs.(5) and(7) it is clear that the lower dexi=d, butl=p since the correspondingdSorbitals of Er
level for the Ef % ion is theE, level, and the upper level for hybridize here with the molecular orbitals constructed
the O ion is the;E'p level. Using the value of the band gap in from the p, andp, orbitals of O.

B B Up Ny 1+ 0 70
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In each of these irreducible representations the squarBABLE Ill. Self-consistent values of the effective parameters of the¢ErO
amplitude of the wave function corresponding to the levelcomplex in Si.

Eyx (k=1,2) on the Er orbital is given by Er o
-1
(Ef—E))? Eq ~27.52 _
cZ,=|1+ k..—z' 9  Eg —5.68 -
g E, -5.00 -26.94
- D 5 ) . Ep - -15.18
Here the normalization conditio@3,+ C5,=1 is satisfied, n; 11.0 _
which allows us from here on to consider only the quantitiesNg 0.21 -
C2 for the lower(binding) level in the irreducible represen- Ns 0.06 1.83
tation @. From expressiong3) and (9), with allowance for Np ;73 _51'2‘:’3

Eq. (2), it is not hard to obtain a relation linking the quanti-
ties C%a directly with the effective energie; andE; :

Note: Values of the energies are given in éiélative to the vacuuin

E,—E =Byl 1-2C3, (10)
C T a-cgcl, _ 101
_ _ _ _ _ _ Ny=1.85- —C3,— =C%,,
Note the simple meaning of this relation. If in the given 6 3 (14)
irreducible representation the effective energy of the Er or-
bital lies abovegbelow) the effective energy of the O orbital, N.=5.85- ECZ _ ECZ 2
then localization of an electron on the Er orbital is less P 6 1 3712 ¥

(greatey than 0.5. The case of complete localization
(Ciazl) or complete delocalizatiorq%a=0) implies that It is not difficult to guess that the condition of conservation
the hybridization parametdy; = 0. Finally, the homeopolar of total charge of the Erpcomplex[Eqg. (12)] is satisfied in

bond (C2,=0.5) corresponds to equality of the effective en-this case. _ L _
ergiesEiz'E, . Since partial filling of the Er “valence” or- The calculation of the quantitieS;,, according to Eqg.

bitals tak | fd5 £ 0. the effecti f the latt (10) has, by virtue of the expressions for the effective ener-
oitals takes place fan;, , the efiective energy ot the [atter gies[Egs.(6) and(11)] and the effective occupation numbers
is now written in the form(numerical energy values are

. X [Egs.(13) and(14)], a self-consistent character if the values
given in eV) of the hybridization integrald; are known. To estimate

Eq=—19.774+ U Ng+ U Ny + pQ: 11)

Ed: - 2094"’ Udde+ Usts+ pQ,

whereQ=3—-N;—Ng, Ng, andNy are the effective occu-

pation numbers. As for the valence orbitals of O, the expres
sions for the effective energies of the latter remains, as beS

fore, (6), but the quantitiesNs andN, change. In this case,
the condition

Ng+Ng=—6(ANg+AN,), (12)

these latter, we may use the relations obtained by Harrison
based on the pseudopotential metRb@aking into account
the interatomic distances in the Ey@omplex and the char-
acteristic mean radii of thedbshells for the rare-earth ions
obtained by the same author, we find that the valuds; df

the irreducible representationsy, €4, andt,, are equal to
5.66, 3.39. and 0.34eV)?, respectively. Obviously, in the
first approximation hybridization of thedborbitals of Er and
the 2p orbitals of O in the irreducible representatiyy can

be ignored; i.e., we can s€,=0. The self-consistent val-
ues ofC2, andC3, here are equal to 0.03 and 0.05, respec-

is satisfied since a redistribution of the electronic chargdively. The final values of the effective energies and occupa-
takes place between the orbitals of the Er ion and the six @on numbers for Er and O in the Eg@omplex are given in

ions. To simplify the notation, we write the quantiti@.»zm
for the irreducible representations, €,, andt,y in terms
of C3,, C%,, andCZ,, respectively. Thus, allowing for the
number of electrons on the lowéilled) levels (Fig. 3), we
obtain the following expression for erbium:

Ng=2CZ%, Ng=4C3,+6C2,. (13

Table III.

The values of the energies of the binding and unbinding
orbitalsa, 4, aj, andegy, e can be obtained from E¢8); as
for the t,4 and t’z‘g levels, by virtue of the approximation
made above they are assumed to be nonbinding, where the
empty Ievelt’z*g corresponds to the ener@y, and the filled

level t,, corresponds to the enerdy,. We also have a sys-

In order to write similar expressions for O, it is necessary tg€M of nonbinding oxygen levels in the irreducible represen-

take the following two points into account) the distribution

tationst,q, t,, andt,y,, and in the last case two levels with

of the electron occupying the corresponding molecular orenergiesE, and Eg,, which are calculated as described

bital in the irreducible representatien between the orbitals
of the six O ions; and Rparticipation in the formation of
molecular orbitals for the irreducible representatiapng and

above.
In addition, we have two levels, which correspond to an
occupied state and an empty state in thié'4shell. The

ey Of the “hybrid” O sp orbital; we assume the electronic energy of the occupied levels is given by
charge localized at such an orbital to be distributed equally

between the & and 2p, orbitals. We thus obtain Ef=Ef+ 10U+ UsNs+UgNg+pQ, (15

890 Semiconductors 31 (9), September 1997 N. P. II'in and V. F. Masterov 890



< x

SR | WC

51 T —(0.95)
2 T~(1.90)

é v-band

£, —————— (1.00)

E, eV

—10 -

— — —— — —— — — o — o — —

Toyst
297719~ +—o—o—t—a—o— (0.00) l___l

t1u’t3u/ey ——— (0.05)

]

tZg' ’ tfg ’ tZu ?

FIG. 5. Energy structure of an Eg@luster in silicon in the “well” repre-
sentation.

tru —o—o—o—o—a—e- (0.00)
Y1g * 0.03) the bottom of the conduction band is formed by thksfates

of the rare-earth atoms and the top of the valence band is
formed by the »-states of the O atoms.

It should be noted that in the given calculation the Si
FIG. 4. Energy spectrum of the E¥70; %® complex; positions of levels matrix was taken into account only by “renormalization” of
and band gap of Si are_given relat_ive to. thg vacuum. The filled levelihe parameters of the Green’s function for a cluster; there-
Er(41%), located substantially lower, is not indicated. fore, the energy spectrum shown in Fig. 4 does not contain

levels which may arise due to the rearrangement of the bonds
of the Si atoms on the boundary of the cluster, in particular,
where we have made note of the absence of “self-action” ofthe formation of Si—Si double bonds shown in Fig. 1.
the electror{or the presence of a “Coulomb hole” in Ander- The energy spectrum of the Erz@omplex, we believe,
son’s terminolog§!). The energy of the empty level is de- confirms the main points of the model of a quantum well
fined here a&;=E;+ Uy . The final system of levels for an created by the EO; cluster in Si. Indeed, the bottom of the
ErOs complex imbedded in a Si matrix is shown in Fig. 4, electron well formed by theg states is located near the top
with the degree of localization of each level on the corre-of the valence bandFig. 5, while the energy level of sym-
sponding orbitals of the Er ion indicated. metry a’{g, located in the middle of the band gap, plays the
role of a quantum-well level in the potential well. For the
holes there exists a “potential barrier” with height of about
4. DISCUSSION 8eV. Thus, an electron excited in the Si matrix can get
) trapped at an empty level of symmem)fg and, interacting

Let us consider the energy spectrum of an Eg-edster,  yia the Coulomb interaction with a hole from the valence
as shown in Fig. 4. As was already noted, thiestates of the  pand of Si, it can form an indirect exciton bound to the
Er ion, by virtue of their lack of hybridization with the states g — O, complex. Auger recombination of this exciton is ac-
of the O ions, do not participate in charge transport processesmpanied by excitation of af4electron of erbium.
even inside the complex, and this is not to speak of Si. Ob-  \y/e note once more that the results obtained in the ap-
viously, such a statement can be made regardingtfie proximation of a symmetric octahedral ErzQomplex
states, which are genetically related to thiedates of the Er - should be considered as qualitative, which give a faithful
atom since the square of their wave function on the Er ion i%)icture of the electronic structure of the Er—O complex in
essentially equal to 1. silicon, the order of the energy levels, their symmetry, and

Thus, we have two systems of levels—the upper emptyheir arrangement relative to the energy bands of silicon.
levels aj, and ey , which are genetically related to thes 6
and X states of the Er a’Fom, and the filled, delogallzed BN CONCLUSIONS
ergy levels located deep in the valence band of Si, the upper
ones of whicht,y, t;,, tyy, ty,, andey are genetically The results of our calculation of the electronic structure
related to the P states of the O atoms. The energy spectrunof the octahedral Er—Qcomplex in Si support the main
of the Er—Q complex so obtained corresponds to the bandooints of the model of a spherical square well proposed in

structure of the rare-earth oxidésee, e.g., Ref. 3lin which  Ref. 7 to explain the excitation of—f luminescence in

891 Semiconductors 31 (9), September 1997 N. P. I'in and V. F. Masterov 891



Er—O clusters in Si. In this case excitation is effected via®V.F. Masterov, F.S. Nasredinov, P.P. Seregin, V.Kh. Kudoyarova, A.N.

trapping of an electron from the conduction band of Si to a Kﬁznetsov, and E(-'- Tgr]ukovy Pis'ma Zh. Tekh. F22, 25 (1996 [Tech.
localized level of the complex with nt formation of ,”Nys: Lett22, 26 (1996].
ocalized level of the co pie t SUbSEque t formation o "V.F. Masterov and L.G. Gerchikov, iRare-Earth Doped Semiconductprs

an indirect exciton bound to the complex followed by its ¢giieqd by A. Poiman, S. Coffa, R.N. Schwartz. MRS Symp. P(Bitts-
Auger recombination. burg, MRS, 199§ Vol. 422, p. 227.
The Er—Q complex is an acceptor in Si. This statement 8J. Bourgoin and M. LannoRoint Defects in Semiconducto¢Springer-

is valid only for such a complex, but not for theZE)@ clus- Verlag, New York, 1988[in Russian trans. Mir, MoscoWl984] p. 19.
%1.B. Bersuker Electronic Structure and Properties of Coordination Com-

ter, which is most probably responsible for the optical prop- pounds(Khimiya, Leningrad, 1976 p. 120.

ertie$ of Si: Er, O. 10y F. Masterov, Fiz. Tekh. Poluprovod®7, 1435(1993 [Semiconductors
Finally, we note that analogous complexes can be 27, 791(1993].
formed in other Semiconductofs_g_, 1=V semiconductors 1A A. Samokhvalov, irRare-Earth Semiconductofi Russian, edited by

; _ ; V.P. Zhuze and I.A. Smirno¥Nauka, Leningrad, 1937pp. 5-47.
doped with rare-earth atoms and also with oxygen. 12y/.I. Gavrilenko, A.M. Grekhov, A.V. Korbutyak, and V.G. Litovchenko,

This work was supported by the international program  yandbook of Optical Properties of SemiconductonsRussiary, Naukova
INTAS and the Russian Fund for Fundamental Research bumka, Kiev(1987, p. 465.

within the scope of INTAS—RFBR Grant No. 95-0531. BN.P. Iin, V.F. Masterov, and A.EVasiI’ev, Fiz. Tekh. Poluprovdrn6,
1866(1992 [Sov. Phys. Semicon@6, 1046(1992].
¥N.P. Iln and V.F. Masterov, inSpectroscopy of Crystals Activated b
YThe bonds of the erbium atoms with their oxygen environments, of course, Rare-Earth and Transition Metal IFZ)nedited F:)); A Rr)}lskin nd Mas-y
have a “diffuse” character substantially different from that of the O-Si terov, SPIE2706 226 (1996 ' '

z)bond. . . ) o 15N LP. Ilin, V.F. Masterov, and A.EVasil'ev, Fiz. Tekh. Poluprovdr2s,
Wherever we indicate oxygen atomic orbitals, we have in mind the sym- 185 (1997 [Sov. Phys. Semicon@5, 111 (1991)]
metrizedo andX orbitals constructed from them. 16A E. Vasilev, N.P. Ilin, and V.F. Masterov, Fiz. Tekh. Poluprovds,

1253(1988 [Sov. Phys. Semicon@2, 793(1988].
!Rare-Earth Doped Semiconductpesiited by G.S. Pomrenke, P.B. Klein, ’N.P. Ilin and V.F. Masterov, Semicond. Sci. Techn®|.1253(1993.
and D.W. Langer. MRS Symp. Pro@ittsburg, MRS, 1993V. 301. 18A. Zunger. Solid State Phys39, 275(1986.
2Rare-Earth Doped Semiconductdtsedited by A. Polman, S. Coffa, and °T. Tiedje, K.M. Colbow, J. Gao, J.K. Kahn, J.N. Reimers, and D.C.
R.N. Schwartz. MRS Symp. ProPittsburg, MRS, 1996V. 422. Houghton, Appl. Phys. Lett§1, 1296(1992.
3D.I. Adler, D.C. Jacobson, M.A. Marcus, J.L. Benton, J.M. Poate, and2°w. Harrison, The Electronic Structure and Properties of Solj@ussian
P.H. Citrin. Appl. Phys. Lett.61, 2181(1992. trans), Mir, Moscow (1993.
*K.M. Moon, W.C. Kochler, H.K. Child, and 1.J. Raubenheimer. Phys. 21R.W. Anderson. Phys. Revi24, 41 (1962).
Rev.,176, 722(1968.
5J.C. Phillips. J. Appl. PhysZ76, 5896(1994. Translated by Paul F. Schippnick

892 Semiconductors 31 (9), September 1997 N. P. II'in and V. F. Masterov 892



ELECTRONIC AND OPTICAL PROPERTIES SEMICONDUCTORS

Quenching of EL2 defect-induced luminescence in gallium arsenide by copper atoms
F. M. Vorobkalo, K. D. Glinchuk,? and A. V. Prokhorovich

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252028 Kiev, Ukraine
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Fiz. Tekh. Poluprovodr3l, 1045—-1048 September 1997

It is shown that the introduction of copper atoms into gallium arsenide crystals cont&ihihg
antisite defects results in virtually complete vanishing of BHe? —induced luminescence

bands with radiation maxima &atv,,=0.63 and 0.68 eV. This occurs as a result of the deactivation
of the EL2 defects as a result of their interaction with copper atoms, which account for the
formation of electrically inactiveEL2-Cu complexes. €1997 American Institute of Physics.
[S1063-782€07)00509-7

1. INTRODUCTION with energies in the experimental crystals=E,+0.14 eV

It is well known that in GaAsEL2 defects, which are and e; =€, +0.44 er‘.were difﬂgsed i3nto semi-insulat.ing
binary donors with levelg, lying 0.75 eV below the con- GaAs cr){stals to densitilc,=10" cm >N at .750 °C in
duction band bottont, ande, levels lying 0.54 eV above 45h, W_h'Ch was followed by quenchm_g. D_|ffu5|_on was con-
the valence band tofe, and consist of antisite defects ducted in Se?'ed quartz (_:ells. The diffusion Flme was ad-
Asg,, Which are either isolated or bound in pairs with inter- equate for un|.form satur.atlon O.f the crystgls with copper gt-
stitial arsenic atoms Asor gallium vacancied/g,, initiate oms. Quenching made it poss_|ble to _av0|d the precipitation
the appearance of luminescence bands with maxima é)(f copper atoms from the SO|Id' solu.tlon yvhen the crystals
hv,,=0.63 and 0.68 eVRefs. 1—7.1 The first band is due to were cooled. The crysftgls obtained in this manner were of
a transiton of free electrons to filled hole levels P-yPe and their resistivity was low compared with that of
¢,=E.—0.75 eV, i.e., positively charged defe@s2*. The the initial crystals. The equilibrium hole density in the crys-

second band is due to a transition of free holes into the erfd!S at 300 K wago=8x 10'° cm™® — it was determined
ergy levelse,; filled with electrons, i.e., neutral defects by the ionization of the carbon 5anq3c0pper .atoms,
EL2°. We shall show below that the introduction of copperPo=Nc+Ncy, and at 77 Kpo=3x 10 cm?, determined
atoms into gallium arsenide leads to complete quenching dfY the ionization of the copper atomge=Nc. It follows

the EL2-induced luminescence as a result of the formatiorifom the relationpo=N, established experimentally at 77 K
of electrically inactive complexe&L2—Cu. that the carbon atoms in the crystdjast as in the initial

semi-insulating undoped crystalsere the dominant shallow
impurity (see also Ref. 8.

The Fermi level in the copper-doped crystals at low tem-

The initial crystals consisted of semi-insulating, undopedperatures <77 K) was located near the carbon level.
gallium arsenide crystals with resistivip= 2 X 18 Q-cm at Therefore theEL2 defects in the crystals could be primarily
300 K andEL2 defect densitiN=1.6x10°cm 3. The con- in the positively charged stateEL2"" (N*"=N,
ductivity decreased with temperatufe exponentially with N =N°=0), and the copper atoms could be in the neutral
activation energy 0.75 eV. This shows that the electric propstate C@, with energy levele} =E,+0.14 eV; the equilib-
erties of the initial crystals are determined by the partiallyrium concentration of neutral copper atomsNg,~=Nc,.
compensated levels,=E.—0.75 eV ofEL2 defects — the The diffusion of copper atoms into the semi-insulating GaAs
Fermi level in the experimental crystals was fixed near thecrystals has virtually no effect on the lifetimeg of the ex-
level g4, i.e., N=N*+N°andN° N*+#f(T). The shallow- cess electrong.e., the copper atoms do not produce a re-
est acceptors in GaAs — carbon atoms with densitycombination channel for the excess current carriers that is
Ne=3X10" cm™3, which produce levels with energy more efficient than the channels existing in the initial crys-
ec=E,+0.026 eV — were the main compensating impurity tals) or on the density of the electrically active carbon atoms
for EL2 defect® The equilibrium density of positively Nc.
chargedEL2" defects in the experimental semi-insulating Annealing of the control crystaléno copper atoms on
undoped crystals wad " =3x 10" cm 3=N, the density the surfacghad virtually no effect on the characteristics of
of neutral defect€L2° was N°=1.3x10' cm™3, and the the initial semi-insulating crystalsp( N¢, 7,, and the in-
lifetime of the minority current carriergelectron$, which  tensities of the luminescence bands wlih,,=0.63 eV —
was controlled by defects other th&i.2, is 7,=10 ®s at  Iyg3andhv,,=0.68 eV —l 9.
77 K. The photoluminescencéPL) of the gallium arsenide

The copper atoms, which upon replacement of the galerystals was excited by the strongly absorbed 1.96-eV radia-
lium atoms become double acceptors and form deep levekson from a helium-neon laser. The light absorption coeffi-

2. INVESTIGATION PROCEDURE
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bands due toEL2 defects unexpectedly vanished com-
pletely. Emission bands other than the bands due to copper

atoms are not observed in the PL spectra. The difference in
\\ the intensities of the characteristic luminescence bands

100

(hv,=1.51 eV} between the initial undoped and copper—
doped crystals is due mainly to the difference in free—hole

S0
density in the crystal$.

4. DISCUSSION

) The quenching of th&L2—induced luminescence is un-
1001 doubtedly due completely to the copper atoms, since anneal-
ing of the seminsulating undoped control crystals had virtu-

- J ally no effect on the PL spectruiisee Fig. 1
As follows from the most general consideratiofsee,
X(.25
-

I,arb.units

for example, Ref. 3, in the case under discussion the inten-
sities|g g3 and |l gg Of the EL2 —induced photoluminescence
bands are

50

i J

1 1 L 1 1 1

04 0.8 hv, eV 12 6 lo.6s= 7°U1=(7% 7" )63, 2
where 5" is the fraction of the electrons which recombine
FIG. 1. PL spectra of gallium arsenide crystals: Initial semi—insulating un-through theE L2" defects with emission of photons;,O is
s s i o e e measrementompanre {12 1action f holes which recombine through B2 de-
?; K\.NlIDashed Iingg—decomposition oftﬁd&Z—induced PL spectrL?m into ?eCtS Wl_th t_he emission of photons, is the Ir,]tenSIty of
components with radiation maxima at 0.63 and 0.65 eV. recombination of excess electrons and holes via the keyel
c, is the radiative capture of electrons By.2" defects, and
¢ =N"/N andde*=6N"/N are the equilibrium and non-
cient was equal to 4 10° cm™1, the intensity of the excita- equilibrium fractions ofEL2 defects in the statEL2™.
tion photon flux wad. =10'® cm~2-s™ %, and the number of As follows from Eqgs.(1) and(2),
excess electrons generated pef ahthe crystal surface was a4+ 4 40
SN= Lr,. Excitation changed only slightly the density of logg=Ca N" L7 =Cn @ NL7,=(7"/7)l06e ©)
EL2" andEL2° defects in the initial crystals and §ucop-  in the initial semi-insulating GaAs crystal# these crystals
per atoms in the copper-doped crystals: Bie2" and C§,  the illumination changes the initial density of defects in the
states dominated in the radiative electron recombination prdEL2" state very littl¢ and
cesses and the staflL2° dominated in the case of hole o aNtl L e+ 40
recombination processes. The intensitiesf the EL2- and lo3=Cq ON"L7y=Cpn 6@ 'NL7,=(7"/7")loes (4
Cu-induced luminescence bands increased linearly with thi the low-resistivity copper-dopgaGaAs crystalgin these
number of excess electrons. The PL spectra were measuredystals the equilibrium density of defects in the st&te2*
at 77 K. is low — the latter appear mainly under illuminatjon
As follows from Egs.(3) and (4), the substantial de-
crease in the intensity of thEL2—induced luminescence
observed experimentally after the copper atoms are diffused
Figure 1 shows data illustrating the effect of copper at-could be due to the following factors:
oms on theEL2—induced luminescence in gallium arsenide 1) Decrease in the lifetime,, of the excess electrons,
crystals. The following points are of interest. since new efficient electron recombination centers appear; as
1. The luminescence bands whtr,,=0.63 and 0.68 eV, a result, the number of carriers recombining throughghe
which are due to radiative recombination of current carriersdefects decreases;
on theEL2 defects, dominate in the initial crystals. 2) Change in the fraction oEL2 defects in the state
2. Annealing of the control crystal®io copper layer on EL2": ¢*+ 8¢ =¢"=0.2 in the initial semi-insulating
their surface does not change the form of the initial spectracrystals and very likely™ + d¢* =8¢ ' <0.2 in the copper-
or the PL band intensities. doped, low-resistivity crystal;
3. The introduction of copper atoms into the semi- 3) Passivation oEL2 defects as a result of the forma-
insulating undoped crystals, as expected, leads to the appeaien of electrically inactive complexeSL2—Cu.
ance of a luminescence band whr,,=1.35 eV. This band The first explanation is very unlikely, since as noted
is associated with the transition of free electrons to neutrahbove, the diffusion of copper atoms has virtually no effect
copper atoms C&g.z However, in this case the luminescence on the lifetimer,, of the nonequilibrium electrons.

T

IO.63: 77+U1:C:{(N++ 5N+)6N

=c (¢ T+ 80" )NSN, (€]

3. RESULTS
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The second explanation is also unlikely. Indeed, in thisinitial density of EL2 defect$. As a result, the density of
case, as a result of the decrease in the density of defects isolated EL2 defects decreases substantially and the
the stateEL2* and the increase in the density of defects inEL2—induced luminescence is almost completely quenched.
the stateEL2™ ", one would expect that luminescence bandsThis is the case realized in our experiments.
with hv,,=0.63 and 0.68 eV would transform into different
bands with maxima near 0.9 and 0.5 eV, induced by a trans ~oncLusioNs
sition of free electrons and holes to a second donor level of

the EL2 defectse,=E,+0.54 eV. However, in the experi- Copper atoms in gallium arsenide play a dual role in the
ment no impurity luminescence bands other than the one du@diative recombination of excess current carriers. First, they
to copper atoms was observéske Fig. L are centers of luminescence in gallium arsenide, inducing the

The latter explanation is the most likely one, since it isappearance of different luminescence bands which are due to

known that copper atoms can bind w2 defects to form @ transition to them of free electrons and electrons bound on
electrically inactive complexe&L2—Cu, thereby substan- shallow donors. Second, they can be luminescence quench-
tially decreasing the density of isolat&d 2 defect£® This  ing centers, specifically, the luminescence due to antisite de-
is confirmed by the copper-atom-induced transformation obfectsEL2, as a result of the formation of electrically inactive
served at 77 K of semi-insulating GaAs crystals into “con- complexesEL2-Cu.
ducting” crystals. Evidently, this occurs when the density of
EL2 de.feCtS decrease$ from the V%N@ N3C to 2N<.N.C- dFax: (044 265-83-42; electronic-mail: mickle@semicond.kiev.us
Hence it follows that ifN=1.6x10' cm 2 in the initial  YTheEL2 defects in the neutral stat&(2°) and positively charged state
crystals, therN>1.5x 10> cm™ 2 after the diffusion of cop-  (EL2") correspond to the level;=E;—0.75 eV and defects in the posi-
per atoms. tively charged statesEL2* and EL2**) correspond to the level
Therefore, the copper—atom—induced quenching of thesz=Ev+0.54eV. Obviougly, the total density oEOLZ defects is
. R . . N=Ng+NT+N** SNO+ SN*+ SN*+=0, whereN®, N* N*F

EL2-induced luminescence bands is due mainly to a large’ o™ N " andoN 0, whereN", N*, and

i B ) are the equilibrium densities &L2 defects in the neutral and singly- and
decrease in the density of |solatE_d12 (_jefects as a _result of doubly-charged states, artN®, SN*, and SN** are the corresponding
the interaction of these defects with highly mobile interstitial excess densities with respect to equilibrium.
copper atoms Guthe copper atoms Goccupying lattice
sites are immobile at the anneahng. temperatures emp)oyedlA. N. Georgibiani and I. M. Tiginyanu, Fiz. Tekh. Poluprovod®, 3
As n_oted abqve, some authors beheve2 Ltlr;atlihléz Centers  (19gg [Sov. Phys. Semicon®2, 1 (1988].
studied consist of isolated Ag defectst>*°whereas other  2k. D. Glinchuk, V. I. Guroshev, and A. V. Prokhorovich, Opkeicron.
authors believe that they consist of the complexeg.¥s.>"’ 3PoIUprohvoc;jn. Eekhn., No. 24, 6169?2- )

- 1-35 - i D. J. Chadi, Phys. Rev. B6, 15053(1992.
or A?;GaA.S' : Then the (.)bserved copper at'om induced 4Q. M. Zhang and J. Bernholc, Phys. Rev4B 1667(1993.
passivation ofEL2 defects IS due to the formation of cOM- sc v chang and F. KaiGaAs High-Speed Devices: Physics, Technology,
plexes of EL2 defects with copper atoms ALu or and Circuit Applications New York (1994, p. 48.
Asg.Clg, Or the associates AsAs;Cu, whose electrical 32- 2- mo"OWv j ﬁpp:- EEVS% ﬁgggggg-

) . . . A. Morrow, J. Appl. Phys78, .
properties differ substantially _from those_ELZ defe_CtS' . 8W. J. Moore, R. L. Henry, S. B. Saban, and J. S. Blakemore, Phys. Rev. B
Undoubtedly, the quenching effect discussed in this pa- 46 7229(1992.

per can occur if the density of copper atoms is equal to or®B. H. Yang and H. P. Gislason, iroceedings of the 18th International
higher than the initial density oEL2 defects. Then most Configegczeo56;-13?(91”;5;]““56”‘13" Japan, 1995, p. 7[iater. Sci. Fo-
EL2 defects become bound with copper ato(tie density rum '

of the EL2—-Cu complexes produced is of the order of theTranslated by M. E. Alferieff
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Investigation of the parameters of deep centers in n-6HSIC epitaxial layers obtained
by gas-phase epitaxy
A. A. Lebedev and D. V. Davydov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted November 28, 1996; accepted for publication February 13) 1997
Fiz. Tekh. Poluprovodr3l, 1049—-1051(September 1997

Epitaxial layers of 61-SiC obtained by gas—phase epitaxy have been investigated by capacitance
spectroscopy methods. It is shown that deep centers are present in the test samples. Such
centers were previously observed in SiC epitaxial layers obtained by sublimation epitaxy.
However, the total density of deep acceptors in structures prepared by gas-phase epitaxy

is two to three orders of magnitude lower than in epitaxial films obtained by sublimation epitaxy
with the same value dfi;— N, . It is suggested that the conditions of growth of the

epitaxial layers influence the density and the type of defects formed in theml.99& American
Institute of Physicg.S1063-782807)00609-1

1. INTRODUCTION of a sharply nonsymmetrig—n junction the capacitance cut-
Sufficiently pure epitaxial films Nq—N,~10"°— 10" off Vogei%e_%c tls Cd_ezteir[)nmeg byCe_xtrt?]polda_;;ng tf:_el linear
cm®) have been obtained in recent years by gas phase epq_un/e 0 =Y, Wherew IS the diterentlal ca-

taxy (GPE. This has made it possible to produce on thepacitance of thep—n junction andU is the voltage on the

basis of such films diode structures with a breakdown voltStUcture- The quantity); is related to the contact potential

ageU,, up to several kilovolt$:? At the same time, record- g'ﬁ]?rencegd by t?e :elat_g).ﬁ t#:tud_Zk;r/e’ \/I\f[herekf IS d
high values ofU,, have been attained in structures with olizmann's constant, antlis the temperature. 1t was foun

small working areas €104 cm?). Breakdown in these thaF the experimental value of the uncompensated donor im-
structures has been observed at substantially lower voltag@%m.y densityNg—N, was equal to the va_lue dfly~Na
than expected for a critical electric field strength in Iayers0 tqlned from measurements of the capamtg nce of Schottky
with such values oNg—N,. It was shown earlier that the barrlers+f0rm_ed on the surface of thdayer prior to growth
dislocation density is, as a rule, high in layers prepared b)9f the p™ emitter or to the value oRly—N, taken from the

GPE (~10°— 10 cm™2), i.e., one to two orders of magni- specifications. TheC—U characteristics constructed in

_2_ . . . .
tude higher than in epitaxial layers prepared by sublimina—_C U coordinates were linear in the experimental voltage

. : . : nterval.

tion epitaxy (SE).2 It is also known that centers with deep ' . A

levels (DCs) can have a large effect on the magnitude and Th? galues OEBta'_nEdedinN aref sh?wn |nIF|g. 1]; 'tl'hhe
temperature dependence of the breakdown voltage of gjccomputed curves/q= (Ng—Ny) for two values of the
basedp-n structures’ Thus, the investigation of the param-

eters of compensating DCs in lightly doped silicon carbide

layers obtained by GPE is a pressing problem. *
+3 1
2. EXPERIMENTAL PROCEDURE 2.8 . /
SamplesThe p—n junctions investigated in the present
work were formed on th€0001) face of single—crystal 18 .

silicon carbide substrates. The junctions were fabricated by
gas phase epitaxy by the CREE CompatgA) (GPEp-n .
structure® and structures obtained by sublimation growth of =3 2.6 /
ap’ emitter onn-type layers made by the CREE Company o
(GPE-SEp—n structure$ were investigated. t

In both cases, Alp-type) and N (n-type) served as the +
dopant. Thep-type epitaxial layers were 1—2m thick and 2.4
the n-type layers were 5-1@.m thick. Ohmic contacts to tot
n-type layers were formed by depositing Ni metal films and A N ! . . ,
ohmic contacts t@—type layers were formed by depositing 10" 10" 107 1
films of the systenfAl + Mo + Au] followed by fusing at Ng=Ng, em™3
temperatures of 1000 and 1900 °C, respectively.

Capacitancevoltage characteristicsThe density of the FIG. _1. Contac_t potential difference foHESIC p—n structures versus the
uncompensated donor impurity and the magnitude of thgeonf'tzy’\‘d_z'\éas'”éhe base af =300 K. Computed curves fdt, eV:1—

. . . .07,2 — 2.86. Experimental values fg—n structures prepared different

contact potential differencéJy were determined by the yethods:a — gas-phase epitaxy ati— GPE together with sublimation
method of capacitance—voltage characteristics. For the casgitaxy.
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1 1 rz K

2

FIG. 2. Typical DLTS spectrum of p—n structure prepared by gas-phase epitéy spectrum parametets=10 ms,n=3). The spectrum was measured
1 — after injection of holes through the metallurgical boundary ofghe junction and2 — without injection.

AC, ard. units

band gap, 2.86 and 3.07 eV, are also plotted in the figure. land some types of ions can also result in the appearance of
Ref. 7 it was shown that the computed value W@f for DEL.' Therefore, the formation dfcenters is not associatd
6H-SiC p—n structures obtained by different technological with any one type of impurity, but rather it can be caused by
methods agree better with experiment if the band gap oflifferent factors including irradiation. This points to a purely
6H-SIC is assumed to bé,=2.86 eV. As one can see from defect nature of the center.

Fig. 1, this correspondence also holds for GPE and GPE—-SE In Ref. 15 it was found in x-ray investigations of SiC—

p—n structures. basedp—n structures obtained by different technologies on
the basis of SE layers that the minimum half—widths of the
3. RESULTS AND DISCUSSION x—ray peaks mainly occur in samples with maximum DEL

D levelsTh fd in th intensity (high density of centers$. It was assumed there that
eep levels.The parameters of deep centers in the X+, conters — DEL activators — are formed as stresses in

perimental p—n structures were determined by deep—levelthe epitaxi ;

. . 8.9 pitaxial layer relax, for example, during growth of a
tranguTlnt ﬁpectrosccti)p@: LITS)l a?r? 't'DLTS (E|g. IZ). Ebs— Igyer or during irradiation followed by annealing.
sentially the same deep levels that were previously observed™ gpe - gjc layers grow at much lower temperatures

in films fabricated by GPE were observed in the G (1500 °O than SE layerg2000 °Q. This suggests that the
structures. The total density of th_e observed deep acceptalnitions for stress relaxation via the formatiori-eéenters
cgnters ‘.N'th energg,, was a_pproxmately an order of mag- and other analogous defects of an acceptor nature still do not
nitude h}ghgr than the density of deep_donors. . . exist during gas—phase epitaxy. In the present case such re-
_Earller It was shqwn that the density of DC.S W'th.aCt" laxation can occur, for example, as a result of the formation
vation energy En, in SE p-n structures, in which of many dislocations. This assumption explains the observed

_ — 7 —3 —_ 200, _ 10 - . .
Ng—N, 10.1 cm -, was equal to 10 3.0/0 ¥y Na', low density of deep acceptor levels and the high density of
As Ng— N, in the epitaxial layer was varied, the density of

DCs with energy E,, also varied negligibly: For
Ng—N,= 10" cm™2 the compensation caused by them was
less than 3% and overcompensation of the epitaxial layers
was observed atly— N,=10'" cm 3. This made it difficult
to obtain epitaxial layers withg— N,<10' cm~3. We ob-
served a similar dependence of centers with en&rgyon 15
Ng— N, in GPE p—n structures(Fig. 3). However, the den- 10
sity of the observed deep acceptor centers in GREstruc-
tures was two to three orders of magnitude lower than in St
structures with the same value dbf;—N,. There was no 7 10%
overcompensation of the GPE Ilayers right up to E
Ng—N,=10" cm 3, .
Discussion.In the experimental GPE structures, the 4y
centers and th® centers, whose parameters and propertie:
were close to those of thecenters, had the highest density.
Previously, i centers were observed inHESIC crystals,

13
which were irradiated with Al ions, and in SE layers of SiC 10
which were not doped separatéfyThe introduction of scan- L—=l L 5 L —
dium also led to the formation of such a center iH-8iC 10 0™ 107 0" 10

; - -3
and to the appearance of “defect” luminescendEL) Na- Ny, cm
(hvmax~2.35 €V).1? It was shown that all characteristics of

rlG. 3. Total density of deep acceptors verdig—N, in the epitaxial

the DEL can be described on the basis of a donor_accept(?ayers of p—n structures prepared by different methods:— gas-phase

. . . . . . 3 .
recombination mf)delf n.nrOgen .InpUIjlt)b —i center’® It is epitaxy and2 — sublimation epitaxy. The solid line corresponds to an
also known that irradiation of SiC with electrons, neutrons,acceptor density wheN,=0.5N,.
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dislocations in GPE SiC layers as compared with layers ob- v. E. Chelnokov inAbstracts E-MRS Conferencéune 4—7,(1996),
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Anomalous magnetic properties of the solid solutions (InSb) 1-x(CdTe), at low
temperatures
A. V. Brodovol, V. A. Brodovol, L. M. Knorozok, V. G. Kolesnichenko, and S. P. Kolesnik

Institute of Materials Engineering Problems, 252680 Kiev, Ukraine
(Submitted July 8, 1996; accepted for publication March 18, 1997
Fiz. Tekh. Poluprovodr3l, 1052—-1054September 1997

The magnetic susceptibility of the solid solutiofisSb); _,(CdTe, has been investigated. It has
been established that for the composition 0.05 a tenfold anomalous increase in

diamagnetism is observed with decreasing temperature. This anomaly can be explained by the
appearance of metallic superconducting modifications in the volume of the crystal.

© 1997 American Institute of PhysidsS1063-782807)00709-9

It is well known that a number of atomic semiconductorsis diamagnetic withy=—(1—3.5)x 10’ cm®/g and is vir-
and some semiconductor compounds under hydrostatic pregsally independent of temperature in the interval 77—-300 K
sure undergo a phase transition into a metallic state. As ¢Fig. 1).
rule, the metallic phases that are formed are superconducting. |t is well known that the MS of crystals which do not
According to Ref1 , indium antimonide possesses sev-possess an intrinsic magnetic moment consists of a sum of
eral polymorphous metallic modifications, and in Ref. 2 itthe contributions of the MS of the crystal lattice and the
was established that under hydrostatic pressure of close t0 22, i paramagnetism of electrons. The MS of electrons and
kbar at room temperature the semiconductor compound InSf dependence on density and composition of the SS have
undergoes an insulator—metal transition, which makes it po;eey examined in detail in Ref. 5 on the basis of the Zawad-

sible 1o obtain a metallic state at quite low temperaiures b)éki theory® The results of the calculations of the MS of the

gradually decreasing the pressure. Resistivity measurement . - .
have shown that the metallic state in InSb is superconductine?ecnons In(InSh), -(CdTe), for compositions in the range

with a transition temperature in the radg21-5.1 K. It is g_NngTeg5 mqle % gave a susceptibilijty of the order of
also known that the transition into a metallic state unde 0 _cm3/g, which is two orders of mf?g”'t“de less than the
hydrostatic pressure is accompanied a change in the volunf&Perimentally observed value gf This suggests that the
and the lattice parameters of the crystal. A strong local disMagnetic susceptibility ofinSh); »(CdTe) is determined
tortion of the crystal lattice similar to the effect of a high Mainly by the lattice component ¢.

pressure can be obtained by forming a system of three solu- AS the temperature decreases 77 K, the paramagnet-
tions on the basis of Semiconducting Compounds whose |ﬁ5m of MS is observed to increase for solid solutions with
teracting elements possess different atomic and ionic radik=0.001, 0.01, and 0.02. This is apparently due to the para-
This suggests the possibility of forming a metallic state inmagnetism of lattice defects, which was observed in narrow—

InSb crystals by complex doping. gap semiconductors during investigations of electron spin
In the present work we investigated the magnetic suscepresonancéESR) at temperatures beldw20 K.
tibility (MS) of single crystals of the solid solution$Ss Figure 2 shows a typical curve gf versus the magnetic

(InSb); - (CdTey in the temperature range 4.2-300 K andfield H for (InSh); _,(CdTe, single crystals. As one can see
magnetic fieldsH=0.1-5 kOe. The SS samples were pre- from the figure, for the compositiorn=0.05 the magnetic
pared by directioned crystallization of an InSb melt with thesusceptibility increases rapidly for low valuestdf changing
addition of Cd and Te. The total impurity density rangedrom diamagnetic into paramagnetic state, which is charac-
from 1.5<10' cm~? (x=0.001) up to 7.5 10°° (x=0.05).  teristic of substances possessing magnetic order. It can be

Synth?ss was pet:formeid in qtﬁartz cells e\(/jacuated 10 & Pre§ssumed that in the experimental crystals disarranged regions
sure of 10 Pa. The melt was homogenize atatemperaturg, ;- can form around clusters of impurity atoms are re-

of 1100 °C for 100 h. The ingots obtained were additionally ponsible for the field dependence of the magnetic suscepti-

subjected to a homogenizing anneal at 500 °C for 100—150: . . :
o . ; ility. These disarranged regions are apparently produced by
h. Equilibrium was considered to have been achieved whe . . . .
the high elastic stresses that appear in the cooling crystal

the microstructure and microhardness no longer changed an 3 ) )
were the same over the entire ingot. All samples wetgpe. bgcause of the @fferencg of the th'ermal' expansion coeffi-
The homogeneity and chemical composition of the ingotsf:'ents of the main material and an impurity cluster. As the
was monitored by Auger spectroscopy and x—ray crystalloX—ay crystallographic analysis has shown, the maximum
graphic and chemical analyses. compression of the InSb lattice, which reaches@lR 2 %

The MS measurements were performed by the re|ativ(.\jVith respect to the pure InSb lattice, is observed for the solid
Faraday method using electronic microbalances with autosolution (InSh), o5(CdTe)g0s. This apparently leads to the
matic compensation according to the procedure described i@ppearance of metallic modifications in the volume of the
Ref. 4 . The MS of all experimental specimendat 4 kOe  crystal®
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FIG. 1. Temperature dependences of the magnetic susceptibility of crystafs/G- 2. Field dependences of the magnetic susceptibility of crystals of the
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response signal does appear. The latter signal was previously
Measurements at 78 K showed that the character of thebserved in highF, superconducting materiat$.

dependencey(H) remains unchanged. The paramagnetism  In summary, it has been shown in the present work that
of the test samples, however, increases sligfafythe order metallic phases form in the solid solutioinSb)g g5
of 5-10%. An anomalous tenfold increase in diamagnetism(CdTe), o5 as a result of local lattice deformations. This re-
is observed in the temperature dependence of the magne#giits in a sign change in the magnetic susceptibility from
susceptibility of(InSb)y o4 CdTe) o5 (Fig. 1, curved) in the  negative to positive in weak magnetic fields. These phases
regionT=4.2—30 K. This is apparently due to the appear- apparently become superconducting at liquid—helium tem-
ance of superconductivity of a metallic modification formed peratures.
as a result of local lattice deformations accompanying dop-
ing. The measurements of the magnetic susceptibility corre+y; p_anus and M. S. Lavin, J. Appl. Phy40, 409 (1969.
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diagnostic€:® This is the nonresonance microwave response Phys. Status Solidi B3, 663 (1974.
of a superconductor that depends on the external magneti¢®- V- Brodovd, V. A. Brodovd, N. G. Vyalyi, L. M. Knorozok, and
field. This response is detected with high sensitivity by /;é'("lggfs’ Nauch. Zap. Nezhinsk. Ped. Institut, Ser. Fiz.-Mat. Nadk
means of an ESR spectrometer. The response is observegy. zawadski, Phys. Status Solidi & 1421(1963.

only when the sample makes a transition into the supercon:Yu. A. Bratashevski V. D. Prozorovski, and Yu. O. Kharionovskj Fiz.
ducting state. Nizk. Temp.3, 120(1977 [Sov. J. Low Temp. Phys, 58 (1977)].

“ . " . 8D. L. Lyfar, D. P. Moiseev, and A. A. Motuz, Fiz. Nizk. Temp3, 876
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fields in a wide temperature interval was used for the ESR Superconductivityin Russiaf, Sverdlovsk,(1987, Pt. 1, p. 213.

: e ' Yo e . . ,

|nvest|gat|on§.° In (|nSb)1_X(CdT9X crystals no microwave l. M Zaritski, A A. Konchlts,_and S. P. Kolesnik, Preprint No. 4-91,
. . . . Institute of Semiconductors, Kiefd991).

absorption signal was observedHh=0, while for a compo-

sition with x=0.05 atT<77 K a “hysteresis” microwave Translated by M. E. Alferieff
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Luminescence spectra of blue and green light-emitting diodes based on multilayer
InGaN/AlGaN/GaN heterostructures with quantum wells

K. G. Zolina, V. E. Kudryashov, A. N. Turkin, and A. E. Yunovich?

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia
(Submitted 27 September 1996; accepted for publication 18 March) 1997
Fiz. Tekh. Poluprovodr3l, 1055—-1061(September 1997

The Iuminescence spectra of blue and green light—emitting diodes based on
In,Ga _N/Al,Ga _yN/GaN heterostructures with a thig—3 nm In,Ga,_,N active layer

have been investigated in the temperature and current intervals 100—300 X=&nd1-20 mA,
respectively. The spectra of the blue and green light-emitting diodes have maxima in the
interavalsfi w,,,x=2.55—2.75 eV andh w,,,,=2.38—2.50 eV, respectively, depending on the In
content in the active layer. The spectral intensity of the principal band decreases
exponentially in the long—wavelength region with energy condigrt 45— 70 meV; this is
described by a model that takes into account the tails of the density of states in the
two—dimensional active region and the degree of filling of the tails near the band edges. At low
currents radiative tunneling recombination with a voltage-dependent maximum in the

spectrum is observed in the spectra of the blue diodes. A model of the energy diagram of the
heterostructures is discussed. 1®97 American Institute of Physid§1063-78207)00809-(

1. INTRODUCTION layer. The wavelength at the maximum of the spectrum
ganges from the blue to the green region as the composition

: L of the active layer varies in the range 0.2-0.43; the wave-
n the development of emitting heterostructures based o . ' o
! velop g uctu ngth also depends on the thickness of the layer. This is

GaN and GaN-based solid solutions. The work performe : _ 5
on the problem was presented at the First International Sem ollowed by a wide-gagp-Alo 1Ga N:Mg layer (~1000 A)

nar on GaN and Similar Materials at a meeting of the Society,. a barrier for electrons, which is necessary for hole injec-

of Materials EngineeringDecember 1995, Ref.)and the ion and for lattice matching the active layer with the top
First European Seminar on G&NRecord results on the de- p-GaN:Mg (~0.5 um) contact layer. The-Aly,Gay N:Mg

velopment of light—emitting diodes_EDs) for the short- layer prevents the evaporatior! of the active Iay_er during the
wavelength partviolet, blue, greenof the visible spectrum growth of the comparatively thick top layer. A Ni—Au metal

- . . contact is deposited gqpGaN:Mg. A Ti—Al metal contact to
were achieved by a group from the Nichiya Company USIn£%—GaN la erpwas %D;uced a%ter art of the structure was
organometallic compound-hydride methittin Ref. 4 it y P P

was shown that LEDs emitting in the indicated spectral re—e.tChed off. The area of ‘Qe crystal W'th. then heterojunc-
gion with a high quantum yield, reaching 4—9%, can be de:[Ion wasS=350x 350 um. For comparison, the spec'grg of
veloped on the basis of multilayer InGaN/AlGaN/GaN het-twq bl'ue and two green LEDS_’ pontalnlng tWO. additional
erostructures with a thif2—3 nn InGaN active layer(see epitaxial layers betweem-GaN:Si and the active layer
also the review in Ref. )5

The electroluminescence spectfal) of these LEDs
have been investigated as a function of the curtkrnd
temperaturel.*® In our on going study we investigated the
EL spectra of these LEDs in a wide range of curreht@Ve
also analyzed in detail the characteristic features of the spec-
tra. The spectral features are of interest for understanding the —_——=—
radiative recombination mechanisms and the factors influ-
encing the quantum yield of radiation in InGaN/AlGaN/GaN p-GaN:Mg
heterostructures. Quantum-well and tunneling effects, fluc-
tuations of the potentials in the quantum wells, and doping of ¢ | /Tunnsling el
adjoining wide-gap regions are important in structures with a p-ALGaN:M
thin active layer.

In the last three years substantial progress has been maf

IngCay 5N

Electron
¢* injection
c_/

2. EXPERIMENTAL PROCEDURE

Ten LEDs made of structures, grown by hydride
MOCVD and described in Ref. 4, were investigatéily. 1). "i'f,’,ﬁcﬁm,
A n-GaN:Si ¢=5 wm) layer was grown on a sapphire sub-
strate and a GaN buffer layer~300 A). An thin  FIG. 1. Energy diagram of WBa _,N/Al,Ga,_N/GaN heterostructures de-
(d~20—-30 um) In,Ga _,N active layer was grown on this scribed in Ref. 4.
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TABLE |. Parameters of group | and group Il diodes.

Group  Diode fiwma, €V Eq meV m AFy, eV Ej, eV A(ho)y, eV v, %"
| G3 2.435 68.2 1.105 -0.125 2.584 0.152

G2 2.445 69.9 1.108 -0.166 2.646 0.152 4.1

G4 2.446 66.8 1.123 -0.123 2.559 0.151 4.0

1l B3 2.709 54.5 1.005 -0.141 2.853 0.133 0.86
B2 2.732 44.3 1.059 -—0.089 2.824 0.131

BS 2.752 49.1 1.104 -0.091 2.851 0.134 0.70

Note *The measurements of the external quantum yigldare described in Ref. 13.

— N-Alg G N:Si (100 nm  and n-IngpGay od\:Si 1) lie in the intervalfi wma=2.55-2.75 eV, depending on

(50 nm), from previous work by the Nichiya Compahyere  the In content in the active layex 0.20-0.25). For the

also investigated. green diodes (group ) fiwmy=2.38-2.45 eV
The radiation was observed in the standard LED CONTx=0.40-0.44). The diodes in the third group were fabri-

struction through a plastic focusing bowl above the crystal.4ieq by a technology with additional heterolay®rtsiey
with the strL_Jct.ure. ) i ) correspond to the blue-green and greenish-blue
The radiation spectra were investigated in the KSVU—thw —2.46-2.60 eV. Therefore. the LEDs. made with the
max . . . 1 [}

systemt, thti S'gnﬁl :821 Wh'gh Wgstfefd |ntoAa IBB'\AASITS'A'SGInGaN/AIGaN/GaN heterostructures, cover the entire short—
computer throug s and an interface. A Q pro'wavelength range of the visible region in accordance with

gram was developeq to control the spectral system. Th efs. 1-4. For brevity, we shall call the group—Il diodes
mathematical analysis was performed with the ORIGIN an ight—blue diodes

EASYPLOT programs. 3.2.Dependence of the spectra on the current and spec-

tral band shapeThe emission spectra far=20—-0.2 mA

and at room temperatufe are shown in Fig. 3. The dropoff
3.1. General form of the spectr@he room-temperature Of these spectra is described by the exponentials

electroluminescence spectra of several diogdedble |) with | ~expfiw/E;) and ~exp(—fhw/Ey) in the short— and long—

a dc currentl=10 mA are shown in Fig. 2. The maxima in wavelength regions, respectively. The decay condignin

the spectra of the light—blue and blue—violet diodgoup the exponential function is of the order of £Q.XKT,;

3. EXPERIMENTAL RESULTS

2.435 2.653 2.707
2408 2480 2.627 2.748
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FIG. 2. Electroluminescence spectra of LEDs consisting g@b#a_,N/Al,Ga,_yN/GaN heterostructures with quantum wells at temperafumadJ =10 mA;
| — first group, Il — second group, Il — third groufsee Table)l
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FIG. 3. Emission spectra of LEDs as a function of curr@mé numbers in the column ajen mA) at room temperaturea — light-blue N3 diode from group
I; b — green N2 diode from group Il. The arrows mark the position of the maxima. Dashed curves — approximation (5)-E£§5.

Eo>kT and does not depend oh The maximum in the virtually independent of current and varied in the range
spectra of the light-blue diodes is virtually independent ofA (% w)q,=130-150 meV for different diodeésee Table)l
current in this interval. The maximum in the spectra of theThis made it possible to investigate the dependence of the
green diodes shifts with increasing current into the short—+adiation intensity® onJ with constanfT according to mea-
wavelength direction by=60 meV. surements of ;,,,(J).

For the light—blue diodes the intensity dropped rapidly  3.3. Interference-determined structure of the spectra.
atJ<0.7—0.2 mA. This is seen in Fig. 3a as a change in theThe high intensity of the radiation made it possible to inves-
distance between the curves on a logarithmic scale. For lowgate spectra with resolution down to 0.2 meV and an accu-
currents the long—wavelength part of the spectra of theacy of up to 0.1% and to observe the structure shown in Fig.
light—blue diodes deviates from an exponential function. Ford. The periodic structure was clearly resolved when a smooth
green LEDs a sharp drop It§J) is not observed, and spectra approximation of the ban¢dotted ling was extracted from
could be investigated down td=10 uA with a resolution the experimental spectrum. This structure is explained by the
up to ~0.5 meV (Fig. 3b. The widths of the spectra were interference of the radiation reflected from the boundaries of

1.0 <770
0.8 <1.08
a.6 -17.06
a2 -1
S 04 47.04
Q -
s 3
w 0.2 7202 ©
> o
o _ ©
3
0
5 a0 -11.60
+
2 i
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5 4
-0.6 L L 1 1 ) i A 1 1 i ] L1094
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FIG. 4. Structure of the EL spectruid) of a light—blue LED(N2, see Table)lresulting from interference in the GaN layer. Dotted lihe— smooth
approximation with Eqs(5)—(8); 3 — ratio of the approximation spectru(@) to the experimentall) spectrum#4 — the factor (1 a- cos(D(A—Ag)/AN));
a=0.020=0.001AN=7.02+0.07. The ordinate for curvésand4 is on the right-hand side.
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FIG. 5. Luminescence spectra of a light-blue LEWB) at low currents and

N[+ (A/n)(dn/dh)]=(N/2)(1+ N AN/t (1)

(AN is the period at t=5.0 um, are in the range 2.48 —
3.03. Sincedt~0.5 um, this value agrees with the index of
refraction of GaN (=2.5).

3.4. Radiative tunneling recombinatiof.spectral band
with a maximum ranging in the intervélw,,,=2.16—2.39
eV as the voltage on thp—n junction # wn,=eU (Fig. 5
was observed in the luminescence spectra of the light—blue
LEDs at low currents J=0.02-0.2 mA). The quantum
yield of the prinicpal spectral band drops by four orders of
magnitude in this region. The observed band corresponds to
tunneling radiation, which was previously investigated and
described theoretically for other direct-gap lI-V
compound$. This band was not observed in the green LEDs,
which correlates with their large serial resistance and ab-
sence of a tunneling current component.

3.5. Temperature dependence of the spe&gathe tem-
perature decreased, the long-wavelength decay of the spec-
trum in the principal band remained nearly constant, the
short—wavelength decay became appreciably steeper, and the
parameterE; decreased and became current-dependent.

room temperature. The intersections of the straight line and the spectleasurements of the temperatureperformed with a ther-

indicate the energy corresponding to the voltage on the dibd®A; 1 —

0.025,2 — 0.01,3 — 0.075,4 — 0.1, 5 — 0.15. The position of the

maxima of the tunneling radiation band, eV:+— 2.13,2 — 2.21,3 — 2.27,
4 — 2.33. Energy of the maximum of the short-wavelength band —
ev.

the transparent n—GaN layer (thickness
t+ot=5+0.5 um).%’ The values o[ 1+ (\/n)(dn/d))]

(n is the refractive index, andn/d\ is the dispersion cal-
culated from the equation

Intensity, arb units

a.1—

mocouple attached to the plastic cap of the diode showed
that T changes appreciable when the diode is heated by a

o 7scurrent exceeding 1 mA. For this reason, the variation of the

spectra of one of the light—blue diodes as a functionT of
with J=1 mA, for which the heating is weak, is shown in
Fig. 6. The integrated radiation intensith was virtually
independent off, varying at this current by not more than a
factor of 2.

3.6.Current and voltage dependences of the intensity.
The integrated intensit depended linearly on the curreht

1 1 |

4.6 2.7

2.8 2.9

) Energy, eV

FIG. 6. Luminescence spectra of a light-blue digti?, see Table)lat different temperatures. Dots — approximation using the Exjs(8).

904 Semiconductors 31 (9), September 1997

Zolina et al. 904



el=e(V-JRs), eV  Rhw,,. F E; ho,,. E, f; elU=e(V-JRs), eV
22 246 26 W28l a0 e 24" 26 {28 0 a2
T T T T T T T T up .or°r‘ E 1 T T T ! T T L | - T
3 wo ° ° 3 = o
g 10+ a . 'E’ : »
S ° Imu(ev) _: /b .
£ @ | % TE 0 Inga(el)
§ o1 8 F ® Lnaz(7)
NE NE =
Foot1y 5 o1k
8 -3 8 =
0 D n
0 Lotl Lot el L1 1 il 0.01 o) 11t Lty 1o ntl
a1 7 10 a.1 7 10
J, mA J, mA

FIG. 7. Radiation intensity versus voltagep scal¢ and currentbottom scalgfor the light-blue(a) and greer(b) LEDs. The straight lines correspond to Egs.
(2) and(3). The parameters of the approximation using E§s-(8) are indicated on the top scale; Room temperature.

for J=1-10 mA (Fig. 7), it grew sublinearly withJ for  nors and acceptors, and their fluctuations in the quantum
J>10 mA, and it dropped superlinearly with decreasihg well. It is necessary to estimate the fluctuation of the poten-
(J<0.7-0.3 mA). This drop can be described by the law tial as a function of the well thickness and the impurity den-

B~ JP @) sity. Since the electric fieldE in the p—n junction is large,

' Eg . AEy., andAE,, can depend OE.

For light—blue diodes the exponept varied in the range Calculations ofE} are complicated and they contain
p=4.5-5.2. Such a sharp dependence is due to the changsgpecific parameters which are not always known.
in the ratio of the nonradiative and radiative recombination 4.2, Model describing the luminescence spectfare
in the structure. For green diodes the dropliwas less restrict the analysis to spectra in the principal band, proceed-
sharp,p~1.5. This is due to the difference in the mecha-ing from the following model. Efficient radiative recombina-
nisms of current flow in the diodes investigated. At low cur-tion occurs when current carriers of both signs are injected
rents for light-blue diodedJ~V (V is the voltage on the into the active layer — into a quantum well. For low currents
diode), so that the tunneling component can be substantial. For high cur-
rents some of the voltage falls across the serial resistance,
giving rise to heating. Let us examine the emission spectra in

WhereEl is the decay constant for the radiation intensity. Atg guantum well in the current and Vo|tage ranges that corre-
hlgh currents a serial resistance appedts:U+JR;. The Spond to efficient radiation emission.

| max=constexpeU/E,),

electric properties of diodes are studied in Ref. 9. We assume that optical transitions occur between the
edges of two-dimensional conduction and valence bands,
4. DISCUSSION which possess tails of the density of states as a result of

different fluctuations of the potenti@&Coulomb field of the
impurities, quantum-well levels, composition of the solid so-
lution, boundary roughnegdn this case we apply a formula
for the 2D density of stateN?(%w— ES) that was used in

4.1.Energy level diagramLet us examine the energy
level diagram of the heterostructuf€ig. 1).
The effective band gaE; in the active layer is

E’g‘=Eg(x,T)+AElc+AE1U+AEp—EeXC—AED,A, Refs. 11 and 12 to describe the luminescence of GaAs/
(4)  AlGaAs quantum wells:
whereEg4(x,T) is the band gap in the layeAE;; andAE,, () ~N2D (hw—E* V(o kT.F
are the quantum wells in the conduction bantiE,, is the (o) (io—Eg)fo(fiwkT,Fn)
change irEq as a result of deformations due to differences in X(1-f,(ho,KT,Fy)); (5)

the lattice constants in the layers of the heterostructigg,

is the binding energy of a two—dimensional exciton, and ~N?°(hwo—E})=(1+expg—(ho—ES)/Ey)) "  (6)
AEp , are the shifts produced in the edges of the effective
band gap by the potential of the donors and accepfdrs.
For calculations it is necessary to know th@(x,T),
me (X, T), AE;., and AE;, depend on the band offsets
AE_, at the two heteroboundaries and on the thickrtee$
the active layer. It is necessary to know the tensors of the  f (%, kT,F,)=[1+exp((1/m)

elastic constants, the deformation potentials, and the ioniza-

tion energies Ep, E,) and densitiesNp, N,) of the do- x(ﬁw—E;)—AFn)/kT)]’l, @)

The energy parametdt, characterizes the exponential
decay of the density of states in the long-wavelength region.
In Eq. (5 f. and 1-f,, are the filling functions of the states
near the band edges:
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TABLE Il. Parameters in Eq45)—(8) obtained by fitting the experimental spectra of the light-blue and green
LEDs. The number of significant figures corresponds to the accuracy of the fit.

N Diode J, mA V-JR;, V homax, eV Eo. eV m AFy, eV Ej . eV
B3 0.2 2.464 2.708 79.5 0.96 —0.176 2.899
0.5 2.615 2.707 60.4 0.99 -0.143 2.858
1 2.692 2.709 56.5 1.00 -0.132 2.845
2 2.772 2.708 55.5 0.99 -0.138 2.848
5 2.880 2.709 54.8 099 —0.140 2.850
10 3.080 2.709 54.5 1.01  -0.141 2.853
20 3.028 2.708 54.6 1.02  —0.144 2.858
G4 0.022 2.285 2.409 65.9 1.05 -0.238 2.672
0.05 2.351 2.409 65.9 1.04 -0.236 2.668
0.1 2.422 2.409 70.1 1.02  -0.241 2.670
0.2 2.480 2.410 70.0 1.00 —0.254 2.678
0.5 2.597 2.416 69.6 0.96 —0.303 2.722
1 2.683 2.423 69.0 094 —0.293 2.712
2 2.791 2.426 68.6 0.94 —0.370 2.790
5 2.955 2.435 68.3 1.00 -0.212 2.666
10 3.078 2.446 66.8 112 -0.123 2.599
20 3.188 2.460 67.7 1.23  —0.106 2.602
(1—f,(hw,KT,Fp)=[1+exp(((1(1/m)) spectra were analyzed. The values of the parameters are pre-
. 1 sented in Table Il, and their variation with current for two
X(ho—Eg)—AF,)KT)] ™, diodes is shown.
(8) The energy in the argument of the exponential function
describing the short—wavelength decay of the spectral band
whereAF,=(F,—E}) andAF,=(E} —F) are the Fermi — the paramete, — is virtually independent of for each
quasilevels for electrons and holes in the active region andiode until (for light-blue LED9 the tunneling radiation
are related by the relations comes into play. The value d&, increases from diode to
diode from 49 to 70 meV as the maximubiw,,, shifts in
Fn—Fp=eU,AF,=eU- E; —AF, ,E; +EX-E*, the long—wavelength direction. Therefore, it can be con-

(9)  cluded that the fluctuations of the potential in the quantum
wells increase with increasing In content in the active layer
whereU is the voltage drop across the active region which,of the diodes. In the publications with which we are familiar,
in general, can be less than the voltage drop acrospthe the characteristic fluctuations of the potential in the quantum
junction. wells of the structures studied were not analyzed.

The parameters ff and (1— 1/m) characterize the frac- The parametem, which characterizes the difference in
tions of the energy f{w—E;) that an electron possesses the energy in the argument of the exponential functions in
above the effective conduction band edgg and a hole Egs.(7) and (8) from the valuekT (in the calculations in
possesses below the effective valence bandEpp For di-  Table Il it was assumed th&T corresponds to room tem-
rect transitionsm=(1+mg/m}) in the case of parabolic peraturg, almost equals 1 for all diodes, until heating starts
bands anadn=1 for transitions between the conduction bandas the current increases. This increase is greatest for green
and an acceptor level. In the model proposet a phenom- diodes, for whichRg=27—30 Q. If it is assumed that the
enological parameter. If the diode temperature is not meaapparent change im is completely due to heating, then with
sured directly, an increase in the parametewith increas- a dc current of 20-30 mA the temperature of the active
ing current could indicate heating of the diode. region of the diode can reach~390 K. The valuem~1

The experimental spectra were normalized to 1 at thecould mean that radiative transitions proceed from the tail of
maximum and were described by E¢9—(8) with the aid of  the density of states in the conduction band into local accep-
the ORIGIN and EASYPLOT programs by fitting the param-tor levels. This assumption needs to be checked.

etersh wmax, Eg ,» M, Eq, andAF, so as to obtain the best The value obtained for the Fermi quasileveF, for
description of the spectra as functions of the voltihband  electrons by the fitting procedure varies at low currents from
temperaturer . —0.11 to —0.36 eV (from violet to green diodgs The

The results are presented in Figs. 3—5 and in Table lldeeper position of the Fermi level in green diodes correlates
We see that as the current varies over wide limits and as theith large values ofR; and with the absence of tunneling
intensity varies, in each spectrum the approximation deradiation. An increase idAF, by 1—2kT with increasing
scribes the spectra well up to two decimal places. The rmsurrent corresponds to double injection of carriers into the
deviations over 2000 points did not exceed 70 3 for the  active region.
spectra normalized to unity at the maximum; more than 50 The values oiEj_; = wmnatA should be compared with
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estimates oE;Jc using Eq.(4). The fit was made for spectra region is in the rang&,=45—70 meV. This characterizes
normalized to unity at the maximum. The dependence of th¢he fluctuations of the potential which arise for different rea-
radiation intensity on the voltagg and on the approxima- sons(roughness of the heterstructures, nonuniformity of the
tion parameters requires a simultaneous analysis of the specemposition of the solid solution, Coulomb potential of the
tra and electric properties of the diodes. This falls outside thémpurities, etc).

scope of this paper. 7. The energy decay constant in the exponential for the
short-wavelength dropoff of the spectra is closekih Its
5. CONCLUSIONS variation gives an estimate of the heating of the region up to

O1_00 °C with a currenf=~20 mA.
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Polarization photoluminescence study of the complex V cal€pas IN N-type GaAs in the
temperature range 77—-230 K
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A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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The polarization of the photoluminescence band with a maximum near 1.18 eV, which is formed
as a result of the resonance excitationVgf,Texs complexes by polarized light, is

investigated for GaAs:Te with various electron densities in the temperature range 77—-230 K.
Based on a previously developed model of these defects, theoretical equations for the
polarization of their luminescence are derived in the one-dipole approximation, taking into
account the possible reorientation of Jahn—Teller distortions of the complexes. It is shown that the
temperature dependence of the polarization of the investigated band is well described by

these equations, and the parameters characterizing the optical dipoles of the complexes are
estimated. A decrease in the degree of polarization at temperatures ald@@eK is

explained by the transfer of excitation to complexes with any possible orientations of the initial
axis and by Jahn-Teller distortidowing to thermal-field emission and retrapping of

holes by the photoexcited complexe¥he decrease in polarization can also be partially linked

to the reorientation of distortions during the lifetime of the emitting state of the complex.

The height of the energy barrier for such reorientation is at le@s10 meV. © 1997 American
Institute of Physicg.S1063-782807)00909-3

1. INTRODUCTION vacancy-donor complexes binding three holes in(Féfs.
7-9. It follows from the results of an investigation of the

Complexes containing a gallium vacancyd,) and a polarization of emission from th¥g,Te,s complex in reso-
shallow donor and occupying nearest-neighbor lattice sitefance polarized excitatidh!! that its symmetry is also no

excite a broad photoluminescence band-type GaAs, with  higher than monoclinic in the groun@bsorbing state. The

a maximum at the photon energdey)~1.18 eV(Ref. 1. corresponding required additional distortion of the initially

electron from a state near the bottom of the conduction bangseydo Jahn-Teller effe¢or the Jahn—Teller effect if the

with & hole localized in a deep state of the comphéshe ground state binds one hole and the emitting state binds two
complex can form a radiative state imtypeGaAs by trap- holes.

ping a hole produced in the generation of electron-hole pairs 5. this model to be qualitatively consistent with the
or by emitting an electron into the conduction band or into

shallow states as a result of the absorption of a photon by thﬁom the complextd it must also be assumed, as indicated in

complex in resonance excitation. Ref. 12, that reorientation of the Jahn—Teller distortion can-
Investigations of such a defect in GaAs:Te have shown - .

. . not take place at low temperatures within the lifetime of the

that the complex does not have trigonal symmetry in the

L . o o excited state. The observed alignment of these distortions
radiative(exciteq state, but is distorted and can exist in oneunder uniaxial pressure and in the presence of recombination
of several equivalent configurations with different orienta- P 35 prese
tions of the distortiori~> The application of pressure to the of electron-hole pairs™ can tak.e place in the .g.round state
crystal along thg¢111] or [110] direction with the recombi- and_ _be preservedat Ieagt pﬁrtlal_ly upon trap5|tlon _to the
nation of electron-hole pairs through the complex at low€Mitting state(hole trapping.™ This process is possible be-
temperatures 2 K) has the effect of aligning these C2use the barrier between equ_lvalent cqnf_lguranns in the
distortions®=® If pressure is applied in thEL00] direction, ground state can be lower than in the radiative state, and the
the distortions of the excited state align more slowly as th&Omplex has a long residence time in this state at lower ex-
pressure is increased. These patterns have Suggested a mdaauon IeVelS. The absence Of Val‘iations in the pOlarization
of the excited state of th&g.Texs complex whereby the diagrams of the complex when the temperature is raised to
distortion of the initial trigonal symmetry of the complex is 77 K (Ref. 10 indicates that the characteristic reorientation
associated with the Jahn—Teller effect, i.e., with interactiorfime, even at 77 K, greatly exceeds the lifetime of the excited
between a hole trapped by the complex and partially symstate. With a further increase in temperature, however, the
metrical vibrations of the atoms surroundings, atoms reorientation process in the excited state can become signifi-
(Refs. 5 and B In this case the complex acquires monoclinic cant, because the lifetime of this state is comparatively long
symmetry, and for each defect there are three equivalent cof—~10° s; Ref. 13.
figurations corresponding to the three possible orientations of Here we report an investigation df;,Texs by polarized
the Jahn—Teller distortiofFig. 1), as in the case of the photoluminescence methddsat elevated temperatures. The

results of investigations of polarized photoluminescence

908 Semiconductors 31 (9), September 1997 1063-7826/97/090908-08%$10.00 © 1997 American Institute of Physics 908



€ € €,
= A
- () , - %
’ ”'” " 'l ///
As X _ As )\ i As z
J /" ,] _} /// //
%~ ! Pl { ;"’\t,/
oT Ve I et | AL
- - ! 'l\ ! i
- "\, 7’
2’\ / As) ) / ( F—
_ i ] s
- s 7
",— y [] // r
- 1 As As

FIG. 1. Vgaless in n-type GaAs. The arrows show the direction of the axis of the optical dipole, and the dashed lines indicate the symmetry plane of the

complex.

polarization of photoluminescence frov,Texs complexes — rotates. We describe the position of this axis below by the
excited by polarized light from the impurity absorption bandangle¢ measured from an axis of the typ#10 situated in

of GaAs:Te is calculated within the framework of the above-the symmetry plane of the defegtig. 1).

indicated model. Possible reorientation of the Jahn—Teller ~To analyze the experimental data, we calculate the tem-
distortion in the excitated state is taken into account, alongperature dependences of the linear polarization of lumines-
with the thermal-field emission and retrapping of holes bycence from such defects in the case of resonance excitation
the complexes. The relative influence of the Jahn—Teller efby polarized light. We make the following assumptions:

fect and the donor on the initial states of a hole localized at 1. The distortion of the complex in the ground state is
the complex is assumed to be arbitrary in the analyticabimilar to the distortion of the complex in the radiative state,
model. The results of the calculations are compared witfand the directions of the axes of the emitting and absorbing
experimental data fo¥g.,Te,s complexes imn-GaAs in the  dipoles coincidgone-dipole approximation

temperature range 77—230 K. Certain parameters character- 2. Each complex resides in the ground state for a suffi-
izing the states of the defect are estimated on the basis of thigiently long time(low excitation intensity, and the reorien-

comparison, and it is shown that the investigated laws do nd@tion time in this state is short enough for all possible con-
figurations of the complex in the ground stafgossible

conflict with previously proposéd-*?models of theVg,Texs
complex. directions of the axis of the absorbing dipple be equiprob-
able in the excitation of photoluminescence.
In the classical dipole approximation the optical charac-
teristics of a point defect in a crystal are described by the

2. CHARACTERISTICS OF THE PHOTOLUMINESCENCE OF - . .
A SYSTEM OF MONOCLINIC COMPLEXES WITH A superposition of an oscillator and a rotator, which can be
FIXED AXIS OF THE (111) TYPE AND REORIENTED regarded as incoherett.We introduce the parametet,
DISTORTION which characterizes the relative contributions of the oscilla-
tor and the rotator to the absorption of light by the defect.

In accordance with the above-described model of therpe values ofu range from O for the “pure” oscillator to 1
Veal €xs complex;®*2if the temperature is not too high, the in the case of the “pure” rotator. The probability of optical
Jahn-Teller effect is static, and a single complex can havgycitation of a single defect in thigh group (=1, 2, 3, 4 for
three equivalent configurations of monoclinic symmetryihe initial axis of the complex directed along th&11],
(Fig. 1). A symmetry plane of the typf110 containing the  [111], [111], and[111] axes of the crystal, respectivélin
initial axis of the complex, i.e., the lattice sites correspondingne jth configuration [=1, 2, 3) can be represented by the
to the initial positions of both components of the complex,expression
exists in each configuration. The reorientation of the Jahn
—Teller distortion of the complex reduces to the rotation of A, .= g[(1—u)coSy; ;+u SiPy; TN, (@)

this plane about the initial axis through an angié20°. In
crystals of IlI-1V semiconductors there are four equiprobablewhere o is a constant characterizing the photon absorption

orientations of the initial axis and, accordingly, four groupscross sectiony; ; is the angle between the dipole axis and
of the investigated defects; within each group a single defedahe direction of the electric vector of the light wave, awg,
admits three equivalent configurations, between which tranis the photon flux density of the exciting light.

sitions are possible, inducing reorientation. The axis of the For defects of thdth group the concentrations of the
elementary dipolélinear oscillator or rotatgrcharacterizing various configurations of the excited state under stationary
the emission and absorption of light by a defect lies in theconditions are related to the characteristics of the exciting
symmetry plane of the defect and changes its direction as light and the parameters of the defect by the equations
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=t o \7 with the electric vector of the light wave parallel and perpen-
dicular to the axis from which the angle is measured. For

—Nj1CpP1+ i1 =0, the most part two orientations of the crystal relative to the

directions of the exciting light and observation of photolumi-

aniq (N 23: ) Ny Mg NiptnNis wherel () andl, (#) are the photoluminescence intensities
= 2 Njj

T 27

an;» Nis N>  Nip+Nis nescence were usedi10]-[001] and[100]-{010Q] (the first
ot Z_Zl nij |Aiz— Ty T T o and second of each pair give the direction of the exciting
= 0 light and the direction of observation, respectiyely these
—Nj2CpP1+ @jp=0, casesp(») has extrema ap=0 and atp=90°.
; Calculations under the above-stated assumptions give
an; N n; n; ni1+n;
_usz(__z nij)Ai3__|3__|3+ |12 i2 (y=0)= :1+(1—m)rocpp1
at o T T PL7 P1 1+ 70CoPs
—Nj3CpP1+ @i3=0. 2

r
. . . . f1+ —(1+7ocpp1)f2

HereN is the number density of complexes; is the density % To ®)
of excited complexes with theh initial axis in thejth con- T
figuration, 7 is a characteristic distortion reorientation time in fat 0 (14 70CpP1) 4 §m"00pplf5
the excited state, which depends on the height of the barrier
between configurations and on the temperatugés the life-  for the orientatior{110]-{001] and
time of the excited state, which is determined by the recom- 1+ (1—m)7CpPy
bination of a localized hole with an electrazyp; is the rate p(n=0)=py=
of thermal-field emission of holes into the valence banygl
is the rate of capture of holes by the compleg; is the T
density of holes in the valence band when the Fermi level T_O(l+700ppl)f5
coincides with the level of the complex, ang| is the sta- X ;
tionary number _of hqlg—trap_pmg events per unit tm_1e at a fa+ —| (1+7oCpP1) fa— §mTOCpplf5
complex with theith initial axis that lead to the formation of o
the jth configuration. ©)

For weak excitatioriwhen the photoluminescence inten- for the orientatior{ 100]-[010]. Heref, ... ,f5 are quanti-
sity is proportional toN;,,) the density of excited centers is ties that depend only on the parameters of the dipole and not
small in comparison witlN and can be disregarded in the on the temperature:
first term of Egs(2). Under these conditions we have fL=(1—2)2(coS o— 242 sin ¢)2cog ¢,

f,=2(1—2u)?(coge+4 sirt ¢)cog o,

1+ Tocppl

4 3
011= g = 15CoP1 2, 2, myij#kD, (3
fa=4(1+u)?

wherem is the ratio of the capture rate of holes by the in-
vestigated complexes to the total rate of departure of holes
from the valence banéas a result of trapping by all deep +2(cog @+2u Sir? ¢)?,
centers and interband recombinadioi®olving the system .
represented by the set of equatia@s for i=1, 2, 3, 4, we fs=(1-2u)%(cos’ ¢—2sir? ¢)%
can evaluate; / 7, for any direction and polarization of the On the other hand, for the same orientations we have
exciting light and then determine the intensity and linear (7=90°=0 )
polarization of the emission for any direction of observation P '
of photoluminescence. It is necessary here to know the relgEquations(5) and(6) show that the temperature dependence
tive contribution of the rotator to the emission of light by a of the luminescence polarization can be formed both by a
defect. In our calculations we assume that this quantity isvariation of the probability of direct reorientation of distor-
equal to the relative absorption contribution of the rotator. tion in the excited stat¢variation of (r/7o)(1+ 7oCpP1)]

In the polarized photoluminescence experiments we useénd by the emergence of excited centers of any group with
an orthogonal arrangement with mutually perpendicular di-any possible direction of the distortion due to the emission of
rections of the exciting light and observation of photolumi- holes from photoexcited complexes and their retrapping by
nescence. The direction of the electric vector of the excitinginy unexcited complexes of the same natr@nsfer of ex-
light wave was specified by the anglemeasured from the citation).
axis perpendicular to the directions of the incident light flux ~ The thermal—field emission of holes from complexes
and observation of photoluminescence. The degree of polainto the valence band also tends to lower the photolumines-

f,=(cog @+2sirf ¢+2u coge)?

ization of the photoluminesceng# ») was measured: cence intensity of these complexXe€,which is described by
the following expression in the case of photoluminescence
(n)= () —1.(m) @) excitation by light from the fundamental absorption band of
() +l ()’ the semiconductor:
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20 FIG. 2. Degree of polarization of photoluminescence

versus anglee. a Oscillator; B rotator; 1) pgq,
Tl1g—2; 2) p1, T79—0; 3) py, T/Tg—2; 4) poy,

10+ 7/ 79—0.
0
-3LO (I) 30 60 90 120 -?iO 0 30 60 9 120
¢, deg.
1 wafers with dimensions- 3 X 15X 20 mm. The procedure for
IZmNe—h1+(l_m)TOC oy’ (8 measuring the intensity, polarization, and excitation spectra
p

of photoluminescence was similar to that used in Ref. 10.
whereN,_y, is the number of electron-hole pairs generatedrhe investigated sample was placed in a Dewar flask and
by the photoluminescence-exciting light per unit time. Thepressed tightly against a thick copper holder to ensure a uni-
quantity m appearing in Eqs(5), (6), and (8) can be esti- form temperature distribution over the area of the sample,
mated, as in Ref. 16, from the variation of the intensity ofand a regulated flow of liquid nitrogen vapor was circulated
quasi-interband recombination accompanying the decrease gfound it. The temperature was measured by two copper-
| due to the thermal-field emission of holes from the COM-constantan thermocoup|es C|amped to the upper and lower
plex. ends of the sample. The readings of these thermocouples did

If processes of emission and retrapping of holes in resonot differ by more than 0.2 K at any time during the experi-
nance excitation do not OcCcur, i.e., if the defect creates #ent. Control measurements showed that the degree of po-
deep level and the temperature is not too highpt—0),  |arization of the light transmitted through the sample and the
the polarization of the emission for the chosen geometry obewar flask did not exceed 1%.
the experiment andy=0 depends only on the direction and  |n the photoluminescence spectra of all the investigated
type of radiator and on the possibility of reorientation in thesamples at low temperature and with interband excitation we
excited state, i.e., o, u, and 7/7y. Figure 2 shows the opserve a band with a luminescence maximum at a photon
dependence op; anddp, on ¢ for limiting values ofu  energy close to 1.18 eV, which is associated with the inves-
(n=1 andu=0) and7/7q (7/7o— and /79— 0). tigated complexes, and edge luminescence with a maximum

It is evident from Fig. 2 that reorientation of the distor- gt g photon energy-1.51 eV (Fig. 3). As the temperature is
tions of the complex in the excited state produces a veryajsed, the edge luminescence spectra shift toward lower
large absolute variation @f(7=0) in at least one of the two  photon energies and broaden. The luminescence band of the

investigated configurations for almost any direction of thejnyestigated defects changes very little at temperatures below
dipole (except close to the initial axis of the compleXhis

conclusion is equally valid for the superposition of an oscil-
lator and a rotator except in cases where the valugs afe

in the neighborhood oft=0.5. We also note that, according 2 100
to (5) and (6), ¢ and u can be found analytically from the 5 [
values ofp; andp, at low temperature, whety ry— o: £ 8oF
i I
1 p,/ 3p; ) G 60
= *+arctal =+ —|1xt=—] ], 9 |

¢ '{ 2 pil" 2p © g
= 40F
1 & |
1 i\/(3/)1"‘2132)(3_132)_5(3131+2Pz) 0 20k

H=2 4—p1—2p;

0.8

3. EXPERIMENTAL RESULTS

ho,,, eV

The investigated samples were cut from several

. . . IG. 3. Photoluminescence spectra of a sample witbx 10" cm™2 for
GaAs:Te CryStaIS grown by the Czochralski method in the:xcitation by light from the fundamental absorption bahdT=80 K; 2)

[100Q] direction. They had various electron densitigpin the 150 k; 3) 180 K; 4) 230 K. The intensities of “quasi-interband” and im-
range~ (2X10"-2x 10" cm™2 and were in the form of purity photoluminescence for each temperature are shown in arbitrary units.
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Electron density in the samples=10" cm 3; 2, 5) 5X 10 cm™3; 3, 6) & : a
2x 10" cm3. The solid curves are calculated according to E&s.and g8 10k
(12) for the following values of the parameter€;=170 meV; 1) 3';
(1—m)7ocpN, =3.6x 10%; 2) 8.7 10% 3) 2x 10°. z,
o
E 1
~140 K, but then with increasing temperature its intensity & E 5
decreases, heightening the relative intensity of the band witt
a maximum near 0.95 eV, which is attributed to complexes ¢ L m’t. .. - s 4
having a deeper energy leVe[Fig. 3). Here the ratio of the 130 135 140 145 150 155

intensities of bands with maxima at 0.95 eV and at 1.18 eV o, eV

at the given temperature vary from one sample to the nex. e

and, as a rule, decrease as the density of free electrons in thgs. 5. 3 Spectral distributions of the intensity of excitation of photolumi-
sample increases. The 0.95—eV band is predominant in thescence in the 1.18-eV band; fwlarization spectra of this band for exci-
spectra of samples with concentrations2 x 107 cm’3, tation by polarized light in the crystal orientatiph10]-{001]. 1) T=80 K;
even at low temperatures. The temperature dependence f20 i 3 130 Ki4) 150 K; 5) 165 K; 6) 180 K; 7) 230 K.

the total intensities of “edge luminescencel’.f) and lumi-

nescence from the investigated complexgsin interband  ror limits and are a characteristic of these centers. For the
excitation is shown in Fig. 4. It has been observedorientationd110]-[001] and[100]-[010] they should corre-
previously® that the drop in intensity of the 1.18—eV band is spond top; and p, [see Eqs(5) and (6)]. When the tem-
accompanied by an increase in the edge-luminescence inteperature is increased from 77 K t0120 K, the experimental
sity. values ofp; andp, remain essentially constant and the same

The excitation spectra of the 1.18—eV band are shown iys at 2 K: 0.28 0.02 and 0.08 0.01, respectively® A fur-

Fig. 5a. It is evident from the figure that an increase in tem+her increase in the temperature caysgandp, to decrease
perature causes the long-wavelength edge to broaden aggynificantly. The experimental temperature curves of the pa-
shift toward lower photon energies. The excitation of photo-rameterp,, which is determined with a lower relative error
luminescence by polarized light with a photon energythanp,, have been compared with the results of the calcula-
(hwexd smaller than the width of the band gap, as first dis-tions. These curves are shown in Figs. 6 and 7.

covered in Ref. 18, induces polarization of the photolumines-

cence. According to the results of the calculations discussegsl piscussioN

in Sec. 2, it is observed thai( 7=90°)=0 for both of our
crystal orientationg[110]-[001] and[100]-[010]).

The values ofp(7=0) for these orientations depend on The invariance of the polarization of the investigated
fwey and on the temperature. The dependencg(af=0) photoluminescence band over a wide range of temperatures
on fi wey has the same form at various temperatures for ei{2—120 K shows that neither the thermal-field emission and
ther orientation and is shown in Fig. 5b fdr10]-[001]. Itis  trapping of holes by & z.Texs complex nor the reorientation
evident from Fig. 5 thap(#=0) is independent i we,for  of distortions takes place directly in the radiative state in this
sufficiently small values of the latter. The existence of such aegion. In this case, according to E), the ratiop,/p,
region in the photoluminescence polarization spectra indidepends only on the angle characterizing the position of
cates that only resonance excitation of the investigated comnthe axis of the elementary radiator in the symmetry plane of
plexes takes place in it. The values ofp(7=0) in this the defect. The values of this angle, which are consistent
region are independent éfw,, within the measurement er- with the experimental value gf, /p,, are equal ta- 15° and

A. Low-temperature region
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*+51°. On the other hand, in the model postulating weakfrom the complexes, to the valu€" corresponding to the
splitting of thet,-state ofVg, by the donor in the compléx  almost complete return of holes trapped by the complexes to
the angleg can be linked to the ratio of this splitting, as the valence band. Using the model discussed in Ref. 16, we
described in Ref. 6 by the parameter to the energy of can readily show thanis related to the relative variation of
Jahn-Teller stabilizationH;t). In this model, in fact, the |, by the following equation in the case of weak excitation
direction of the radiating dipole in real coordinates/,z  of photoluminescencéinear dependence défandl ., on the
(Fig. 1) coincides with the direction of the radius vector of excitation intensity.

the point at which the adiabatic potentials of the vacancy

complex are a minimum in the space of mutually orthogonal mM=1-1 20“3?1- (13
generalized coordinate®,,Qs,Qg, Which are associated
with F, vibrations of the atoms surrounding;,. In the first
approximation of perturbation theory with respectdate ;¢
this alignment yields the following relation between «,

The experimental value dff" is determined by the maxi-
mum of I, (Fig. 4. The intensityl2, can be obtained by
extrapolating the experimentgl, (T~ 1) curve from the low-

andE,q: temperature region, where the thermal-field emission of
holes from the complexes does not take place, to the tem-
J3 sinp=1— 2a (11) perature at which¢," is determined. The extrapolation error
3E;1 determines the interval of possible valuesmfcalculated

according to relatiori13). These values afn are 0.85-0.95,
Here a>0 (Ref. 6. It follows from Eq. (11) that only the 0.7-0.9, and 0.4-0.6 for samples with-101%, 5x 1017,

angle ¢=~15° concurs with the postulated relatively weak - ;
influence of the donor on the state of the vacancy in theand 2<10%" cm?, respectively.
VgaTeas complex? Using the above-indicated values pf

and p,, it can also be inferred from Eq10) that w~0.16.
Consequently, the relative contribution of the linear oscilla-C. Reduction of the induced polarization of

tor to the absorption and luminescence of the complex is faphotoluminescence of the complexes at elevated
greater than that of the rotator. temperatures

It is evident from a comparison of Figs. 6, 7, and 4 that
the polarization of the investigated photoluminescence band
decreases with increasing temperature in approximately the
same temperature range as that in which its intensity de-

We now consider the temperature variation of the pho-creases. Consequently, the processes of emission and retrap-
toluminescence intensity of the complexes in the presence gfing of holes by defects can play a significant role in the
interband excitation, as shown in Fig. 4. As mentionedtemperature depolarization of the luminescence and must be
previously>® these temperature curves are attributable tadaken into account in analyzing the experimental plots of
the thermal-field emission of defect-trapped holes into the,(T) by means of Eq(5). In order for the influence of
valence band and can be described by @g.in which reorientation of the centers in the excited state on the tem-

0 perature depolarization of photoluminescence to be observed

CpP1=CpN,&XP(— 1 /kT), (12) under these conditions, it is necessary to investigate samples
where cg (rate of capture of holes by the complex in the having the smallest possible parameterthis condition is
high-temperature limjt N, (effective density of states in the met by samples with a low electron density. However, such
valence band andE+ (activation energy of hole emissipn samples are weak radiators in the investigated photolumines-
are identical constants for all samples. According to Refs. 2¢cence band, and the intensity of this band begins to diminish
13, 16, and 19, the parametersandm are practically inde- at lower temperatures. Moreover, the very strong photolumi-
pendent of the temperature in the region of strong variatiomescence band with its maximum at a photon energy of 0.95
of I, but differ for different samples. eV precludes any sufficiently accurate determination of the

The approximation of the experimentd]T) graphs by polarization of the investigated band for these samples. Con-
Egs. (8) and (12) is shown in Fig. 4 and is attained for sequently, a detailed comparison with theory is made for
Er=170 meV. The quantities (m)7ocoN, obtained in  samples witm=5x 10" cm™2. The results of this compari-
this approximation are given in the caption to Fig. 4 forson are shown in Fig. 6. While the decrease in the polariza-
samples with various electron densities. tion is associated entirely with the thermal-field emission and

As mentioned in Sec. 2, the range of possible values ofetrapping of holes4/ 7p— ), according to Eqg5) and(6),

m can be determined from the variation of the intensity ofthe temperature dependencepgfand p, is determined en-
quasi-interband luminescentg asl decreases with increas- tirely by the temperature dependencemgt,yp;. The latter

ing temperaturéFig. 4). Indeed, the observed increasd gf  can be determined from the dependen¢€) (Fig. 4) for

in the region of the abrupt drop in the luminescence intensityiven m. Graphs ofp,(T) calculated in this way for various

of the complexes in interband excitation is associated with awalues ofmare shown in Fig. 6a and for reasonable values of
increase of the nonequilibrium hole density in the valencem are close to the experimental curve. The agreement be-
band due to the thermal-field emission of holes trapped byween the experimental and calculated curves can be im-
the complexe$:'® Here the intensity ., varies for the value proved if reorientation of the distortions of a complex in the
12, which corresponds to the total absence of hole emissioexcited state is taken into account together with the emission

B. Temperature dependence of the photoluminescence
intensities with interband excitation
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FIG. 6. Degree of polarizatiom, versus
temperature for the luminescence band of
Vgal €as complexes § we,.=1.35-1.36 eV,
fiwen=1.20-1.25 eV in a sample with
n=5x 10" cm™3. The solid curves are cal-
culated according to Eq¢5) and(14): a) in
the caser/7y—; b) in the general case.
The following parameters are used in the
calculations:p=15°, ©=0.16, 7o=10"° s,
Er=170 meV, ¢IN,=3.1x107° s7%; 1)
m=0.7, Eg=%; 2) m=0.75, Eg=x; 3)
m=0.8, Eg=; 4) m=0.85, Eg=; 5)
m=0.9,Eg=2; 6) m=0.72,Eg=200 meV,;

7) m=0.72, Eg=225 meV; 8) m=0.72,
Eg=250 meV;9) m=0.72,Eg=<°.

10%T,K!

and retrapping of holes. Assuming that the characteristicreases approximately from 0.4 to 0.9 and is consistent with
time of such reorientation depends on the temperature aestimates based on E(.3). However, as mentioned above,
cording to the equation the deviation of the calculated curves obtained without the
Y reorientation of distortion in the excited state from the ex-
T=v TexpEg/kT), (14 perimental curves is slighFig. 6a. In this regard, the ex-
where Eg is the height of the barrier between equivalentisting measurement error and the simplicity of the model
configurations, and is the frequency of collisions with the based on the assumptions of temperature independenue of
walls of the barrier, we obtain good agreement between thand the absence of thermal-field emission of holes generated
calculations and experime(fig. 6b) for Eg=200-260 meV in the absorption of light by uncontrollable acceptors rule out
andv~1=10"-10 " s. These same parameters also givethe unequivocal assertion that this reorientation plays an ap-
satisfactory agreement of the calculations with the experipreciable role in the depolarization of radiation at
mental polarization curve for samples with other electronT=130-230 K. Consequently, the agreement of the calcula-
densities(Fig. 7). The quantityry, which is needed for ap- tions with the experimental data, as demonstrated in Figs. 6b
proximating the experimental data, varies from §$to 1.3 and 7, merely implies that the barrier for reorientation in the
us for samples with electron densities of'3@m 3 and  excited state cannot be lower thar200 meV.
2x 10 cm™3, in good agreement with the values of ob-
tained in Ref. 13. As the electron intensity increasasn-

5. CONCLUSIONS

The foregoing analysis shows that the polarization of the
photoluminescence band with a maximum near 1.18 eV in
n-type GaAs:Te with resonance excitation by polarized light
over a broad range of temperatur@s-230 K) is well de-
scribed by the one-dipole approximation within the frame-
work of a previously developéd@!**?model of aVg,Texs
complex inducing such photoluminescence. At temperatures
above~120 K the reduction of the polarization of this band
induced as a result of excitation by polarized light is mainly
attributable to the transfer of excitation to complexes with

N N E—— any possible orientations of the initial axis and Jahn—Teller
4 5 6 7 8 9 10 11 12 13  (istortion (owing to the thermal-field emission of holes by
10°T, K the photoexcited complexes and their retrappiagd it can
also be partially associated with the reorientation of distor-
FIG. 7. Degree of polarizatiop, versus temperature for the luminescence tions during the lifetime of the excited state of the complex.
band 0fVgaTexs CoMplexes fwe,=1.35-1.36 eViiwen=1.20-1.25€V  The height of the energy barrier for such reorientation is at
in a sample wittn=5x 10" cm™3. The solid curves are calculated accord- least~ 200 meV.

ing to Eqgs.(5) and (14) for Eg=225 meV and:1) m=0.4, 2—0.85.7, . . . .
1078 s: 1 — 1.07 2 — 0.77. The remaining parameters are the same asin 1 his Work has received partial support from the Russian

Fig. 6. Fund for Fundamental Resear@Brant No. 95-02-041463a

Py %

1 1 [l " 1 " Fl " [ N 1 1 ]
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Y0ur observations that(z=0) is constant ang(»=90°) is equal to zero
in this region, along with the invariance p{7=0) over the spectrum of
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The problem of intermediate temperatures or electric fields in the scattering of hot
electrons by acoustic phonons

Z. S. Kachlishvili and L. G. Kukutariya

I. Dzhavakhishvili Thilisi State University, 380028 Thilisi, Georgia
(Submitted November 27, 1995; accepted for publication April 21, 1997
Fiz. Tekh. Poluprovodr3l, 1071-1073 September 1997

An approximate expression is derived for the momentum relaxation time in the quasielastic
scattering of hot electrons by acoustic phonons as a function of the electron energy and the lattice
temperature. The mobility and the dependence of the impurity breakdown electric field on

the degree of compensation are calculated in the electron-temperature approximation. The results
of the calculations are in good agreement with the experimentai-fgpe Ge. ©1997

American Institute of Physic§S1063-7827)01009-7

The so-called intermediate-temperature problem ariseBavydov nor the Streton distribution functions are valid in it.
when the momentum of hot electrons is lost in scattering byin many problems, including the applied kind, it is very im-
acoustic phonons. The problem stems from the followingportant to know how the kinetic coefficients behave in the
situation. The momentum relaxation time in quasielastidndicated interval. The custom, therefore, is to make various
acoustic scattering can be written in the form interpolations between the values obtained in the high-
12 temperature and low-temperature approximations. The major
I<o_T i jx 4 cot vd ) role of the intermediate-field problem in the investigation of
m/ x3 Jo X cotxdx, the kinetic coefficients in the presence of acoustic scattering

becomes all the more obvious in view of the complex depen-
wherex=(2ms’s)*¥/k,T, « is the electron energyn is the  dence of the pump electric field on the applied field in the
effective electron mas§l is the temperature of the crystal presence of a magnetic field when the direction of the current
lattice, s is the sound velocity, ant,e is the mean free path s specified.
in the “high-temperature” approximation. In this note we give the results of an investigation of the

It is a well-known fact that a solution of the integral in prob|em of intermediate temperaturésetween the h|gh-
Eq. (1) does not exist for an arbitrary degree of excitation oftemperature and low-temperature approximati@nslectric
lattice acoustic modes. A simple solution of the integral isfields. The corresponding mobility and electron temperature
obtainable only in the high-temperature and low-temperaturgs functions of the applied electric field are calculated by
approximations, when the laws of equidistribution of means of an analytical approximation of the expression for
phonons or zero-point lattice vibrations are vaifdAppro-  the momentum relaxation timel). The dependence of the
priate energy distribution functions have been found bypreakdown field on the degree of compensation is also cal-
DavydoV’ and Stretorf. The criteria of the high-temperature cylated, and it is shown in a specific example that this essen-
and low-temperature approximations impose restrictions Offially nonlinear problem cannot be satisfactorily described by
the average electron energy, which depends on the appligfle high-temperature or low-temperature approximations. A
electric field. Consequently, in the steady state, when th@omparison with experiment reveals good agreement be-
energy acquired from the field is restored to the system ofween the theoretical and experimental results.

phonons, the average electron energy can be determined as a Calculations have shown that relatigt) is well ap-
function of the electric field, and the criteria of the high- proximated by the expression

temperature and low-temperature approximations can there-

1 (16koT)"?

T m1/2| ae

fore be written in terms of the electric field strength: 1 (16kgT)Y2[ koT 1z X2
P iyl R+ €+Zexp(—0.95<) . 3
E,>E andE;<E, ) T mY,, \m¢&
where, in the case of germanium for examig~0.11T>?>  The discrepancy between the valuesrasbtained by means
Vicm (Ref. 5. of Egs. (1) and (3) does not exceed 3.5% over the entire

In the impurity breakdown range the electric field de-range of variation ok. Equation(3) is used to calculate the
pends strongly on the degree of compensation of the samplaobility in the electron-temperature approximatfon:
and weakly on the lattice temperature. In this field range,
therefore, the asymptotic behavior of the distribution func- deshe 1
tion is determined by the ratio between the degree of com- #~ 372, T X—e[l—exp(—1.2b<e)], )
pensation of the sample and the lattice temperature. It is
readily verified that the range of intermediate temperatures avherex,=(2ms*/k,T)Y3(T/T¢) Y.
electric fields covers a fairly broad interval, which increases  These results enable us to calculate the dependence of
rapidly with the temperature. The behavior of the kineticthe electron temperaturg,/T on the applied electric field.
coefficients is unknown in this interval, because neither thé=rom the energy balance equation we obtain

916 Semiconductors 31 (9), September 1997 1063-7826/97/090916-02$10.00 © 1997 American Institute of Physics 916



-t 1 i A i
E,V/cm 0 0z 04 06 08 10

FIG. 1. Electron temperaturg, versus applied electric fielf at a lattice

temperatureE=4.2 K. 1) In the high-temperature approximation; i the FIG. 2. Impurity breakdown electric fiell,, versus degree of compensa-

low-temperature approximation) &ccording to Eq(5). tion C. 1) In the high—temperature approximation;i@ the low-temperature
approximation; 3 according to Eqs(5) and (6); 4) experimental results
from Refs. 10 and 11.

2 . .
E\ _Te E—l Xe §\/—+ 15 Ry=mge*/242, n=e¢le;, a, is the Bohr radius of a
Eo) TI\T 1—exp(—1.2Kk) | 2 m 2%, hydrogen-like centerlN, is the number of electrons in the
shell from which ionization takes plack=9.3, ande=2.5
(0.95¢,)? 0 1 (0.95¢,)? (Ref. 9.
ex 3 W_ -3 4 , (5) Previous experimental resuits! are also shown in Fig.

" . . 2. It is evident from the figure that the experiment is well
whergEoz(GmszkoT) 1elye, andW(2) is the Whittaker  described by curve 3 over the entire range of electric fields,
function. including the intermediate-field interval.
A graph of T,(E)/T for n-type Ge (m=0.22n, and
T=4.2 K) is shown in Fig. 1. Also shown in the figure are ig. M. Conwell, inSolid State PhysicsSuppl. 9(Academic Press, New
curves corresponding to the high-temperature and low- York, 1967 [Russian trans., Mir, Moscow, 1970
temperature approximations. It is readily apparent that bOtth' F. Gantmakher and |. B. Levinso@arrier Scattering in Metals and
imati d timate the electric field f h fi dBSemiconductorﬁn Russian, Nauka, Moscow(1984).
approximations underestimate the electric field for each fixedeg | "payydov, zh. &sp. Teor. Fiz7, 1069(1937).
value of the electron temperature. This disparity is stronglyr. streton, Proc. R. Soc. London Ser246 406 (1959.
manifested in the dependence of the breakdown electric fieldZ. S. Kachlishvili, FiZ-]Tekh- Poluprovodr2, 580 (1968 [Sov. Phys.
; A ; Semicond2, 478(1968].
Epron the degree' of gompensatlon. In fact, it IS. evident from 67. S. Kachlishvili and L. G. Kukutariya, Tr. Thilis. Gos. Uni@13 93
the plot of E,(C) in Fig. 2 that the breakdown fields are too (3995,
low in the indicated approximations for the same degree of’T. 0. Gegechkori, V. G. Dzhakeli, and Z. S. Kachlishvili, Soobshch.
compensatiorC. An expression for the differential capture Akad. Nauk Gruz. SSR63 565(1981. . _
cross section derived previoudlgn the basis of the results 2’1'9% [Asbé"\'/‘“;“hoy"s ""J”STI':jl 4N'3I5a(515$‘;‘g]°h’ Zh.k8p. Teor. Fiz.71, 657
of the corrected theory Of. |-.§)h3-3 begn Used.in .Cak_:mating °l. I. Sobelman, L. A, Vain,shtein, and E. A. YukoExcitation of Atoms
the thermal capture coefficient. The impact ionization coef- and Broadening of Spectral linéSpringer-Verlag, Berlin, 199TRussian
ficient is calculated by means of the differential cross section original, Nauka, Moscow, 1979

: ; : . V. F. Bannaya, L. |. Veselova, E. M. Gershenzon, and V. R. Grinberg, Fiz.
obtained on the basis of the generalized Born method: Tekh. Poluprovodn5, 155 (1971 [Sov. Phys. Semicond, 131(1971)].

N 1 312 b 11y, F. Bannaya, L. |. Veselova, E. M. Gershenzon, and V. A. Chuenkov,
_ 2| Nel| W 6 Fiz. Tekh. Poluprovodn7, 1972(1973 [Sov. Phys. Semicond., 1315
g= 7Tao 2 — ’ ( ) 197
& 7 n—1+¢ (1973].

where g; is the impurity ionization energy in units of Translated by James S. Wood
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SEMICONDUCTOR STRUCTURES, INTERFACES, AND SURFACE

Mechanisms of current flow in zinc telluride—zinc selenide heterojunctions
V. E. Baranyuk and V. P. Makhnil

Yu. Fed’kovich Chernovtsy State University, 274012 Chernovtsy, Ukraine
(Submitted March 22, 1996; accepted for publication November 14,)1996
Fiz. Tekh. Poluprovodn31, 1074-1076September 1997

The electrical properties of zinc telluride—zinc selenide heterojunctions prepared by solid-phase
substitution reactions are investigated. It is established that the forward current is governed

by tunneling-recombination processes at low biases and by above-barrier carrier diffusion at high
biases. The initial segments of the reverse branches df-¥iecharacteristics are described

on the basis of the model of tunneling carrier transmission with the participation of deep levels. For
high reverse biases the current was found to increase abruptly as a result of impact

ionization. © 1997 American Institute of Physid$$1063-7827)01109-5

Variable-zincgap heterojunctions in the zinc telluride—Eg~2.1 eV (Ref. 7). As the forward bias is increased, the
zinc selenide system are already finding applications in varirecombination current is superseded by the tunneling current,
ous optoelectronic devicég.It will be impossible to further and the experimental values of the parametersnd 8 are
refine their operational parameters without gaining a deepegqual to 5 V' ! and 2.5<10°2 K™ 1, respectively.
understanding of the physical processes governing the char- An analysis of the plots of(V,T) leads to the conclu-
acteristics of heterojunctions. In this note we give the resultsion that the forward current in the investigated rangé/ of
of experimental studies of the electrical properties ofandT is attributable to successive tunneling-recombination
p-ZnTeh-ZnSe heterostructures with a view toward clarify- transitions through a series of levels in the space-charge re-
ing the mechanisms of current flow. gion of the structure. According to the model adopted here,

The technology used to prepare the heterojunctions ithe total currentfor any given pair of values of andT) is
described in Refs. 3 and 4. The current cutoff voltageat  limited by whichever process, tunneling or recombination,
300 K lies within the limits 1.2—-1.4 V, and the temperaturehas the lower probability. Smdéf>| in our case, the for-
coefficient of its variation isy~3.5x 10" 2 V/K. The density ~ ward current is controlled by recomblnatlon in the space-
of surface statehlg at the interface, determined from capaci- charge region for small values &f. When the voltage is
tance measurements, 85X 10'* cm™?, which is several increased, becaudg, depends more strongly ov, the re-
orders of magnitude lower than the calculated valuecombination current is limited by the tunneling current, as
(Ng=~1.5x 10" cm™2; Ref. 5. The investigated heterojunc- observed in experimer{Fig. 1). The given model therefore
tions therefore have a sufficiently perfect interface and corprovides a fairly good qualitative description of the observed
respond to Anderson’s model.

For such structures, in general, the forward current is the
sum of the above-barrier currehf, the recombination cur-
rent in the space-charge regibyy, and the tunneling current
I; (Ref. 5:

I =1g+1g+1=loexpeV/KT)+ 15 expeV/2kT)

+1%xp(aV+ BT), (1)
where lo, 1., adI{ are the cutoff currents at the barrier
voltage V=0, o and B are parameters independent of the
voltage and the temperature, and all other notation is stan-
dard.

It follows from Fig. 1 that the recombination current is
dominant at low biases. The temperature dependen<t§1 of
in coordinategIn Igr, 10°/T} is approximated by a straight
line, and the activation energy determined from its slope is P
E,=0.65+0.05 eV. This value is considerably lower than v h ' 0‘ 7 L ale — 4'2 /
expected on the basis of the Cah—Neyse—Shockley tffeory, ’ V. v ) ’
according to whichE,=E//2~1.05 eV if recombination is ’

assumed to take p!ace in a layer of the_ S_Olid SO'_UtiorFlG. 1. Forward branches of thie-V curves at various temperatures.
ZnTeSe _,, even with a bandgap of the minimum width T=410 K; 2) 380 K; 3) 340 K; 4) 300 K.
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tunneling-emission current must be determined by the less

probable emission process in the space-charge region. In this

case we havdszlgpexp(Ea/ZkT), which is corroborated

by experiment(see the inset to Fig.)2With a further in-

crease in the voltage, the measured valuézahcreases far

more rapidly than is required for the emission current, since
i the functional relation g~ yVy—V must be observed for the

latter® Now the reverse branches of th&/ characteristics

are described over a broad range\bby the characteristic

expression for the tunneling currént

Il=a,exp(—b;/\eo—eV), (©)

N\, where pg=eV,, and b, is a parameter independent f
\ \ whose value is determined by the parameters of the hetero-
02 03 0% 05 06 07 08 junction and the form of the tunneling transitions. The pa-
(%-ey)”/‘,ev"/" rametera, takes into account the degree of filling of the
energy levels from which tunneling originates. The
FIG. 2. Comparison ofg(V) curves with Eq(3). 1) T=410 K;2) 380 k; 1-independencéwithin the experimental error limiisof the
3) 340 K; 4) 300 K. Inset: aV/=— 0.2 V, temperature dependence bithe ~ parameten; suggests that electron tunneling transitions take
forward cutoff current ; 2) the reverse current. place from within the valence band of ZnTe into the conduc-
tion band of ZnSe. However, since the calculated values of
b, for forward interband tunneling in the given heterojunc-
tions are much higher than the experimental values, it must
be assumed that deep impurity levels are involved in the
rH,mneling transitions. Unfortunately, a lack of information
about their parameters is a hindrance to quantitative calcula-
tions. Moreover, the given model qualitatively explains the
observed plots ol g(V) in the ranges ofV and T where
At 300 K (taking into account the experimental valuewf tunne!ing processes are predominant_. The. deviation of the
experimentall-V curves from the relatiort3) in the lowV

the diffusion potential i8/o~1.35 eV, which is close to the ranae i iated with th ntribution of the emission cur
experimental value of the current cutoff voltage at room tem- 2N9€ IS associate €co ution ot the emission cu

. . . rent tolg.
Es:i?)t:ée& ﬁ]c; ZT;?SS;?OEef' 5, the saturation current is de- The steeper rise dfz in compa_rison W_itr(_S) for high vV
is associated with avalanche carrier multiplication as a result

| s=SPNp(Dpy /1) Y2exp( — eV, /kT), (2 of impact ionization. This assertion is further confirmed by
photocurrent multiplication. An analysis of the multiplication
factor M as a function of the reverse voltage indicates a
across the interfac®,; and,; are the diffusion coefficient Pronounced difference between the impact ionization for
and lifetime of electrons in the-type material. Assuming for electrons apd that 'for holes. Since the curreht |.ntrqduced in
the investigated structures tHg0.1 cnf, Ny~ 10 cm 3, the strong-ﬂelq region is an electron current_, |or_1|zat|on ta_lkes
D,u~1 cnfls, 7;~1078 s, andVy~1.4 eV, we obtain place preo_lomlnanftly by v_|rtu_e o_f electrons in zinc selenide.
ls~P-10"1° A at 300 K. The experimental value of the The _experlmental impact |on|z§tlon threshold enefgy de-
saturation current is approximately T8 A. It follows from  t€rmined from graphs oi(V), is equal to 3 eV at 300 K.
these estimates th&@~1: i.e., the influence of the potential FOF @ direct-gap semiconductor, on the other hadis
“spike” at the heterojunction on the carrier transmissivity 91'Ven by the expressidn
can be disregarded. We also note that the potential barrieris  g;= Egl1+ my/(m* +m’,§)]. (4)

much lower on the ZnSe side than on the ZnTe side, sothat . . _
Substituting the known values &y, m; , andmj for zinc

éelenidé into Eq.(4), at 300 K we obtairE;~ 3.2 eV, which
.8 close to the experimental threshold energy for impact ion-

current-voltage characteristics in the low-bias range.

With a further increase in the forward voltage, the
above-barrier transmission of carriers becomes domina
(Fig. 1). The experimental dependencelai g on 1G/T is
approximated by a straight line with slop&,~2.4 eV, con-
sistent with the energg, for zinc telluride at 0 K(Ref. 7).

whereSis the area of the diod&|y, is the density of donors
in the n-type semiconductor? is the carrier transmissivity

the above-barrier current is primarily an electron current.
It is logical to assume that the current-flow mechanism

discussed above in the presence of forward bias can ald

operate in the presence of reverse bias. An analysis of tHgation: _ _

mechanisms leads to the following conclusions. First, in_1he authors are grateful to V. D. Ryzhikov for furnish-

above-barrier carrier transmission the reverse cuireigof ~ I"d the zinc selenide crystals.

the same order of magnitude Bs In the investigated tem-

perature range, however; does not exceed 10° A, which 0. P. Verhitski, L. A. Kosyachenko, V. P. Makhhiand V. D. Ryzhikov,

is many orders of magnitude lower than the measured vaIuePli;’g\a Zh. Tekh. Fiz14, 702 (1988 [Sov. Tech. Phys. Lettl4, 311

(Fig. 2). For this reason the contrlbufuon of 'Fh_e above-barrlerg(l_. A.aK]bsyachenko and V. P. Makhniy, J. Cryst. Grovith, 523(1991.

component to the reverse current is negligible and can bey, p. makhn, Izv. Akad. Nauk SSSR Neorg. Mate27, 619 (1991).

ignored. Second, as mentioned previously, the Yow- “v.P. Makhni, Elektron. Tekh. Ser. Mated, 30 (1991).
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Resonant interaction of electrons with an rf electric field in asymmetric double-barrier
structures

E. I. Golant and A. B. Pashkovskit

Scientific-Research Institute “Istok™, 141120 Fryazino, Russia
(Submitted June 10, 1996; accepted for publication January 20) 1997
Fiz. Tekh. Poluprovodr3l, 1077—-1082September 1997

Analytical expressions for the electron wave functions, the low-signal, high-frequency
conductance, and the widths of the energy leyaiiibands in a asymmetric double-barrier
structure with thin barriers are obtained under conditions of coherent electron tunneling

strictly along the centers of the energy levels and with the electron energies deviating from exact
resonance. It is shown that an electron transmittance equal to 1 and a substantial increase in
the integratedtaking into account the energy distribution of the electrons incident on the structure
rf conductance of the structure can be obtained by choosing the appropriate arrangement of

the minibands of the structure relative to the conduction band bottom of the semiconductor
materials to the left and right of the structure. 1®97 American Institute of Physics.
[S1063-78227)01209-X

1. INTRODUCTION such structures. It is therefore desirbale to extend the com-
putational method proposed in Ref. 5 to asymmetric

Interest in double- and many-barrier resonant tunnelingBRTSs with different levels of the conduction band bottom

structures has greatly increased in recent years as a resultipforder to analyze the possibility of increasing in such struc-

the development of a unipolar quantum cascade infrdRRd  tures the dynamic conductivity and the intensity of radiative

laser operating on intersubband electronic transitidriBhe  transitions, which is proportional to it.

theory and calculation of lasers of this type are ordinarily

constructed under the assumption of successive tunneling of

electrons; i.e., it is assumed that a substantial portion of thé: STRICTLY RESONANT TUNNELING OF ELECTRONS

electrons passing through the structure undergoes collisions | et ys assume that a uniform low-amplitude rf field

with phonons, destroying the coherence of the electron wavgarying in time asE(t)=E(e'“'+e ! is applied to a

functions’ At the same time, as shown in Ref , efficient  sructure with thin 6-like) barriers. For definiteness, we as-

lasing on intersubband transitions can be done by usingume that the electrons move from left to right, that there is

structures with coherent tunneling, where the tunneling timeyo field outside the structure, and that the space charge can

of the electrons out of a quantum well is shorter than thehe ignored. Then, under the assumptions made above, the

phonon scattering time. nonstationary Schobnger equation has the form

The characteristic features of the resonant interaction of .
coherently t_unnellng electrons v_wth an rf fleldln symmetric, i _lﬂ: _ ¥ FHO) g+ HOD W, o
double-barrier, resonant-tunneling structuf@BRTS) and at om* 9x2

in structures with barriers of different strength but the same

level of the conduction band bottom inside and on both sides H(X)=—U[6(x) =~ 8(x—a)]-U,6(x—a)+ ad(x)
of the structure were investigated in Ref. 5. Analytic expres-
sions were obtained there, in the approximation of strong
barriers, for the dynamic conductivity and width of the reso- H(x,t)=—qgE{x[ 8(x)— 68(x—a)]+ab(x—a)}
nance levels of a symmetric DBRTS as a function of the well
width and barrier height. This made it possible to estimate
the working characteristics of DBRTS as an active elementHereq andm* are the electron charge and maas; ¢,b;

of terahertz-range devices with electron injection into an ar+, andb are the height and width of the first barrier, respec-
bitrary energy level of the symmetric structure. However, thetively; 6(x) is a unit step functiony is a numerical factor
use of structures with a uniform profile of the conductioncharacterizing the asymmetry of the barriers, &hdndU,
band bottom implies the presence of an injector in the formare the jumps of the conduction band bottom at the barriers
of a barrier, a double-barrier structure, or a potential jump(see Fig. 1L Three basic situations are possible here.

all of which give a strongly nonequilibrium electron energy 1. Transitions occur between the levels which lie above
distribution in the electron flux incident on the DBR¥S. the conduction band bottoms of the semiconductor materials
The use of DBRTS with different levels of the conduction to the left and right of the structur@ig. 13.

band bottom at the entrance and exit of the structure makes it 2. Electrons are injected into a level lying above the
possible to produce the required distribution without usingconduction band bottom in the material on the left-hand side
an injector, thereby greatly simplifying the fabrication pro- (entrancg and pass into a level lying below the conduction
cess and expanding the spectrum of possible applications dfand bottom of this materidFig. 1b).

+ yad(x—a),

X(eiwt+e—iwt)
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FIG. 1. Schematic representation of the band diagram of the double-barrier

structures.

3. Electrons are injected into a level lying below the
conduction band bottom in the material on the right-hand

1 0 -1 0
iKg=—Yy K 0 0

0 sink.a cosk.a -1
0 —k. cosk.a k. sink.a ikj.—yy
AL fy

X =
B. |~ 1] (4)
C. fa

where
fi=x+(0), fo=—x4(0), fz=P.—x.(a),
fa=(yy—ik)P.+x.(a), y=2m*alh?

side (exit) and pass into a level lying above the CondUCtiO”Equations(4) can be easily solved analytically, but the for-

band bottom of this materigFig. 10.
The ground-state wave functiof,, normalized to one
electron, is

expikox+Dg exp(—ikgx), x<O0;
Po(X)=1 Ag sinkx+ B, coskx, 0<x<a; (2
Co expik,(x—a), X>a.

In the first case the correctio#; to ¢, in the low-signal
approximation i&°

lp,l: er(X)e—i(wo-%—w)t_l_ wi(x)e—i(wo—w)t,

wherewg=e¢l#, ¢ is the energy of the electrons incident on

the structure,
ko=(2m*e/%2)Y2,  k=[2m* (e +U)/A?]*?,
ky=[2m* (e +U,)/#>]*?

are the wave numbers of the electrons. The functipndor
this structure have the form

P (X)
D. exp—ikg+Xx, x<0;
=< AL sink.oX+B. coskix+ y+(X), 0<x<a;
C. expik; (x—a)+P. expiki(x—a), x>a,
()
where

Kox =[2m* (e + hw)/H?]V2,
ke=[2m*(e+U*hw)lk?]*

Ea
ki==[2m* (e +U T hw)/h?]" P.= Iqh—wwo(a)

the functions
X1=(X)=FQEXo(X)/h o+ qEgh(X)/m* w?

mulas obtained are quite complicated and inconvenient for
investigation. However, they can be substantially simplified
under certain conditions. It is well known that the transmit-
tance in a DBRTS has a pronounced resonant character, and
in symmetric structures with thin barriers and the same
height of the conduction band bottom inside and outside the
structure, the electron wave number, for which the electron
transmittance equals @esonant tunneling is found from

the solution of the transcendental equatfon

k# 2 2k
tanka=— =——, (5)
am* y

Let us assume that the transmittartaad also the interaction
probability) are maximum when

tarka= — Bk/y. (6)

in the case of an asymmetric structure as well. It can be
shown in a manner similar to Ref. 10 that this holds when

B=(1+vy)ly. (7)

Under resonant tunneling conditions the coefficients of
the unperturbed wave function assume the form

. 72ko_ ky . 272k0
DO_ 2 P00 2 ’ (8)
¥Kotky ¥kot+ky
2'}/2k0 y 2|(1ko

= — 4+ ,
AN )

2yk
Com— (DN,
¥Kot kg
It thus follows that for such a structure the reflection coeffi-
cient vanishes fok; = y%k,.
Let a monoenergetic electron flux pass through e

are the partial solutions of the corresponding equation foresonant level and let the frequency of the electric field cor-

¥ & and the system of equations for the coefficiefts ,

respond to transitions to theth resonance levell(=1,

B+, Ci+, andD,.. is found from the conditions for match- 2,...). Fory>k. and wave number corresponding to the
ing the wave function and its derivatives at the barriers atesonant level, the determinant of the systéthbecomes

each instant of time; this system of equations is
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ik. The second case, in which the resonant level into which
A~ 7(k1: + %Ko ) (=D, (9 an electron passes lies below the conduction band bottom on
the left-hand side of the structure, is of greatest interest for

and for transitions to a nonresonant leverk.y. For this  applications. In this case the ground-state wave function has

reason, for narrow resonant levels the probability of transithe same form as in the preceding case, and the fungtion
tions between only two levels is substantial. However, in theyssumes the form

case of wide levels with large numbers transitions to the
bottom and top levels become important. erk.. the de- Y- (%)
terminants for findingC.. andD . have the form

D, exp »x, x<0,
A qE  29%kg " " ={ A_ sink_x+B_ cosk_x+ y_(x), 0<x<a;
+ == - + + . .
D= i 2 ko + kl(l 1HY) (ke =y) C_ expik;_(x—a)+P_ expik;(x—a), x>a,
(15
X k. (cosk.a—coska), 10 .
= - ) (10 where x=[2m* (hw—¢)/%?]¥2. The system of equations
qE 292k, for determining the coefficients of the perturbed wave func-
Ac.i=~ —(ik1+y)(ikg- —Y)K tions has the form
Cx= w2 72k0+k1( 1TY)(iKo+ —y)Ke
1 0 -1 0
X (cosk.a coska—1). (11
_ _ _ . —(x+y) k_ 0 0
Using Eq.(6), we see that, just as in a symmetric structure, 0 sink_a cosk a 1
we have
0 —kcosk_a k_sink_a —yy+ik;_
|cosk.a—coska|~|cosk.a coska—1|~2
D_ f
for transitions in which the change in the level number is an !
odd number, and we have A fa
X s |7l (16
|cosk.a—coskal~|cosk.a coska—1|~0 - 3
C_ fa

when the change is an even number. This well-known parity
selection rule is explained by the symmetry of the wavelt is interesting that the determinant of this system is small

functions and the perturbation. almost under the same conditions as in the preceding case:
For wave f_u_nctlons of the fqrn(\3) the _Iow—S|gnaI d){- (y+Dy+x 1ty x
namic conductivity at frequency is determined by the dif- B= ~ -—, (17)
ference in the fluxes of electrons which have absorbed and Yy +x) Yy oy
emitted an energy quantufi and leave the DBRTE: Here
2 ik_kq_
o= ———[k,(|C,|2+|D, |2 A~ (-1t (18)
2aE2m*[ +(ICL[*+ID %)
—k_(|C_[?+[D_[*)]. (12 qE 2k,
_ _ _ _ Ac ~—— - (ikgtyy)(xy)k_
For monoenergetic electrons with densityand transi- m* o y°ko+ky
tions between resonant levels E(®—(12) yield the follow- (11—
ing expression for the conductance of a DBRTS, taking into (1=cosk-a coska). (19
account thagk.~7L: We thus have, as in the preceding case, the same selection
6.2 rules as for a symmetric structure, and we obtain for the
8y Kok conductivity
0~ 0sim7 5 > o ) (13
(ykotky)“(y Ko +Ki+) 875Kk2Kk
where o4, is the resonant conductivity of a symmetric @ *Usim—( 2t k)2 (20)
DBRTS with a constant height of the conduction band bot- Y Fom ) -
tom inside and outside the structure with barrier strergth In the third case, in which transitions occur from a level
(Ref. 5) lying below the conduction band bottom on the right-hand
o 4 side to a level lying above the conduction band bottom, the
8g°“m* a"n - i
- q [1—(—1)N-L]. (14) ground-state wave function has the form

6 3
7L e expikox+Dg exp(—ikex), %<0,

Here the plus and minus signs correspond to transitions to Po(x) =14 Ag sinkx+ By coskx, 0<x<a, (21)
the top and bottom resonant levels, respectively.

It is interesting to note that fop— < andky=k (for the
case in which the barrier is an infinite-wall type section withHere x=[2m* (U, —¢)/%?]¥2. For this case the resonant
a localized field =80 j. conditions are

Co exd —x(x—a)], X>a.
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(y+1)y+x 1l+y =« Let us consider the case in which the levels between
n ~ — = (22 which transitions occur lie above the conduction band bot-
vy Y Yy tom of the semiconductor material on the right- and left-hand

and the coefficient®,, Ao, By, andC, assume the values Sides of the structure. Retaining in the determinant of the
system(4) the correction with the maximum power gf we

2 2 .
Do=1, Bg=2, AO:%, Co:;(_l)Nﬂ_ (23 obtain
ik
The correction to the ground state is described by B). A(k+ k)~ 7(k1+72ko)—7y25ka (—1)M*1 (29

Using the system of equatiorid), we obtain
If the half-width of a level in a nonsymmetric structure is
assumed to be the distance from the resonance at which the

Ap, =~ m* w22 7Y(ikes = yy)ks (cosk,a—coska). intensity of the transitionéin the static case — the transmit-
(24  tance decreases by a factor of [analysis of the determi-
nants for finding the coefficients.. andD .. and the expres-
_ qE . sion (29) shows that this corresponds to doubling of the
Ac.~ m* w22y('k°+ ~¥)k.(cosk,a coska—1) squared modulus of the determin48}], then expressingk
(25)  interms of e, we obtain from Eq(29) the expression
and, finally,  22kra+k.a
Py=Tin 2, (30)
8%k, 26 27My
o= im A -
"y ks Now let the electrons pass at a distan®e from the

resonance levefy in a weak electric field with frequency
3. PASSAGE OF ELECTRONS NEAR THE CENTERS OF THE w=wy_t éw, Wherewy =(Ey—EL)/%. Then, from the fact
RESONANT LEVELS that for small devaiations from resonance mainly the deter-
minant of the systent4) or (16) changes and the determi-
nants for finding the coefficients of the wave function remain
practically unchanged, we can write for the conductivity of a
monoenergetic electron flux

In accordance with Eqg.13), (20), and (26), the mo-
noenergetic conductivityr is directly proportional to the
fourth power of the barrier strength. It would seem that
arbitrarily large values of the resonant conductivity of a
DBRTS can be obtained by increasing However, as indi- o(Ey+ dg, 0y + dw)~a(Ey,wnL)
cated in Ref5 , this possibility is limited by narrowing of "
the resonant levels of the DBRTS, which results in a higher A(&n) A(&) ‘
average residence time of an electron in the well and there- A(En+8e) A(E +de—Hdw)|
fore a greater role of scattering processes which destroy the _
coherence of the electron tunneling. Furthermore, the inte- =o(Eon)/Fa, 31
grated conductivity and working current of a DBRTS dependwhere
strongly on the width of the energy levels. For this reason, to
estimate the potential possibilities of asymmetric DBRTSs i _ yly*a?
is necessary to determine the width of the energy levels for Nt (K + 7%Ko)?
the above-indicated variants of the arrangement of the levels
relative to the conduction band bottom in the left- and right- yly'a®  [de—how)?
hand contact layers and to determine the intensity of the + (Kyo + 2K )2\ 28, )
transitions between arbitrary allowed electronic states with 1= 7Y Fox
small deviations of the electron energy from the centers of y8y8a* / Se >2< 58_ﬁ5w)2
the levels. 50 | | 75 —

In Ref. 5 it was shown that the widtA§" of the Mth (kyt 7o) (kg + Y ko) 280 2é
level (Mth energy miniband which is determined by tun- (32
neling through identicab barriers with the same level of the
conduction band bottom inside and on both sides of th
structure, is inversely proportional ?:

Se \?
28&N

For the case in which the level to which transitions occur
?ies below the conduction band bottom of the semiconductor
on the left—hand side of the structure we obtain, just as for

_ n2am\ 3 1 Eq. (30), the following expression from the expressidis)
ry"= - WL (27)  and(19):
m a‘a
For a resonant wave vectérat the levelM and small [, =sim ki-a (33)
deviations from itsk<k, it follows from Eq.(6) that MZEM 5 M 72'
Bk We see that, as expected, for the same barrier strength

tar(k+ dk)a=— 7—5ka. (28) (y=1) and in the absence of an offset of the conduction
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bands at the second barridd € U,) the width of the level is 1. The wave functions of electrons which undergo a
half that in an analogous symmetric structure. resonant interaction with an rf electric field in double-barrier

In the third case, in which the level along which elec- structures with thin, high asymmetric barriers and arbitrary

trons are injected into the structure lies below the conductiomeight of the conduction band bottom inside and outside the
band bottom of the material on the right—hand side, we havstructure were found.

2. The conditions under which the static transmittance of
(34)  such structures is maximufequals 1 were found.
3. Analytical expressions were obtained for the monoen-

- koa
—_ 1'Sim
Fy=Iy 27

Here, for nonresonant conductivity in all three cases(Bf).  ergetic, low-signal, resonance conductivity in asymmetric
reduces to DBRTSs.

o(Ent be, 0y + Sw)

4. Analytical expressions for the width of the resonant
levels of an asymmetric DBRTS and the monoenergetic con-

a(En,ony) ductivity of electrons tunneling through a DBRTS near the
= Se\ 2 Se—how\ 2 S5e\2[ de—thow\ 2 centers of the resonances were found for a number of struc-
1+4| 5| +4 —) =T tures
'y Iy I'n ry : .
35 5. It was shown that the resonant conductivity of a struc-

ture with a thick exit barrier(i.e., a structure of the type
The integrated conductivit$ is of greatest interest for barrier —<for a number of structures—<infinite wall>),

device applications. Using E¢35) it can be defined as which is proportional to the intensity of the quantum transi-
=f(z) tions between the centers of the levels, is eight times higher
G(&y ,w):sf T(7[5N+(g—gN),w]oig, (36)  than the conductance of the analogous symmetric structure.
0

6. It was shown for a structure in which the electrons

whereS is the cross-sectional area of the DBRTS, dil) pass into a level lying below the conduction band bottom of
is the electron distribution function over the “transverse” the semiconductor material on the left-hand side of the struc-

(pependicular to the barrierenergye in the flux incident on  ture that the monoenergetic conductivity approaches

the structure. If the levels are sufficiently narrow, if the elec-when the conduction band bottom of the material on the
tron density does not vary strongly over their width, and iffight-hand side of the structure approaches the level into
the bottom level is much narrower than the top |eve|, then which the transitions occur. At the same time, the integratEd

conductivity remains finite because of the decrease in the

G(& w)msf(gN) o(Ey, o) = Loy T (37) width of the bottom level.
N’ a N’ - N This work is supported, in part, by the Russian Fund for

It is interesting to note that when transitions occur from"uUndamental ReseardProject No. 94-02-04449and the

a level lying above the conduction band bottom to a levefScientific Council as part of the program “Physics of solid-
lying below the conduction band bottom on the left-handState nanostructures(Project No. 1-050
side (Fig. 1b), it follows from Eq. (20) that ask_—0 (the

bottom level approaches the conduction band bottom on the

right) the low-signal monoenergetic conductivity increases
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Investigation of the heteroexpitaxial structures {p-3C/n-6H}-SiC
A. A. Lebedev, N. S. Savkina, A. S. Tregubova, and M. P. Shcheglov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 16, 1996; accepted for publication February 13) 1997
Fiz. Tekh. Poluprovodr31, 1083—-1086September 1997

The parameters of the epitaxial structu{8€/6H}-SiC have been investigated. The

heteroepitaxial growth was conducted by sublimation epitaxy in an open system. The presence of
the 3 polytype was confirmed by x—ray investigations. The capacitance—voltage and
current—voltage characteristics and the electroluminescence spectrapsirtiséructures were
investigated. It was found that a thin, slightly doped, defeqmé-SiC layer was formed
betweenp-3C-SiC andn-6H-SiC in the heteropolytypic structures; this layer detetmined the
electrical properties of the diode structures. 1©®97 American Institute of Physics.
[S1063-78287)01309-4

1. INTRODUCTION as the thickness of theC3SiC layer increases, individual

The existence of a larae number of SIiC polvtvpes withiSIandS expand over the substrate and their boundaries meet
9 POIyyp when the thicknesses of the layers &#8—5 um. In addi-

the same chemical composition but substantially differen;[. ) L .
. . - ] . ion, the x—ray investigations showed structural nonunifor-
electrical properties make silicon carbide a promising mate-

rial for constructing different heterostructures. It was shownmlty in the distribution of defects in the epitaxial layer. This

in Ref. 1 that by varying the Si/C ratio in the growth zone orcan lead to a difference in the electrophysmal parame_ters of
. o Lo : : .~ _ the p—n structures formed on the basis of these epitaxial

adding definite impurities it is possible to obtain by subhma-Ia ors

tion epitaxy heteropolytypes of3-SiC or 4H-SiC films Yers.

deposited on B-SIiC substrates grown by the Lely method. , ' \\vEsTIGATION OF THE ELECTRICAL PARAMETERS OF

In Ref. 2 a heteroepitaxial structuf@H/3C}-SiC was grown e STRUCTURES

in a molecular-beam epitaxy system with a gas—phase i .
source. However, the results of the investigations of the Diode structures were fabricated by the standard tech-

properties of the heterojunctions were not presented in Ref§0109Y; including establishment of contacts with- and
1 and 2. p-type material, masking with aluminum, and plasma-

chemical etching. The diodes were 100—5%08 in diameter.
Some structures exhibited capacitance—voltage () and
current-voltage {—U) characteristics, which are standard
In our case, heteroepitaxial growth gftype 3C-SiC for structures based orH6-SiC obtained by SE but with a

films was conducted by the method of sublimation epitaxysubstantial ohmic resistance. Extraordinary diodes were also
(SB) on a 6H-SiC substrate, obtained by the Lely method,observed. TheC—U characteristics of these diodes were
with a SE grown, slightly-doped (2—3)x10* cm 3] also linear inC~2—U coordinates but they exhibited a kink
n-6H-SiC layer. Thep-3C-SiC layer, which was 2-5um  at U~0 and the cutoff voltage was-1 V (Fig. 2. The
thick, was doped with aluminum during the growth processcarrier densityNg—N,, which was determined from this
The carrier density in the substrate material Wags— N, characteristic in the region after the kink was 3-5 times

~10'® cm™2 and the substrates posses$@@01)Si orienta- lower than in the region before the kink. The latter value was
tion. close to the value oNy—N,, which was determined from

the C—U characteristic of ordinary diodes, and to the value
of Ng— N, in the n-type epitaxial layer before theC3SiC
film was grown.

The layers grown consisted ofC3silicon carbide, as The current—voltage characteristicef the extraordi-
confirmed by x—ray diffractometry. Rocking curves with nary diodes exhibited the standard exponential form
half-widths of 10 and 24 corresponding to the reflections J=Jyexp@QU/BkT) with B of the order of3,~1.7 in the
(00066H and (111)3C in CuK« radiation, were obtained. low—current region J~10"° A) and 8,~1.7 in the high—

The structural perfection of the layers was assessed accordurrent region §~10° A) (Fig. 3. As the temperature in-

ing to topograms obtained by x-ray topography methods wittcreasedB, changed from 1.73 to 1.56.

different measurement geometries. Figure 1 shows an x-ray For forward currents>10 3 A an appreciable electrolu-
topogram of the heteroepitaxial structyC/6H}-SiC. It is  minescence with a spectrum that was different for both types
evident from this topogram that the growth o€ Jilicon  of samples appeared. In the case of the ordinary diodes the
carbide is of an island character; i.e., growth does not stamtlectroluminescence spectrum consisted of a wide band char-
simultaneously on the entire surface of the substrate. Thacteristic of SE diodes with a maximum in the yellow—green
total area of the islands in this case was equal to 60—70% akgion of the spectrum. A peak with a maximum nea450

the substrate area<(1 cnf). Our experiments showed that nm, due to carrier recombination on an Al acceptor Iével,

2. SAMPLES

3. X-RAY INVESTIGATIONS
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much less than the value &f,, corresponding to densities
Ny— N, determined from theC —U characteristidgsand ex-
hibited a sharp and irreversible character.

5. DISCUSSION

The experimental results obtained can be explained from
our point of view as follows. A lightly dopeg-6H-SiC layer
with a high density of defects formed over the entire area of
the substrate between6H-SiC andp-3C-SiC. In the case of
the ordinary diodes, located outside the islands of growth
which formed at the initial stage of epitaxy, this defect re-
gion was located in the volume of the grown epitaxial layer
and increased the ohmic resistance of the diode. In the pro-
cessp—6H-SiC formed directly om—6H—-SiC and the char-
acteristics of the ordinary diodes are virtually identical to the
standard characteristics pfn structures based orH6-SiC
grown by SE.

In the case of the extraordinary diodes the buffer layer
with defects grew directly on the-6H-SiC and coincided
with the metallurgical boundary of the-n junction. When
the extraordinary diodes were engaged in the forward direc-
tion, electron injection into the defective layer occurred. This
resulted in carrier recombination on aluminum acceptor lev-
els and the appearance of blue electroluminescéasea
rule, the background Al concentration in the SE layers is low
and such electroluminescence is not observed in pn struc-
FIG. 1. X-Ray topogram of th¢3C/6H}-SiC sample with a nonuniform tures of this typﬁ Be(.:aL.jse the high compensation in this
distribution of defects in the layer. Lang method, K@ radiation.1 — Iayer, the Fermi level in it was located close to the center of
3C-SiC islands formed at the initial stage of growth. Magnificatior8.5  the band. Since in th@-region the Fermi level lies at a

depth of 0.2-0.3 eV at room temperature, the contact poten-

tial difference of thisp—n structure, which is defined as the
and a maximum near 425 nm, due to recombination of a difference in the positions of the Fermi levels in the and
free excitot (Fig. 4), predominated in the electrolumines- p—regions of the diode, should equall V, as was observed
cence spectrum of the extraordinary diodes. The electrolumiexperimentally. The high density of defects in this layer also
nescence spectra of both types of diodes did not contain amgsulted in low breakdown voltages in these structures.
maxima which, according to published data, could be attrib-  The thickness of the buffer layer evidently corresponds
uted to carrier recombination inC3-SiC. Breakdown of the to the thickness of the space charge layer for which a kink
diodes first appeared at voltagdg, =20—30 V (which was  was observed irC—U characteristics of the extraordinary

FIG. 2. Capacitance—voltage characteristics of
extraordinary(1) and ordinary(2) diodes at
room temperature.
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FIG. 3. Current—voltage characteristics of the extraordifdjyand ordi-
nary (2) diodes at room temperature. FIG. 4. Electroluminescence spectrum of an extraordinary diode with a
forward current density of 40 A/ctn
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diodes, i.e., several tens of microns. It can therefore be conysaA).
cluded that in the heteropolytypic structures a thit®H-SiC
layer W'_th defects, which determined the ele.Ctncal prOF)ertles)The current—voltage investigations of these structures were performed by
of the diode structures, formed betwgeBC-SiC andn-6H- A. M. Strel'chuk.
SiC.
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tural . perfectlon of the transmonal region betwger] the SW. von Mur;ch and W. Kukzinder, Solid—State Electr@f, 1129(1978.
6H-SIC substrate and theC3Sic layer. Therefore, optimiza-  4m. keda, T. Haykava, S. Ymagiva, H. Matsunami, and T. Tanaka,
tion of the technological growth conditions could make it J. Appl. Phys50, 8215(1979.
possible to decrease the thickness of the region with defectd?: N- Andreev, A. S. Tregubova, M. P. Scheglov, and V. E. Chelnokov, in
and to obtain diodes whose electrical properties are deter-Abstracts E-MRS 1996 Spring ConferenBerasburg1999, p. A-5.

mined by thep™-3C/n-6H heterojunction. Translated by M. E. Alferieff
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Radiative recombination rate in quantum-well structures in the model
without k-selection
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The influence of size quantization on the probability of optical transitions without an electron
wave-vector selection rule is investigated. It is shown that the inversion current is

essentially independent of the thickness of the quantum-well layer in the approximation of a
constant injection efficiency. Various approximations for calculating the rate of spontaneous
recombination are discussed. 897 American Institute of Physid§1063-78207)03108-9

A model for optical transitions without an electron Here the summation is carried out over all initial states in the
wave-vector selection rulék-selection has been developed conduction bandi) and all final states in the valence band
to describe the properties of injection lasers with a dopedf), and the quantityw;; gives the transition probability be-
active region: The model takes into account the bimoleculartween states. The Fermi-Dirac functions for electrbnsand
nature of the recombination process and reflects the influend®lesf, ; take the populating of states into account, &hid
of imperfections of real laser structures on the emissiorthe volume of the quantum-well layer. The energies of the
spectré It is also used to analyze the threshold and spectrahitial and final states aré; and E;, respectively; the
characteristics of quantum-well heterolasts. o-function eliminates all transitions except those with energy

However, the calculation of the threshold and inversioniw from the summation. The probability of direct optical
current in quantum-well lasers using the probability of opti-transitions of an electron from the conduction band to the
cal transitions withouk-selection for bulk semiconductors valence band is"”iki“ckc:ACvakckv5%%' where A, is the
tends to impart excessive values to these quantities. The rag@nstein coefficient for band-band transitions, and k. and
of spontaneous radiative recombination in a quantum-welh  k enumerate the subbands and electron wave vectors in
layer of thicknessl in a model withoutk-selection is calcu-  the conduction band and in the valence band, respectively.

lated in this case as In quantum-well layers it is often convenient to use the
“surface” rate of spontaneous recombinati@he number of
_ 2 MP1 transitions per unit time on unit area and in unit energy in-
Rep=A——>", )

terva) rgp. Here it is assumed that

whereA is a constant, and, andp, are the surface densities Stsp(hw)=Vrg (o), ©)

of electrons and holes, respectively. ~ whereS=V/d is the area of the quantum-well layer.

For givenn, andp, Eq. (1) states that the recombination  The threshold current of the laser can be estimated from
rate increases as the layer thickness is decreased, in inver$fa inversion currert” The inversion current is determined
propor_tion tod2. This re;ult_differs significantly from th_e by the degree of excitation of the quantum well when the
behavior of the recombination rate calculated for opticalgjfference in the Fermi quasilevels for electrons and holes
t_ransmons Wlthk-selecno_n, wher.eRSp is |nvgrs_ely propor- AF=fF_—F, is equal to the minimum energy of emitted
tional tod (Ref. 7). The disparity in the predictions of these photons? w,. Assuming that the injection efficiency and
models is a consequence of the fact that the recombinatiofe quantum yield of luminescence are close to unity, we

rate (1) has been derived using the transition probability forptzin the expression for the inversion current density
a bulk semiconductdr,whereas the density of nonequilib-

rium carriers is calculated as for a quantum well. In this jinvzedRsp|AF:hwmm' 4
article we analyze the influence of size quantization on the leul ho) f doped 0
probability of optical transitions without-selection and dis- /& calculatersy(w) for a doped quantum-well layer. We

cuss techniques for calculating the spectra of spontaneOLZSQ’S“me that the wave functions of the states of one of the
recombination in quantum wells. ands are unperturbed and have the form

By definition, the number of spontaneous transitions per 2
unit time in unit volume within a unit energy interval is Pk, = v exdi(kx+kyy)]sin
calculated as

7ranr m™n
d 2

1 wherek, andk, are the projections of the wave vectqrin
rop(fi) = _Z z wrifoifn (B, —Ei—ha). ) the xy plane, andz is the coordinate in the dlre_ctlop of th_e
VT 5 normal to the quantum-well layer. The approximation of in-
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finite potential barriers is used here for simplicity. The stategion [H(x)=1 atx=0, andH(x)=0 atx<O0]. If the tail of
of the other bandy, are localized near impuriti€s The  the density of states is disregarded(E) can be assumed to
electron transition probability in the quantum well from lev- be equal to the ordinary volume density

els of thenth subband to the impurity ground level differs (2m,) 32
from A, by the square of the overlap integral of the wave po(E)= v
functions: 2mw%h3

(EUO_ E)l/Z' (10)

B . ) wherem, is the effective hole mass for the density of states
Dimk, = Acy fv"l’l Yok dV|7 ), ) E,o representing the top of the valence band.
Disregarding the dependence oef,, on the electron
where the averaging signified by the angle brackets) is \4ye vector in(8) and restricting it ton=1, we write the

carried out over all possible impurity sites in the quantum-ga eypression for the spontaneous transition rates in the

well layer —d/2<zy=<d/2. The integration in%) is carried ).,
out over the volume of the quantum-well layér
We consider two cases below. Ag [Evothie
1. d>ay,, wherea, is the effective Bohr radius of the Foplfiw) = | . pci(E)p,(E-fw)
impurity. In this case we can ignore size quantization in the o
direction perpendicular to the plane of the layedirection Xfe(E)fh(E-fiw)dE. (13)

for impurity-localized particles, and the wave function of the Here A0:(1/2)6477a8A I(1+ Wza%/d2)4 is the optical
Cuv

state of an impurity with coordinate, has the form transition probability withouk-selection, and, andf,, are

1 Ir—ry| the corresponding electron and hole distribution functions.
i :\/=3 exr{ T | (6)  The factor 1/2 appears as a result of taking into account the
Tag 0 conservation of electron spin in transitions.

Since the main contribution to the integrd) is from the The total recombination rate is obtained by integrating
immediate region of the impurity, the integration can be ex-(11) over all possible emitted-photon energies:
tended to infinite volume. We then have

ng
6477a8 Rsp_ AO d P, (12)
wlnkc(ZO)NACv 2,1.2 2 2, 12\14 . . .
V[1+ag(ks+ 7 n</d9)] wherep is the volume density of holes in the quantum-well
layer. The optical transition probability witholtselection
><23ir12(7m—zo+ 77_” _ 7) Ag, Wwhich coincides with the result for bulk
d 2 semiconductors® in the limiting cased— o, begins to drop

considerably with decreasing width of the quantum well for
d=10a0
64ma] @® 2.d<10a,. With a further decrease in the width of the
cv V[1+a§(k§+w2n2/d2)]4 : quantum.well, we neeq to take .lnto _account_ quqntum limita-
tions on impurity-localized carriers in the direction perpen-
This equation is analogous to the transition probability ob-dicular to the plane of the layer. In the elementary valence
tained in the plane-wave approximation wittomponent of band model we can restrict the discussion strictly to heavy
the electron wave vectd,= wn/d (Refs. 1 and B holes? The wave function of the impurity ground state can
Since the transition probability obtained here dependshen be written in the form
1 { mZ 13
2 . . =———expg — cos —|,
electron mass, the transition can be easily made in(Bq. i JYN(a,d) X a d (13
from summation over states to integration with respect to

only on the energy of -carriers in the subbands
energy. Here, according to our analysis, the two-dimensionahere the normalization constant is

After averaging oveg, the result acquires the form

wink (Zo) ~A

Eo=Eco+A2(K2+ w2n2/d?)/2m,, wherem, is the effective r—rol

density of states N(a,d)
m
pa(E)= TS H(E-Exp-Een (@ _m[ , cos2mz/d)  exp—dia)
mhen 2 [(ma/d)2+1]2 1+ (d/wa)?

must be used for the conduction band, whereas for the im-
purity band, which overlaps the valence band, the density . Esinr( %) ( 14 iJr 1 )cosr( %) ]
p,(E) must be used as in the case of a semiconductor with a a 2a  (mald)?+1 a '
bulk properties, because the presence of potential barriers is (14)
assumedh priori not to influence the hole energy spectrum.

HereE is the energy of the levels involved in transitiofsg Here the characteristic lengthis evaluated by a variational
is the bottom of the conduction banB,, are the values of technique with respect to the state enetdy. the approxi-
the energies of the subband edges numbeared, 2, ... in  mationd—O0 this procedure yielda—ay/2. The value ofa
the conduction band, and is the Heaviside unit step func- rapidly approaches, as the width of the quantum well is
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FIG. 1. Normalized transition probability between ground levels of the sub-FIG. 3. Ratio of the probability for the transition from conduction subbands

bands versus width of the quantum well for various positions of the impuritywith different indices to the impurity ground level to the transition probabil-

center.l — z,=0; 2 — zy=d/4; 3 — z4=d/2. ity between ground levels versus width of the quantum wkel— n=2;
2—n=3;3—n=4.

increased: fod=a, the localization parameter of carriers at

impurities situated in the center of the wellds=0.8a,. The  creased, the transition probability averaged over the impurity
approximation(13) ignores the penetration of the wave func- sites z, (Fig. 2 asymptotically approaches the bulk-
tions into the barrier layers for potential barriers of finite semiconductor resu(8).

height, so thak tends to increase. From now on, therefore,  The contribution of transitions with a change in the sub-

we leta~a,. band indices to the recombination rate can be estimated from
The integration of (5) is elementary in the two- the probability (5) of electron transitions to the impurity
dimensional limitd=0: ground level. It is evident from Fig. 3 that most rapid growth
8782 of the contribution of transitions with increasing widthis
O = A, ma Sy (15) exhibited by those with a unit change of the subband index.
¢ "S(1+ azkﬁ)3 Assuming that a similar dependence exists for transitions to

the next subbands in the valence band, we can then assume

5?/ ?r:alog)ll Wlltrt] thti ca;se OIniivr;”dt? gu?nttur;r: \;vell V\;ﬁ ?Sr?turtn?hat the selection rule for the subband index in radiative tran-
at to caiculate e reco ation rate 1L 1S Sutliclent 10 ¢ begins to be violated whehexceeds, by an order

fnow;he valléebc.);"(f) gO: a zero elecér?n V\I/aV(?c t\;]ectorl.)t')l'hed of magnitude or more.
fran5|b|_cin prg a “tz el;/v efe : gcrlo(;J_n tlevis orthe s(zﬂ).an S In accordance with the adopted approximation for the
or arbitraryd can then be found directly by means ) wave functiong13), the distribution of carriers in the impu-

2 [N?(2a,d) rity band must be described by the two-dimensional density
@yv\ N(a,d) /' of states. For the calculations we use the unperturbed density

~_ of states
wherea~a,. For narrow quantum wells the normalization

constant depends linearly on the widia,d)~ ra?d/4. m

Figure 1 shows the transition probability as a function of  p,1(E)= —UZE H(E,o—E,n—E), (17)
the width of the quantum well for various positions of the mhe
impurity center. As the width of the quantum well is in-

wo(d)=A (16)

whereE,, are the initial levels of the subbands. Neglecting
the weak dependence of the transition probabilitydoand
introducing the “surface” probability of optical transitions
without k-selectionA; = (1/2)8ra3A., , we obtain the final
expression for the rate of spontaneous transitions preserving
the subband index:

2
&
1

s
‘:3 1.00
S oz o) =A S [T gk
3 7h* n JE+Ee
3?. 0.50 +E o~ E, ) fo(E)fn(E—fiw)dE.  (18)
The total recombination rate is
%/ Rep=A1 nl”dpln, (19

FIG. 2. Normalized transition probability, averaged over the impurity sites
2y, versus width of the quantum well. The dashed curve represents the ratio .
of the transition probability for the bulk-semiconductor cé®eto the value ~ Wherens, andp,, are the surface densities of electrons and

w1o(0) in the two-dimensional limit. holes in thenth subbands. The expression for the recombi-
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value of the inversion current, which is represented by the
dashed curve, can be estimated by using expre$28®nThe
approximation of the volume density of states in the valence
band(12) has been used for calculations in the range of wide
quantum wells. As in the model witk-selection’ the in-
crease in the inversion current with the width of the veeib
attributable to populating of the upper subbands, which is the
most conspicuous at high temperatures.

The electrical neutrality conditiop; —n;=10%cm 3is
used to interrelate the electron and hole densities. This
choice of surface density of acceptors is required to satisfy
the condition for validity of the model withoWt-selection,
i.e., the hole density in the quantum well must not be signifi-
cantly higher than the impurity concentration.

FIG. 4. Inversion current densify,, versus width of the quantum wadlin . Itis |mportant to _n_Ote that Our analysis Of_radlat!ve trgn-
the model without satisfaction of a wave-vector selection rule, calculated fositions with the transition probability to states in the impurity
wide quantum wells in the approximation of the volume density of states ofband regarded as equal to the transition probability from the

the valence band and for narrow quantum wells in the approximation of thgnost |ocalized states has been simplified. Moreover, the
two-dimensional density of states for transitions preserving subband indice, :

(solid cure$ and without the subband index-selection ridashed curvgsat ﬁydrqgerj-llke _Impu“.ty model ulsed here ignores the. effects
various temperatures in the system ,&ba, AS—GaAs—A}Ga, As, of shielding, dispersion, and anisotropy of the effective car-
m,=0.07m,, m,=0.40m,, A;,=15x10° s, a,=17 A .1—T=200A;  rier masses. The results are therefore useful merely for ob-
2—T=300A;3—T=400 A. taining a transparent description of the passage to the two-
dimensional limit as the width of the quantum well is
reduced. From the mathematical standpoint the recombina-

nation rate is simplified for narrow quantum wells, in which tion raté withoutk-selection according t018), in contrast
the populations of all subbands except the first can be disrdVith the ~model of direct transitions, is found

d,nm

garded: by replacing the delta-function transition probability
®n k,nk, = Acv Sk k, On.n, by a value that is identical for any
nlpl . .. o .
Rep=A; e (20) changes of the wave vector, i.e., the transition probability is

averaged over states with different wave vectors in the plane

For constant surface carrier densities, therefore, the recon® the quantum-well layer. The value of the transition prob-
bination rate is inversely proportional to the thickness of the?Pility without k-selection can be treated as a parameter of
quantum-well layer. the thgory and be determined from e_xperlment.

An expression of the same form &0) is obtained when This work has been supported, in part, by a G. Soros
the transition probabilities between arbitrary subbands ardteérnational Foundation program in the exact sciences.
assumed to be identical; this is applicable to wide quantum
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LOW-DIMENSIONAL SYSTEMS

Contact-free determination of the parameters of a 2D electron gas in GaAs/AlGaAs
heterostructures
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A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted April 9, 1997; accepted for publication April 16, 1997
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The parameters of a 2D electron gas in a GaAs/AlGaAs heterostructure — density, conductivity,
and mobility in zero magnetic field, transport and quantame-particlg relaxation times,

Dingle temperature, and spacer width — have been determined by a contatadmesti¢
method. © 1997 American Institute of PhysidsS1063-782@07)01509-3

To determine the electric parameters of a 2D gas The absorption coefficienf® is determined by the
(2DEG ) in heterostructures by the standard dc method, it iSormulas
necessary not only to prepare a sample in the form of a Hall
bridge, but also to make electric contacts. In the present pa-
per we report a contact-free method for determining these
parameters by an acoustic method that does not require spe-
cial preparation of the samml— a rectangular plate can A=8b(q)(sl+so)s§ssexp(—2qa),
serve as the sample.

Acoustic methods are based on the use of surface acoughere K2 is the electromechanical coupling constant of
tic waves(SAWSs) that propagate along the surface of a pi- lithium niobate;q and v are the SAW wave number and
ezoelectric substrate in a piezoelectrically active directionvelocity, respectively;a is the vacuum gap between the
The deformation wave in this case is accompanied by an akthium niobate and the specimear, is the conductivity of
electric field varying with the frequency of the SAW. There- the 2DEG;e,,&,, ande, are the dielectric conductivities of
fore, the 2D electrons are in a high—frequency electric fieldhe lithium niobate, vacuum, and GaAs, respectively; and
that redistributes the electrons and generates high-frequengyq) andc(q) are complex functions of, q, ;, &, and
currents. This determines the absorption of energy from the,. As one can see from expressionl), if
wave. In the experiment the SAW absorption coefficiEnt  (47o,,/esv)c(q)=1, thenT reaches its maximum value
which decreases as a result of the interaction with the 2DEQ;,,, which does not depend an,,.
is measured in magnetic fields of up to 30 kOe in the tem-  To calculateo,, from I' using Eq.(1), it is necessary to
perature range 4.2—1.4 K. The coefficiéhts determined by  know the value of. It is impossible to measure this quantity
the conductivity of the electronic systénfor this reason, experimentally, since the heterostructure is pressed directly
the quantization of the electronic spectrum in a magneti¢o the surface of the lithium niobate and the gais found to
field, which gives rise to Schubnikov—de Haas oscillationspe uncontrollable. The value afcan be found from acoustic
is accompanied by characteristic features in SAW absorptiomeasurements by investigating the frequency dependence of
as well. The coefficienl’ oscillates in a magnetic field ina I'y . Here
manner similar to the Schubnikov—de Haas oscillations.

Such oscillations have been observed in GaAs/AlG&Rs T'm(d1)/Tw(dz)={[d1b(a,q1)]/[azb(a,q,) ] e~ 22 ™92
and InGaAs/InP heterostructures. In Ref. 6 it was shown @
that in the GaAs/AlGaAs structures studied in the present .. equation yieldsi=0.25 xm. Knowing a, we can use

work in magnetic fields not exceeding 30 kOe, the 2D eIec—Eq. (1) to determinar,(H) from the experimental values of

trons are in a delocalized state, so that the parameters of tl'fe The functione,(H), calculated from Eq(1), is shown in
2DEG can be determined reliably by the acoustic methodg; R -

The experimental procedure employed in the present work is ~
also described in detail in Ref. 6 .

The dependence of the absorption coefficiEnat 30
MHz on the intensity of the transverse magnetic field at 4 =% + o0 (3)
T=4.2 K for GaAs/AlGaAs is shown in Fig. 1. It was found
that the maxima of" are equally spaced as a function of whereo?,=ao/(1+ w?75) is the classical Drude conductiv-
1/H. This makes it possible to determine the density of thaty, 74 is the transport relaxation timey.=eH/m*c is the
2D electron gasng=7x10'" cm~? from the oscillation cyclotron frequencym* is the electron effective massy is
(ng=6.75x 10" cm?>—from the dc Schubnikov—de Haas the conductivity atH=0, andc is the speed of light. The
oscillations. oscillating part can be represented in the fdrm

(Amoyylesv)c(q)

I'=8.68K%2)gA ’
& )q 1+[(4770'XX/850)C(q)]2

()

In accordance with Ando’s theofyg,, in a magnetic
field has the form
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~10 FIG. 2. Normalized oscillation amplitude [Wo,,(205D(X7))] versus
0 15 20 29 30 1/w .y for different temperature$, K: 1 — 4.2,2 — 3.55,3 — 1.5. Inset:
H, ke o}« — the nonoscillatory part of the conductivity — versus the reciprocal

1/H? of the squared magnetic field.
FIG. 1. Experimental curves of the absorption coefficEntcurve g and
conductivityo,, (curve b versus magnetic field at a temperature of 4.2 K

and 30 MHz. temperaturegFig. 2). As one can see from the figure, this

function is linear with a slope-77y/74. This means that
the relation(5) is applicable not only fow.7g<1 (see Ref.
Opx ~ TxD(X7)exp( — 1/ we7q) cOg 2ER [hws— ), 8 ), but also whenw.7>1 if Aoy, /o5,<1. The quantity
4 7o/ 74, calculated from the slope, equals 56.5; it is
whereD (X1) = X1 /sintXy, X1=272T/hw, E is the Fermi temperature—mdepepdent in the mterval 1.5-42K and cor-
energy, 7, is the quantum(one-particlg relaxation time respon_ds to. scattering by charged |_mpur|ty centers, takl_ng
which determines the collisional broadening of the Landa(PCreening  into - account. The Dingle temperature s

. N o
level by the amounty=7%/27, and which characterizes the -cli— _h/.zwgq._l'S K.c'il'he spa'cre]ré/thf;sz the Sﬁmﬁle can b?
damping of the amplitude of the oscillations. etermined In accoraance with Ret. rom the known val-

Analysis of the functiono™ (1/H2) obtained from our ues ofry /74 and the densitys. This yields the value 30 A.

measurements showed that it is linear upHts 25 kOe(see In summary, a(_:oustlc_ methods for_mvestlgatlng a 2D
the inset in Fig. 2 The mobility xo= o (H=0)/en, at electron gas mak_e it possible to determne by a contac_t-free
H=0 can be determined from the slope, equal éx?/ u,. It ’T‘eth‘)d the densﬂ_yn_s, the mOb'.“ty'“O In a zero magnetic
was found to be equal to (1:+10.1)x 10° cn?/(V - s) [which field, the conductivityoyy and its dependence oH, the
differs by 15% from the Hall mobility uy=1.26x 1C° transport 7y alnd quantumr, rela>§at|on times, the Dingle
c?/(V-s)] and does not depend on temperature in the ranggemperatureT » and the spacer width. . .

1.5-4.2 K. Analysis of the oscillating party;’ yields the \'/r\ﬁstC\i/ionrlli ;/rv.aé.szglggrr:jéags tfr?é geulzf;;gliiisds;%?sﬁun
quantum(one-particlg relaxation timer, and Dingle tem- damental Research grant No. 95-02-04066-a and the Interna-

perature. : o
Since the amplitudé oy, of the oscillations i&*!! tional Association grant No. INTAS-1403-93-ext.
Aoy=20%D(Xt)exp — m w.Ty), (5)

3E-mail: Irina.L.Drichko@shuvpop.ioffe.rssi.ru
to determine the quantum relaxation timgwe constructed PE-mail: Ivan.Yu. Smimov@shuvpop.ioffe.rssi.ru

a curve of IAa,,D(Xy))] versus 1b.7, for three different

934 Semiconductors 31 (9), September 1997 I. L. Drichko and I. Yu. Smirnov 934



1v. D. Kagan, Fiz. Tekh. Poluprovodi®1, 478 (1997 [Semiconductors I. G. Savel'ev, A. V. Suslov, and I. Yu. Smirnov, Fiz. Tekh. Poluprovodn.
31, 407(1997)]. 31, 451(1997 [Semiconductor8l, 384 (1997].
2A. Wixforth, J. P. Kotthaus, and G. Weimann, Phys. Rev. L&8.2104 | L. Drichko, A. M. D'yakonov, V. D. Kagan, A. M. Kreshchuk,
(1986; A. Wixforth, J. Scriba, M. Wassermeier, J. P. Kotthaus, G. We- G- D. Kipshidze, T. A. Polyanskaya, I. G. Savel'ev, A. V. Suslov,
imann, W. Schlapp, Phys. Re40, 7874(1989. I. Yu. Smirnov, and A. Ya. Shik, Fiz. Tekh. Poluprovod®®, 1306(1995
3A. Schenstrom, Y. J. Quan, M. F. Xu, M. P. Baum, M. Levy, and S[Seml(;:onduct:rﬁg,:??(15;95].233 9

B. K. Sarma, Solid State Commu8s5, 739 (1988. , 1~ Ando, J. Phys. Soc. JpB7, 1233(1974.
2 A. Isihara and L. Smi, J. Phys. A9, 6777(1986.

V. W. Rampton, K. McEnaney, A. G. Kozorezov, P. J. A. Carter, 1o -

C D. W. Wilki M. Henini. and O. H. Hughes. Semicond. Sci. Tech P. T. Coleridge, R. Stoner, and R. Fletcher, Phys. Re39,R.120(1989.

- D- WL WIIkinson, M. Renini, and ©. H. Rugnhes, semicond. SCi. Tech-115 p. Harrang, R. J. Higgins, R. K. Goodall, P. R. Jay, M. Laviron, and P.

Snol. 7,641(1992. ) ) ) Delescluse, Phys. Rev. 8, 8126(1985.

R. Boulet, P. Coleridge, F. Guillon, M. D. lorio, and A. Sachrajda, Can. J.125 pas Sarma and F. Stern, Phys. Re\3B8442(1985.

Phys.69, 461 (1997).
5|, L. Drichko, A. M. D’yakonov, A. M. Kreshchuk, T. A. Polyanskaya, Translated by M. E. Alferieff

935 Semiconductors 31 (9), September 1997 I. L. Drichko and I. Yu. Smirnov 935



Binding energy of Coulomb acceptors in quantum-well systems
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The binding energy of a Coulomb acceptor state in a type—I heterostructure with several tunneling-
coupled quantum wells is investigated as a function of the positions of the impurity in the
structure. It is shown that the specific features of quantum-well hole states strongly influence the
binding energy, especially when subbands with negative effective masses arid®970

American Institute of Physic§S1063-78207)01609-9

1. The prospects for building physical devices based onthe energy bands of a bulk semiconductor, being applicable
semiconductor nanostructur@¥S) are stimulating active in- to the investigation of localized states in NS, encounters se-
vestigation of such structurésThe possibility of selective rious difficulties due to the need to take into account the
doping opens up additional possibilities in the developmenpotential which spatially confines the electrons and holes and
of NS with prescribed propertiéslt is obvious that the en- lowers the symmetry of the system. For this reason it is
ergy spectrum and envelope functions of impurity states areatural to base the description of localized states on a variant
determined by the specific features of the quantum-welbf the effective-mass method that takes directly into account
states and the position of the impurity in a given NS.the required information about the structure of the 2D
Hydrogen-like states in an isolated, infinitely deep quantunfuantum-well subbands in the NS of interest. This makes it
well (QW) have been investigated theoretically in Ref. 3.possible to allow for the effects which are due to the com-
Later, the theory was refined taking into account the finiteplex structure of the valence band, specifically, the mixing of
height of the barriers, the differences in the permittivities andhe heavy- and light-hole statt$An approximation which
effective masses in the materials of the QW and barrier laytakes into account only one subband is found to be inad-
ers, and the specific features of the valence-band strutitire. equate for the analysis of acceptor states, since the binding
Experimental investigatiofsonfirm the conclusion that the energy of an acceptdin contrast to shallow donats? is
binding energy of an acceptor impurity depends on the posicomparable, in general, to the characteristic separation be-
tion of the impurity in the NS. Of interest in this connection tween the subbands in the NS. The width of the quantum
are asymmetric systems of QW, in which a relocation of thewells and barriers under consideration is, of course, a factor
carrier envelope functions under the action of external field$hat determines the accuracy of calculations based on the
is most effectivé making it possible to employ this struc- mMethod of envelope functions in the effective-mass approxi-
tures as elements of integrated circuits in nanoelectrdnicsmation. It is believel that the method is effective if the
The relocation of envelope functions also influences thecharacteristic sizes of the wells and barriers exceed a value
spectrum of the impurities that are located in the heterostrucof the order of 10 A. The characteristic dimensions of the
ture and are capable of influencing appreciably the propertieglements of structures which are studied in the numerical
of the structure. examples presented below are of this order of magnitude. In

The variational method in the effective-mass approximathe present paper, we do not consider the problem of calcu-
tion is used in most studies of the localized states in nandlating the binding energy of an impurity state to spectro-
structures. The results of such calculations depend strong§cOPic accuracy or the problem of determining the qualita-
on the form of the trial variational functiort8.The present tive dependence of the binding energy on the position of the
work is devoted to a study of shallow acceptor impurity in the structure. The method of envelope functions
states in asymmetric nanostructures with QW, such a¥ the effective-mass approximation is most suitable for this
AlL,Ga,_,As—GaAs. We employ a method previously usedPUrpose.
in Refs. 11 and 12 to describe excitonic states in structures 2. We write the effective Hamiltonian in the form
with narrow QW and tunneling-transparent barriers. In appli-H =H” +U, whereH® is the Hamiltonian of free holes in
cation to impurity centers, it consists of expanding the local2 given NS, andJ is an operator describing the Coulomb
ized envelope functions of an impurity center in a 2D basignteéraction between a hole and an impurity center. We write
in the space of envelope functions of the free carriers in 4he envelope function of the acceptor state as
given NS. It is comparatively easy to take into account the
differences in the effective masses and permittivities of the )= 2>, [A\BY(\A]), )

QW and barrier materials and, most importantly, the effects MA
of nonparabolicity of the valence band. The effective-massvhere\ is a combined index which includes the index of the
method employing ceratin information about the structure ofvalence bandof heavy HH or light LH holesand the num-
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ber n of the quantum-well subband, amdlis the 2D radius band. The subband number= 1) of the 2D subband, tak-
vector of a unit cell in the plane of the NS. The basis func-ing into account the influence of the states of the top:R)
tions |\ B) can be represented as a linear combination of thsubband, will now play the role of. We note that the ap-
functions proximate approach employed here for describing localized
states can also be used to take account of the influence of all
other subbands. This complication does not change funda-
mentally the qualitative picture obtained in the two-subband

] o ) o approximation. Using#,(B8) for (AB| and defining the
which form a basis in which the Hamiltonian operator for the green’s operators for the Hamiltoniars, (n=1,2) as

free holes is diagonal. Hei® is the area of the heterostruc- G,(E)=(E—H,) L, the system of two equatiors) can be
ture, andk is the 2D quasiwave number. Since the effectivereqyced to the single equation

localization radius of the impurity states in semiconductors is

greater than the lattice constamta relatively small region of (E—Hp) ¢ =U,Go(E)Uz, (6)
qguasimomenta near the center of the 2D Brillouin zonguhich can be regarded as a Sutirmer equation with an
makes the main contribution to the formation of the envemp%nergy-dependent potential.

functions|), ka<1. Furthermore, the off-diagonal elements Let ¢,,,(8) be the eigenfunctions of the operatey,,

of the Luttinger Hamiltonian, which is usually employed for yyhere » is the 2D quantum number enumerating the eigen-

describing hole states in semiconductor NSsre much  fynctions of the operatdd, . We represent the Green's func-
smaller than the diagonal elements in the lik#t0, so that  jon G (E) in the form of a Hilbert—Schmidt expansion

a simplified classification of hole states, which is associated .

with their character ak=0, is possible for smalk. This GEBB)=S enn(B)en(B) @
makes it possible to disregard the dependence of the 1D en- —™ '™ " E-E,, '

velope functiond, (z) onk, denoting them simply af, (2).

In this case the basis

\K)= %Sm«z)exmkp), )

whereE,,, is the spectrum of the operatidr,. The system of
functions ¢,,,(8)is complete, so thayyn(B) can be repre-
1 sented as an expansion in this system

INB)= 2 INKyexr—ikB) ®)

Un(B)=2 8nynu( B) ®
degenerates into a poifinh the plane of the Nbasis which v
is modulated by the envelope functiofifz); hereN is the  and Eq.(6) can be put into the form
number of unit cells in the plane of the NS.

The system of equations for the coefficients in the ex- (E-E,,—W,,(E)la,,= E W, (E)ay,: (9)
pansion of the envelope function of a localized state in the tr e e v
basis(3) has the form
where
. 12 21
(E-Ex(=IV)(AB= 2 (ABJUIN'BHYN'B']), (4) Uy Uy
NIV 2, ¢ WA W, (B)=2 g2, (10
Iz i

whereE, (k) is the 2D dispersion law for holes inXasub-
band,_andV is the _2D _gradient qperator. The Coulomb in- E @fy(ﬂ)ulz(ﬂ)%#(ﬁ)zuii?
teraction operator is diagonal with respect@pso that in- B
troducing the abbreviated notationd B|U|N'B’)=U,,.
andU,,=U,, the operator$i, = E,(~iV) +U, can be de- > ¢§#(BI)U12(,3')¢1V,(B')Euily, _ (12)
termined and Eq(4) can be rewritten as B’
In determining the Coulomb interaction energy between
(E=HO(BD= 2 U (N Bl). (5 a hole and an impurity center, the difference in the permit-
A tivities of the QWs and barriers could have an appreciable
The solution of the system of equatiof makes it possible effect. The Coulomb matrix elements can be written as
to determine the envelope functions and energy spectrum of
the NS with an acceptor impurity, taking into account the Unn,(ﬁ,zo):J dzf}(2)G(B,2,20)f i (2), (12
mixing of states that split-off from all 2D subbands. All in-
formation about the profile of the 1D hole potential in a where we have introduced the electrostatic Green'’s function
given NS and also about the effective masses of the holes i6(8,z,zy), which for the NS considered here is written out
the QW and barrier materials is contained in the dispersiomxplicitly in, for example, Ref. 11 . There are grounds for
law E, (k) and the 1D envelope functions of the holes. assuming that the off-diagonal elements0) are much
3. Let us examine the case in which the acceptor state ismaller than the diagonal elemeits . <W,,, u#n’. This
formed exclusively by states of the heavy-hole band, and leinequality follows from the orthonormality of the 1D enve-
us use for simplicity the two-subband approximation; i.e., inlope functions and is especially valid in the case of asym-
Eq. (5) we take into account only two subband#-H1 and  metric NS, in which the envelope functions corresponding to
HH2. In what follows, we drop the index of théH valence different subbands, as a rule, possess maxima in different
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QW. For this reason, the ener@y, of a level split-off from  wherem=0,1,2,. .., and R{V=|m,|e*/2%2. The parameter
the bottom subband can be found in the zeroth approximay in Eq. (19) is determined from the equation
tion from the solution of the equation (i HD () |nmy =0, (20)

E-E.,~W,(E)=0. 13 Wwhere the eigenfunctiori&m) of the Hamiltonian(17) with

Thus, in this approximation the problem of determining the@ corresponding choice of the parameearre, just as in Eq.
energy spectrum of a shallow acceptor in a NS reduces tol5), the standard wave functions of a 2D hydrogen atom.
calculating the spectrum df;,, taking into account only Specifically, the ground-state envelope function has the form
one bottom subband, and the correctid, due to the in- (15 if «xa,=2x, wherea,=#?=|m,|e*. The method of
fluence of the states of the neigboring subband. Ref. 15 can be somewhat Improvgdf instead of the con-

4. The equation determining the contribution of tita  dition (20) it is required that the energy of the impurity state
subband to the envelope function of an acceptor, disregard:alculated in first order in the perturbati¢t8) have a mini-

ing the states of neighboring subbands, can be written in thBwum as a function of the parameferin this case, obviously
formt the result of the calculation of the ground-state energy by the

method of Ref. 15 completely agrees with the variational
procedure.

To determine the correction due to the effect of the states
) 3 ) in a neighboring subband, it can be assumed that the states of
Here E;” and m, are the energyfor k=0) and effective he continuous spectrum make the main contributiowig .
mass of a hole in theth subband. The operatdf,, which  The hydrogen-like series of discrete levels, split-off from the
takes into accountfor a smallk) the nogparabollcny of the  ypper subband in the field of the shallow acceptor, cannot
nth subband, can be written'as/,=#b7k*/2mo, wherem,  appreciably influence the value oF,, provided that the
is the mass of a free electron,_ and the typical values of th%inding energy of these states is less than the splitting be-
phenomenological parametey lie between 10 and 100 R tween the subbands. In this approximatipnevidently cor-
Equation(14) can be solved by a variational method. In so responds to the 2D quasimomentimSincek <a ! is the

doing, it is natural to choose the trial envelope function ofmain contribution to the formation of the localized state, we
the ground state in the form of a 2D hydrogen-like orbital -5 write Eq.(11) approximately in the form

E<0>_ﬁ—2v2+v —Unn(B.20)—E|¢n(B)=0. (19
n 2mn n nn\ 40 n )

2i? 2¢? [2
(nBI0)= \/ - exa—xip) 15 =Tz (21

with one variational parametex. It should be noted that a Here
different approximate method, used in Ref. 11 and 12 to
investigate excitonic states, for calculating the energy BlZ(ZO):J dzff (z)F(k|z—2z0|)f2(2), (22
spectrum® gives similar results.
The method of Ref. 15 is based on a representation oénd the functior=(¢{) with relatively small differences in the

the Hamiltonian Eq(14) in the form permittivities of the QW and barriers is defined‘as
H.=H© +H® 1 ™
a0+ Ha 0o B9 Ro)=s| ZTHi0) - Ya()1 -1, 23
where
where Y;(¢) and H({) are the Bessel and Struve functions,
© ) h? ) x€? respectively. Therefore, the correction due to the second sub-
Ha 0 =En"— om* Vet B (17 pand can be estimated as
Doy . 2e?\? kdk
and the operatoH{"(x) is the complement of the Hamil- W, (E)=|— |Blz(ZO)|2f ECE,(K) (24)
€ —E2

tonian (17) with respect to the complete Hamiltonian in Eq.
(14). Ordinarily, the parametey is determined from the con-  where the integration extends over the 2D Brillouin zone.
dition that the first correction to the energy due to the opera-  |f the dispersion relation for the second subband has the

tor form
2 21,2
X€ fi°k
HIP (0 =Va+Uno(Bi20) = =~ (18 Ea(k)=E+ 5, (25
B ms
equals zero. The operat6t7) has both continuous and dis- then
crete eigenvalues. The latter eigenvalues obviously are the 252
Coulomb series of equatiolfswith energies W, ,(E)=— 4Ry®|By2z)|2 In| 14+ ——— |
) 2m,a?(EY) —E)
2 n
eo-g+ X 19 (26)
N+ } and Eq.(13) can be easily solved graphically. The energy of
2 the localized state can be estimated roughly as
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Acceptor energy, meV

Acceptor position

FIG. 1. Ground-state energy of a Coulomb acceptor as a function of th

position of the impurity atom in the NS AlGa ;As—GaAs:1 — Taking
into account of the subbanddH1 and HH2 and the difference in the
permittivities of the QWs and barrier&— same but neglecting the differ-
ence in the permittivities3 — taking into account only the bottonHH1)

subband. One division on the abscissa corresponds to a lattice constant

5.65 A.

2h2
1+

E~E;,—4Ry?|B1xz)[? In (27)

2m,a?A|’

whereA=EQ® —E(® .

E—Ey,+4mRy?|B1y20)|?

\/ 8m,b3
ﬁ2
5. Figure 1 shows as an example the dependénawe
1) of the binding energy of the acceptor state on the position
of the impurity in a A} 3Ga ;As—GaAs NS with two QW of
width 5a and 3 and a barrier of width 4, wherea is the
lattice constant. The outer barrier layers are assumed to be
semi-infinite. For this NS the splitting between the subbands
is equal to 32.1 meV, the effective mass in the second sub-
band is negative and equals in absolute magnitude 79
and the parametd, is assumed to be 25 A. The parameters
of the NS correspond to those employed in Ref. 11 . For
comparison, Fig. 1 showsurve2) the computational results
obtained without regard for the difference in the permittivi-

1

X 0. (30)

(EY—E)—1

fies in the QW and barrier materidlheir average value was

used in the calculationsTaking into account only the first
subband gives curv8, which has a noticeable minimum
inside the wider QW where the 1D envelope function of the
Bbttom subband is mainly localized.

The larger the overlapping of the envelope functions of
the 2D subbands and the smaller the effective mass in the
second subband and the energy gap between the subbands,
the greater the dip of the level as a result of the effect of the
second subband. The effect of the states in the first subband
on the impurity(quasilocal levels split-off from the second
subband can be taken into account similarly. In this case, the
first subband has the effect of decreasing the binding energy.
The correction is small in the region inside the barrier, where

The case where the dispersion relation in the second sufthe envelope of the subband possesses a node and is much
band corresponds to hole excitations with negative effectivéarger in the wells where the 1D envelope functions are

mass is of greatest interest:

2k2 hZ
—+

2,4
e b2k*.

Ex(k)=EY'— (28)

2mo

In this case the integral in E¢L9) can be expressed in terms
of elementary functions

1
W,,(E)=—4Ry?[B,(z,)|?
8m,b3
(EQ-E)-1
T 1
X — +arctan y
2 8m,b3
(EY'-E)-1
ﬁZ

(29

large; in this case the contribution of the second subband can
be comparable in order of magnitude to the binding energy
of the acceptor state.

It should be noted that contrary to the widely held opin-
ion that the binding energy of a shallow acceptor is always
appreciably greater than that of a dofidior common NS
such as AlGa, _,As—GaAs it is comparatively easy to give
examples of structures in which these energies are compa-
rable (see Fig. 1, curvel). However, the closely spaced
(compared with the conduction subbahgalence subbands
and, correspondingly, the more uniform distribution of the
1D envelopes along the axis of growth of the NS have the
effect that the dependence of the binding energy on the po-
sition of the impurity in the NS is weaker than in the case of
deep impuritie¥ and shallow donor¥’

In asymmetric systems of QW the envelope functions in
the region of the inner barriers can be comparable in magni-
tude to their value in the region of the QW. For this reason,
taking into account the difference in the permittivities of the
QW and barrier materials could appreciably change the bind-
ing energy, especially since the difference in the permittivi-
tes of the QW and  barrier materials in

and a rough estimate of the energy of the impurity state cail,Ga, _,As—GaAs heterostructures witkx~0.1 equals

be obtained by solving the transcendental equation
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about 10% and, in general, is not negligible.
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The capacitive photovoltage and photoconductivity spectra of GaAs/InAs heterostructures with
quantum dots is discussed. For these structures, which were fabricated by metallorganic
gas-phase epitaxy, the photosensitivity spectrum has a sawtoothed shape in the wavelength range
where absorption by the quantum dots takes place, which is characteristi&fohation-like

density of states function. The spectra also exhibit photosensitivity bands associated with the
formation of single-layer InAs quantum wells in the structure. An expression is obtained

for the absorption coefficient of an ensemble of quantum dots with a prespecified size distribution.
It is shown that the energy distribution of the joint density of states, the surface density of
quantum dots, and the effective cross section for trapping a photon can all be determined by
analyzing the photosensitivity spectrum based on this assumptiorl99F American

Institute of Physicg.S1063-782807)01709-3

Recently, new attention has been focused on GaAs/InAssed previously to study heterostructures with quantum
heterostructures with quantum dbté since the discovery wells!%~*2
that interrupting the growth of a layer of InAs at the proper ~ The goal of this paper is to elucidate how features of the
moment causes formation of individual nanocrystals, inphotoelectric sensitivity spectra of GaAs/InAs heterostruc-
which carriers have the typical quantum-dot discrete energftres with quantum dots evolve as a function of the thickness
spectrum. These crystals form as a result of self-organizatiofif the InAs layer, and to develop a methodology for deter-
processes based on the Stranski-Krastanov mechanism. mining certain parameters of the quantum dot ensemble from

The authors of papers published until now have concent-hese spectra: the energy spectrum, the absorption coeffi-

trated primarily on studying the surface morphology of theC|ent, the density of states, the surface density of quantum
heterostructure after the growth is interruptddtogether dots, etc.

with the photoluminescence from the gquantum-dot struc-l THEORY
tures. Because the density of states in a quantum dot is dé-

scribed by Diracs- functions® the photoluminescence spec- In the spectral region where interband transitions occur
trum of an individual quantum dot should consist of a narrowbetween the quantum-well levels of a heterostructure con-
line whose natural width is determined by the lifetime of thetaining quantum wells, the mechanism that gives rise to the
excited state in the quantum dot as determined by the uncef@pPacitive photovoltage effect at a surface barrier involves
tainty relation. When a sufficiently small number of quantumthree basic stages:1) generation of electron-hole pairs in
dots is excited, it is possible to observe several narrow Iumi'-[he quantum wells, 2emission of nongqumbnum carrers
nescence lines with temperature-independent widths- of from the quantum We".s’ and) ZSeparatlon of pairs in the
0.1 meVe® When photoluminescence is excited over a rela_f|eld of the surface barrier. Small-signal measurements of the

capacitive photovoltage photosensitivity in this wavelength

tively large area of the sample, the photoluminescence Spe?énge reveal that the absorpti@,(hv) is proportional to

trum has a much broader maximum due to natural scatter iﬂ1e absorption coefficienBy(hv) of the quantum welld2

the size distribution of the nanocrystall_lt%slihe_ spectral  gjnce the phenomena listed above will in principle occur for

linewidth is determined by the energy distributigdE) of any system dominated by quantum-well effegll, wire,

the joint density of states in the quantum dot ensemble. dot, we should expect the same mechanism to operate in
This density of states can be determined in several wayStructures with quantum dots.

one of which is to measure the spectral dependence of the |et us find the relation between the absorption coeffi-

optical absorption coefficiefitin this paper, we apply the cient, the joint density of states, and the photosensitivity for

methods of capacitive photovoltage and planar photoconduean ensemble of quantum dots with a prespecified size distri-

tivity spectroscopy to this problem, methods that have beebution.
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Since the quantum dots are located in a single plane foby a quantum dot to the photosensitivity at the intrinsic ab-
the structures under study here, it is convenient to replace theorption edge of GaAgthe normalized photosensitivity
bulk absorption coefficient with a dimensionless absorptionThen we can wri
coefficient

SD=BD%. ®)

Al
Bohv)="-, (1) _ |
0 The quantityzp should be close to unity for a quantum

whereAl =1,—14, herel, and |, are the intensities of the dot in a sufficiently strong sgrface barrier fielqéz 0.5+
incident light and the light passing through the plane contain9-25 for a GaAs surface barrier of GaAs, and is only a weak
ing the quantum dots. function Qf the state of the surfa&%Hgnce, in our measure-
According to Fermi's “golden rule,” ment regime we havﬁD(hv)~g(hv), |mplylng that capaci- '
tive photovoltage spectroscopy is a direct way to determine
2(eF)%h e i the joint density of states of the quantum dot ensembile.
=m EI |Per|*8(Ee—E—hv), 2 Using Egs.(5) and (6), we can determine the surface
0 concentration of quantum dotd; by measuring the photo-
whereF is the electric field intensity of the incident electro- sensitivity spectrun$p(hv). If the absorption peak is deter-
magnetic fieldm, is the free electron mass,is the elemen- Mined by a single transition in the quantum dot, then
tary chargeE, and Ej, are quantum-well energy levels for 1 cme
electrons and holes, arf@;,, is the matrix element of the st_f g(hv)d(hv)= —————
momentum operator for a transition between these levels 2 2me’h|X|?

within theith quantum dot. The factor of 2 in the numerator 1o integration extends over that neighborhood of the peak

takes into account the spin degeneracy of the levels, and thg \yhich the function under the integral sign contributes sig-
summation runs over the entire quantum dot ensemble. nificantly to the integral.

Al

f Bpo(hv)dhy. (7)

The matrix element is When we approximate the peak of the absorption by a
. . . Gaussian function, Eq7) can be written in the form
12— 2 i % i — 2|yi|2

PLZ=1PI [ it (ryulryar = PP, @ N ®

whereyi,(r) andyi(r) are envelope wave functions of holes where the quantity
and electrons in théth quantum dot)X'|? is the overlap » [T2e?h
integral of the wave function envelopes, aRds the matrix UQDzﬁ
element of the momentum operator taken over the rapidly Cmn\/gl“
oscillating parts of the Bloch functions. In the Kane mddiel

X|? (C)

can be interpreted as an effective cross section for capture of
P2 E a photon by a quantum doB,,= Bp(hv,,) is the height of
e~ (4)  the absorption peak, arld is the width at half-maximum.

mg 2my’

wherem,, is the electron effective mass, akg is the width 5 ypERIMENTAL METHOD

of the band gap of the barrier materi@aAs. These barrier

quantities are chosen because of the smallness of the quan- GaAs/InAs structures were grown ¢d01) substrates of

tum dots (10 nm), which causes the size-quantized elec-GaAs by metallorganic gas-phase epitaxy at atmospheric

tron and hole levels to lie near the GaAs absorption edge an@ressure. In order to obtain wedge-shaped structures, the

the envelope wave functions to be localized primarily in thecrystals were grown in a laminar flux without rotating the

barrier material. substrate. Tests indicated that the growth rates of InAs and
Assuming a weak dependence of the overlap intexVal GaAs in this case fell off linearly with increasing distance

oni, and sincd ,= c\eF%/27, wheree is the dielectric con-  from the edge of the substrate and were proportional to one

stant of the barrier, we obtain from Eq4)—(4) another.
Structure 1, grown on an* substrate at 650 °C, con-
we’h ) sisted of a buffer layer of GaAs, a layer of InAs with quan-
Bo(hv)= cmn\/§|x| g(hw), ®  tum dots, and a covering layer of GaAs. The average thick-

ness of the buffer layer, based on the growth rate, was 0.34
whereg(hv) is the joint density of states in the ensemble of i, that of the cover layer 0.24; the average nominal thick-
quantum dots, angX|?~ 1. ness of the InAs layer wagd = 1.6 monolayers. The struc-

The stages of emission of carriers from the quantum doture was doped with Si. Measurement of the dependence of
and the appearance of a photovoltage are characterized bytlee capacitance on voltage indicated an electron concentra-
quantum efficiencyyp , which equals the ratio of the number tion in GaAs of ng=(2—4)x10*% cm 3. We investigated
of electron-hole pairs separated by the barrier field to thehe photoluminescence spectra of this structure at 77 K, its
number of pairs excited in the quantum dot. Let us denoteapacitive photovoltage at 77 and 300 K, and the
the quantum efficiency for bulk GaAs absorption By, and  capacitance-voltage characteristic-{ V) of a Schottky bar-
let Sp denote the ratio of the photosensitivity for absorptionrier (Al) on it. In order to measure the photoconductivity
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TABLE |. Geometric parameters of structure 1

Sample 1F
No. X, mm Lps, d, monolayers D, nm

0 0.15 11 6
5 0.18 1.3 9
8 0.19 14 9 10-1_ l
14 0.21 1.6 11 2
20 0.23 1.8 12
25 0.28 2.1 14 b
. 10-2 L
1

G

O Ul WN R

ard. units

S,

spectrum of a sample grown on a semi-insulating substrate,
we grew structure 2 at 550 °C with parameters close to those
of structure 1. Structure 2 also had the shape of a wedge. In 1073}
order to measure the photoconductivity we excisedlEmm

samples from the structure at specific points along the

wedge. :
Photoluminescence was excited by a He—Ne laser at a 107°% L Y L
photoexcitation intensity of~10?° cm 2.5 1. The method 1.30 1.33 Ry oy 1.4
of measuring the capacitive photovoltage was described in ’
Ref. 12. FIG. 1. Capacitive photovoltage spectra for various values(8D0 K). The

numbers on the curve correspond to sample numbers in Table I. The arrow
shows the theoretical value of the ground-state transition energy in a single-
layer InAs quantum well.

3. RESULT AND DISCUSSION

C-V characteristics Characteristic plateaus in thHe-V
curves of these structures indicate crossing of the space- At 77 K (Fig. 2) a step-like band is also well resolved
charge region boundary of a quantum-size layer in which thevith an edge energy of 1.47 eV. A similar step with edge
motion of carriers is restricted along the direction of growth~1.38 eV can also be observed at 304/Hg. 1); however,
of the structuré? However, the measurement results do notit is less distinct due to temperature-induced blurring of the
allow us to establish whether or not quantum confinemenabsorption edge of GaAs. This band is present in all the
occurs in the plane of the structure as well. capacitive photovoltage spectra, with a normalized height

In Table | we show values of the thickness of the coatingand edge position that do not change fbr> 1 monolayer.
layer L, obtained by theC-V method for six samples ex- The appearance of this band is clearly explained by the for-
cised from structure 1 and located a distamxcalong the
wedge. According to these data, we calculated the local
nominal thickness of InAgl, taking into account that the
growth rates of InAs and GaAs were proportional, which 1} 6
leads us to the relatiod(x) ~Ly¢(X).

Based on the width of the plateau in the functi©ofv),
we can determine the surface concentration of electrons
ng=(1.1+0.2)x 10'* cm 2 in the quantum-well layer. 107"

Capacitive photovoltage and photoluminescenEgy-
ures 1 and 2 show photosensitivity spectra of the capacitive
photovoltage at 30 and 77 K, respectively, measured on
samples with various values df . 1072}

The most remarkable feature of these spectra, which dis-
tinguishes them from spectra of GaAs@Bg, _,As quantum-
well heterostructure®*?is the presence of a well-defined
photosensitivity peak in an energy region smaller than the 1073
width of the GaAs band gap. It is hatural to assume that this
peak is due to the absorption of light in InAs quantum dots,
and that its shape reflects th&function character of the
density of states function in a quantum dot. The regular con- 10-* \ 1 ——
tinuous shift in the absorption maximuhy,,, toward lower 1.35 1.40 1.45 1.50

: o L . : . . ho, eV

energies with increasing is explained by the increasing size ’
of the quantum dots. The surface density of these dots a G. 2. The same as in Fig. 1 at 77 K. The covering layer is tapered to

the_ir size dispersion do_not (_:hange appreciably, because thi&j,ce a transition of the quantum-well layer into the space-charge region of
height of the peak and its width remain nearly constant.  the surface barrier.

S, arb. units
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mation of a wetting layer of InAs with thickness1 mono-
layer. The presence of such a layer has been noted in a hum-
ber of paperqsee, for example, Refs. 1-4,6, and Both 107"
values of the edge energy are in agreement with the theoret-
ical estimates calculated for a rectangular InAs quantum well
with thickness of 1 monolayef0.33 nn) according to the
model of Ref. 15: 1.464 and 1.374 eV, respectivéhdi-
cated by the arrows in Figs. 1 andl 2

Note that the photoluminescence peaks from the GaAs/
InAs quantum dots investigated in Refs. 1-4,6, and 7 were
shifted rather far into the low-energy regiohi(,~ 1 eV at
77 K), whereas a photoluminescence peak is usually ob-
served in the regiohv> 1.4 eV that is assigned to excitons .,0-3L 1
; ; o A ; 1.30 1.35 1.40
in the wetting layer of InAs. This discrepancy in the values : 7. eV :
of hv,, from the quantum dots, as we will show below, is ?
due.to dlfference§ in the. qugntum dot §|ze and shape, WhlcﬁG. 3. Approximating the capacitive photovoltage spectra of quantum dots
are in turn associated with differences in the technology an@dy Gaussian curves for samplg200 K). 1—capacitive photovoltage spec-
growth conditions for the quantum dots. trum, 2—photosensitivity peak for the transiticel-hhl, 3—the same for

An alternative assumption. namely that the peaks in théhe transitionel-lh1, 4—capacitive photovoltage spectrum after subtracting

. P ’ y P ; . clurve52 and 3 from it.

capacitive photovoltage spectra are due to two-dimensiona
excitons in the wetting layer of InAs, cannot explain a num-
ber of features of these spectra: the weak temperature depen- _ 11 s
dence of the normalized height, especially the width, of the™P exp(~E,/KT), where E,=Epy —E,.™ This tempera-

peaks in the interval 77—-300 K and on the nominal thic:knes%ure deper_ujepcg &, leads to disappearance of the 77 K
din the interval 1.1-2.1 monolayers as the function,(d) photosensitivity in the wavelength range where the quantum

. . dots absorb. In order to measure the capacitive photovoltage
varies continuously, and also the fact that the edge of the ; :
i e ) . .. at 77 K we used layer-by-layer etching of the coating layer,
stepwise photosensitivity band, which we associate with in- : .
o L in order to transfer the quantum dots to the barrier region. At

terband absorption in a quantum-well layer, is independen

of d. The latter fact implies that for the technological growth a rather strong field of-10° Vicm, the capacitive photovolt-

: ; ... _age in the wavelength range where the quantum dots absorb
parameters for quantum dots used in this work a transition . . .
. . is determined by tunneling emission of electrons through a
takes place from layered growth to three-dimensional growth . . : _
. triangular barrier lowered by the field. The quantum effi-
atd~ 1 monolayer, and that further increasedrdoes not

) : . ciency np~ 1 ceases to depend on temperature.
increase the thickness of the wetting layer, but rather sup- n or%er for the photosensitivity to appear at 77 K in the

plies the material that goes into creating the quantum dOtS'waveIength range in which the quantum dots absorb, we

A bulge is observed on the left shoulder of the peaksT it suffici hi
. . " . L .07 f les 1-4
associated with ground-state transitions with heavy-hole par-Ound it sufficient to thinl s by 0.07 m for samples

AR : : and by 0.14um for samples 5 and 6.

tlf:lpatlon_el—hh_l_m th_e q“"’?”‘”m dot, which can be asso- When the quantum dots are located in the surface bar-
ciated with transitions in which Ilght holes participate, e, rier, it is clear from Fig. 2 thaSp does not depend od
el—lhl. The shape of the cap_acmve photovoltagg peak Swithin experimental error, i.e., on the size of the quantum
well approximated by a Gaussian function. Analysis shows

that the capacitive photovoltage spectra in the range 1.4

eV can be resolved into two Gaussian peaks from quantum

dots with almost the same widths and a band from the quan- 7} "

tum well (Fig. 3.

At 77 K (Fig. 4) the photoluminescence spectra exhibit a
single peak associated with the transitieh—hhl in the
guantum dots. The shape of the peak is also almost Gaussian,
with an energy position and width that coincide with the
parameters of the corresponding capacitive photovoltage
peaks.

Temperature dependence of the capacitive photovoltage
and location of the quantum dot relative to the surface bar-
rier. In the original structure, the quantum dots were located 1078}
in the quasineutral bulk of the GaAs layer. In this case the
capacitive photovoltage arises from thermionic emission of .
holes from the leveE,; into the valence band of GaAs, 1.35 1.40 A e]’” 1.50
which subsequently diffuse to the surface of the barrier. In ?
this case the temperature dependenc&gpthould have an  gig, 4. photoluminescence spectra for various values 677 K). The
activation nature, as that in the case of a quantum wellhumbers on the curves correspond to sample numbers in Table 1.

$, @rb. units
-0
<
[ 3]
LS

units

Iy, @rd.
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dot, or on temperature. At 300 K it is also independent of the
position of this layer with respect to the barrier. These same
regularities have been observed in quantum-well structdres,
and they imply thatyp=~ 1. The fact that losses due to re-
combination do not enter into the capacitive photovoltage
effect is attributable to the rather small value of the activated 1.45
barrier that determines emission of nonequilibrium carriers
from the quantum dot. This does not contradict the presence
of photoluminescence since the latter is observed at low tem-
peratures and at eight orders of magnitude higher levels of
photoexcitation.

The average values o%y(hv,,) for the families of
curves, shown in Figs. 1 and 2, are 4)x10 ? and
(6=2)x10 2 at 77 and 300 K, respectively. In light of the 1.41
possible values ofyp in Eg. (6), the absorption coefficient
Bm at the maximum is estimated to be 1 tx 20 2. The
presence of a quantum well in the structure under study al-
lows us to determing3,,, more precisely, using the quantum , , ,
well as the absorption standard. The theoretical value 1'390 5 10 15
Bw~7%10"3 is close to that of the absorption ed{elt is D,nm
clear from Figs. 1 and 2 th&(hv,,) =Sy, which implies
that the corresponding absorption coefficients are almost thgC- 5. Dependence ofiv, on the size of the quantum dof§7 K):

. . . 1—photoluminescence peak—primary capacitive photovoltage pe&«—
same, from which we find by using Eq$7)_(9) that secondary peak in the capacitive photovoltage. Theoretical dependences
op~10 nn? and Ng=(1.2=0.3)x 10"cm 2. The value of  of the transition energies for the model structure of Ref49:el-hht,

N, is close tong in the quantum-well layer, which indicates 5—el-hl.
a significant equilibrium occupation of the quantum dots by
electrons. ity of the conducting layers of GaAs, the photoconductivity

Dependence of transition energies on the quantum-dof o .
. . —and capacitive photovoltage phenomena observed in them
size.If we assume that the amount of InAs that goes into

forming the quantum dots is determined by the thickrss are closely related, since they are determined by changes in

. . . the width and height, respectively, of the surface barrier as a
minus one monolayer, we can determine the size of the qua%

1.47F

1.43

hvm 4 eV

turm dot if its sh i K The latt be determi esult of exposure to lighf In those cases where the contri-
um dot 1T 1is shape IS known. 1he latier can be determineq, i, 15 the photoconductivity from the inner barrier at the
by comparing the theoretical dependencehof,, on the

tum dot i lculated f i h fh layer-substrate boundary can be ignored, the small-signal
quantum dot size, calculated for a given shape of the nano(f)'hotoconductivity and capacitive photovoltage spectra
rystals, with experiment.

. 17 should coincide, which in fact we observed in our structures.
. The calculations by Grundmaret al. were_for pyra- The regularities in how the photoconductivity spectrum
mldal_ nanocrystals_ bounded bi110 planes; in Ref. 9 changes as a function dfand temperature were qualitatively
Marzin et al. approximated the shape of the nanocrystals byanalogous to those described above for the capacitive photo-

a cone with a bas_e angle of 12'4 resting on a wetting Iaye_\rloltage. Because of the strong overlap of the quantum-dot
one monolayer thick. Our experimental dependences are in

better agreement with the latter model.

Figure 5 shows the theoretical functidrv, (D) con-
structed on the basis of the data of Ref. 9. In contrast to Ref.
9, we have plotted along the abscissa not the radius of the 1"
cone base under the monolayebut rather the diameter of
the cone at the monolayer level It is clear that the experi-
mental values othw,, for transitions with participation of
heavy and light holes are in rather good agreement with the
theoretical curves. For our structures the diam€&eraried
from 6 to 14 nm, depending ah and the height varied from
0.8 to 1.6 nm for an average distance between quantum dots
of N3 ¥2~30 nm.

PhotoconductivityIn structure 2, whose photoconduc-
tivity spectrum we measured| and the thickness gradient
are smaller than in structure 1; therefore, the peaks in the 102 1
photosensitivity associated with the quantum dots are smaller 1.3 h:;" oV 7.5
than the displacement with respect to the intrinsic photosen- ?

SitiVity. edge of GaAgFig. 6?- _ FIG. 6. Photoluminescence spectra of structure, monolayer:1,3—1.6;
With regard to the barrier nature of the photoconductiv-2,4—1.2.T, K: 1,2—300 K, 3,4—77 K.

S, ard. units
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Quantum-dot lasers: Principal components of the threshold current density

S. V. Zaitsev, N. Yu. Gordeev, V. |. Kopchatov, A. M. Georgievskii, V. M. Ustinov,
A. E. Zhukov, A. Yu. Egorov, A. R. Kovsh, N. N. Ledentsov, P. S. Kop’ev, and Zh. I. Alférov

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

D. Bimberg

Institut fur Festkaperphysik, Technische UniversitBerlin, D-10623 Berlin, Germany
(Submitted February 4, 1997; accepted for publication February 10,) 1997
Fiz. Tekh. Poluprovodr3l, 1106—1108 September 1997

Injection heterolasers based on quantum dots grown by molecular-beam epitaxy have been
investigated. It is shown that the room-temperature threshold current density can be lowered to
15 A/cn? by decreasing the nonradiative recombination and increasing the degree of

carrier localization. The density of states in structures with vertically coupled quantum dots was
investigated by the electroabsorption method. 1@97 American Institute of Physics.
[S1063-782607)01809-7

Lasers with quantum dots (QDs) in an through a special window in the top contact of the laser
InAs/GaAs/AlGaAs system are of interest because of theistructure. Special attention was devoted to suppressing las-
spectral properties. Generation in a single longitudinal modéng. This enabled us to estimate the losses to nonradiative
and a narrow optical gain spectrum have been obsérvedtecombination of carriers as a function of the pump current
These lasers also possessed a high temperature stability dgnsity assuming that the maximum efficiency of the spon-
low temperatures. At the same time, the threshold currenianeous radiative recombination is close to 100% at 77 K.
density at room temperature was quite highQ00 A/cn?).  Similar specimens were used to investigate electroabsorp-
Electroluminescence investigations of these structures hawn. The detected radiation passed through the substrate and
shown that this is due mainly to strong nonradiative recom-
bination in the active region. Another reason is activational
migration of carriers out of the QD states at room tempera-
ture. For such structures a transition from lasing via a QD
state to lasing via a state of the so-called wetting layer ha 1o
been observetiBy using arrays of vertically couple@/C) i 77K
QDS’ we were able to avoid these effects, but carrier delo- B
calization from the QDs still remained the main obstacle for -
improving laser characteristics. Using AlGaAs as a QD ma- g8}
trix made it possible to decrease the threshold current densit 5
substantially and raise the stimulated emission efficiéncy. N
However, estimates show that these parameters can still t
substantially improved. In the present work we investigatec
the main leakage mechanisms that prevent the characteristi
of QD lasers from coming close to the theoretical limits.

AlGaAs/GaAs laser structures were grown on a silicon—
doped GaA<100 substrate in a Riber 32P molecular—beam
epitaxy system. The active region consisted of three or tel
layers of vertically coupled lxGay sAS/Alg 156G gsAS QWS =
(N=3 or 10, respectively’ The vertically coupled QDs - L J00 K
self-organized during the deposition of several layers of
IngsGaysAs QDs (the effective IgsGasAs was 12
A thick), the QD layers was separated by a 50-A-thick GaAs oz
or AlGaAs layer.

Lasers with a closed ring mode were fabricated. The a

.. . . . oo
laser characteristics were investigated with a pulsed pum B m,;;ptﬂu
Enrrept(pulse duration 3us and pulse repetmon_ freqqency 5 01 0 N o 1000

Z) in the temperature range 80—300 K. To investigate the J.A/em?
mechanisms of internal leaks in QD lasers, we studied thc ’
eff|C|-ency of the stimulated a”O,' spon_taneous recombmatIQP—IG. 1. Internal quantum efficiencl/l versus pump current density.
at different temperatures. To investigate the internal effigyyctures: InGaAs/GaAs, single-layet:— InGaAs/GaAs,N=10; 3 —
ciency of spontaneous processes, the radiation was measunedaAs/AlGaAs.

IS
)
1

P/I,arb. units

1)
-
T
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FIG. 2. Reciprocal of the quantum differential efficiencyyd of stimu-

lated emission versus cavity lengthof InGaAs/GaAs lasers. FIG. 3. a — Electroluminescend@) and electroabsorptio(2) spectra for

structures with QDsb — Electroabsorption spectra with bias voltage4)0
and 4 V(2).

was absorbed in layers with QDs. The electroabsorption
spectra adequately represent the distribution of the density of
states in the active region. To estimate the quantum effidiative recombination. A characteristic feature of the latter
ciency of stimulated recombination, lasers with a strip geomeurve is a large decrease in the efficiency with increasing
etry and different cavity lengths were prepared. Extrapolateurrent density for InGaAs/AlGaAs structures, while for
ing to the ordinate the cavity length dependence of thdnGaAs/GaAs structures with vertically coupled QDs it re-
reciprocal of the differential quantum efficiency gives themained virtually constant above the lasing threshold.
internal quantum efficiency of lasing. Figure 2 shows the effect of using a matrix of this type
One can see from Fig. 1 that the internal quantum effiwith QDs on the differential quantum efficiency of induced
ciency of spontaneous radiative recombination in singleemission @g). It is evident that the efficiency increases
layer laser heterostructures based on InAs/GaAs QDs wasith decreasing cavity length in a wide rangeith the ex-
very low and nonradiative recombination processes did noteption of relatively short lasers While for vertically
saturate up to a 10-kA/cimpump current. Optimization of coupled InGaAs/GaAs QDs the limit of the reciprocal of the
the growth process and the use of several InGaAs/GaAs QBifferential quantum efficiency equals approximatelyir2-
layers enabled us to increase this parameter tenfold at thternal efficiencies of the order of 50%or vertically coupled
threshold current density. Although this efficiency at roomIinGaAs/GaAs QDs this limit is close to 1@nternal effi-
temperature did not exceed 40% of its value at 77 K, itsciency of the order of 659 Therefore, approximately 35%
increase was the main reason for the corresponding decreaskthe carriers still recombine via the excited states and the
of the threshold current density from 1 kA/émio 100 states of the wetting layer in the spontaneous regime.
Alcm?. The results of the investigation of electroabsorption are
To decrease the thermal activation of the carriers fronshown in Fig. 3. It can be concluded from the fact that, on
the QD states Al,Ga, gsAs was used as the matrix. One can the one hand, the electroluminescence spectins essen-
see from Fig. 1 that the spontaneous recombination effitially identical to the electroabsorption spectriiga and, on
ciency with a low excitation level was higher in this case asthe other hand, the spectrum remains unchanged with in-
well. We assume that this increase can be explained by thereasing bias voltage that the electroabsorption spectrum is
decrease of the threshold current density to 60 A/asma due mainly to the distribution of the density of states in the
result of stronger carrier localization. Nonetheless, at roonQDs. In any case, the absence of a shift or change in the
temperature again only 40% of the carriers participate in rashape of the absorption edge with increasing reverse-bias
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voltage is completely atypical for quantum layers. Thisthe lasing efficiency have been found. It was proposed that
makes the investigation of the electroabsorption spectra atie electroabsorption method be used to investigate the den-
effective method for studying the size distribution of QDs. sity of states in QDs.
In summary, two principal mechanisms of carrier leak-
age from the ground states of QDs have been found in struc- _ .
tures with vertically coupled QDs. Nonradiative recombina- i- g-zﬁﬁ'&zs"*v NM YJétinG;VrdEe",\" Tédiﬁtssg\/sh:rlllfjmlg g- KYOL[I).’QEPQICIJEI'OV,
tion of different types prevents carriers from Sett“ng In the_ Proceedings on Optical Dimension and Materials (OPDIM) Conference
ground states of the QDs and excludes them from the ampli- kiev (1995, No. 2648-45, p. 287.
fication process. We estimated the contribution of each®zh. I. Alferov, N. Yu. Gordeev, S. V. Zaitsev, P. S. Kop'ev, I. V. Koch-
; ; ; _nev, V. V. Komin, I. L. Krestnikov, N. N. Ledentsov, A. V. Lunev, M. V.
m.eChamsm in order to CalCl.Jlate the real current dfnSIty ap Maximov, S. S. Ruvimov, A. V. Sakharov, A. F. Tsatsul'nikov, Yu. M.
plle(.:i to the_Q_DS.at t[he Ia_smg threShOIQ' me 65/0_ of the Shernyakov, and D. Bimberg, Fiz. Tekh. Poluprovo80, 357 (1996
carriers participating in radiative recombination contribute to [Semiconductor80, 197 (1996].
stimulated emission, and the internal quantum efficiency is’V. '\k/l Ustinov, A. Yu. Elgokrov, A. E. Zhukov, N. N. Ledentsov, M. V.
. Maksimov, A. F. Tsatsul'nikov, N. A. Bert, A. A. Kosogov, P. S. Kop'ev,
0, 0
of the qrder of 40%. TherEfore] apprOX|mater 25% of the Zh. 1. Alferov, and D. Bimberg, irProc. Mater. Res. SocBoston, USA
current is used to rea_ch the lasing threshold. (1995, Vol 417, p. 141.
The results obtained show that although a very low*s. v. Zaitsev, N. Yu. Gordeev, V. M. Ustinov, A. E. Zhukov, A. Yu.
threshold current density and a high lasing effiiciency have Eggng’BN- :;I' Le%entsciv.tt!\/l- VM MaXITO\é;%S-tK%p’ev,bﬁhhl.dAlferov,
. : il an . bimperg, superiattices Microstru , (0 be publishea.
already been obtained, the pot_enual possibilities for Iasgrsv_ M. Ustinov. A. Yu. Egorov, A. E. Zhukov, M. V. Maksimov,
heterO.StrUCtureS baged on vertically coupled QDs are still o' F. Tsatsul'nikov, N. Yu. Gordeev, S. V. Zaitsev, Yu. M. Shernyakov,
very high. Actually, it has been shown that a threshold cur- N. A. Bert, P. S. Kop'ev, Zh. I. Alferov, N. N. Ledentsov, J. Bohrer,
rent density of 15 A/crhcan be achieved at room tempera- D Bimberg, A. O. Kosogov, P. Werner, qnd U._GoseIeNmth Interna-
ture without Changing the composition and number of ODs tional Conference on Molecular Beam Epitafjalibu, CA, USA(1996.

No fundamental mechanisms preventing a further increase ifranslated by M. E. Alferieff
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The effect of a “Coulomb well” on the absorption and magnetoabsorption spectra
of strained InGaAs/GaAs heterostructures

A. V. Kavokin, S. I. Kokhanovskil, A. I. Nesvizhkii, M. E. Sasin, R. P. Selsyan,
V. M. Ustinov, A. Yu. Egorov, A. E. Zhukov, and S. V. Gupalov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 5, 1996; accepted for publication February 20) 1997
Fiz. Tekh. Poluprovodr31, 1109-1120 September 1997

The optical and magnetooptical properties of strained InGaAs/GaAs quantum-well heterostructures
grown by molecular-beam epitaxy were studiedratl.7 K in magnetic field8<7.5 T.

The well-resolved oscillatory structure of the magnetoabsorption spectra makes it possible to
reproduce the “fan diagrams” for transitions between Landau levels oHtH4E1
quantum-confined states, taking into account exciton binding energies calculated variationally.
Based on these results, reduced cyclotron masses of carriers were calculated for quantum
wells with various indium contents. A self-consistent variational solution to the exciton problem
in the structure under study shows that for weak type-Il potentials the effect of Coulomb
localization of the hole leads to a relative increase in the oscillator strength aHAE1 exciton
transition. In this case theH1E1 andLH3E1 exciton transitions remain spatially direct

and retain a considerable intensity. The calculated splitting 8fmeV between these two states
in zero magnetic field is found to be in agreement with experiment. The significant

oscillator strength of light-hole excitons, along with the observed doublet structure, are
experimental confirmations that electron-hole attraction can transform a rather low barrier for
light holes in a type-Il structure into a quantum well with a parabolic “Coulomb” shape

near its bottom, i.e., a “Coulomb well.” ©1997 American Institute of Physics.
[S1063-78267)01909-1

1. INTRODUCTION ite” energy profile for the exciton hole arising from both the
quantum-well and Coulomb potentials. As far as we know,

The usual objects of study in the physics of low- no previous attempt has been made to do this, which leaves

dimensional heterostructures are quantum wells and typetinresolved the question of whether the exciton observed in

superlattices, where the carriers are confined in a singléhese spectra is spatially direct or indirect.

layer. In recent years, however, considerable attention has In this paper we report the results of an experimental

been focused on type-ll heterostructures and systems istudy of the hole energy profile and excitonic states of

which a type-I-type-II transition can take place. In such alnGaAs/GaAs quantum-well heterostructures. These investi-

transition the potential well becomes a barrier to one type ofjations are based on examining the absorption and oscilla-

carrier. In these systems, the exciton spectrum differs greatlfory magnetoabsorption spectra of the latter. Comparison of

from that of a type-I quantum well, which allows one to experimental data with calculated energies and oscillator

observe uniqgue phenomena. One member of this promisingtrengths for various excitonic states near the type-I—type-l|

class of heterosystems is InGaAs/GaAs, which belongs to thiansitions leads us to propose a model in whichlthElE1

so-called mixed class with regard to the spatial separation cind LH3E1 states of a type-Il heterostructure become spa-

carriers. Mechanical stress arising from the mismatch of thdially indirect and direct above-barrier excitonic states, re-

barrier-layer and well-layer lattice constants causes the quarspectively.

tum wells to have a type-l energy profile for the heavy-hole

exciton, whereas for the light-hole exciton the quantum well

becgmes a ratr_ler |OW parrier corresponding tp_a weak type-l SAMPLES AND EXPERIMENTAL PROCEDURE

profile. Accordingly, it is assumed that transitions from the

light-hole state are associated with spatially indirect exci- The GaAs heterostructures were grown by molecular

tons, in which a hole from the “barrier” GaAs layer, which beam epitaxy, using GaAs films with00) oriented surfaces

becomes a potential well for light holes, is bound to an elecas substrates. The structures consisted of twenty isolated

tron from the InGaAs quantum well. quantum-well InGa, _,As layers separated by GaAs barriers
However, the spectral feature observed in absorption,(x=0.15, 0.2, quantum-well width.,=80 A, and barrier

photoconductivity’, and electroreflectandewhich is usually  thicknesses., =400, 800 A.

associated with the spatially indirect exciton transitidd 1 Optical measurements were made Tat1.7 K in a

El, does not differ significantly from other spectral lines pumped-out helium cryostat with a superconducting sole-

associated with spatially direct type-1 excitons. A theoreticalnoid, which allowed us to obtain magnetic fields up to 7.5 T.

description of the exciton states of this system near the trarifhe samples were immersed in liquid helium in free form.

sition point from type-I to type-ll must include a “compos- Spectra were obtained for left- and right-circularly polarized

950 Semiconductors 31 (9), September 1997 1063-7826/97/090950-11$10.00 © 1997 American Institute of Physics 950



Besides creating excitons, the Coulomb interaction af-
fects optical transitions in size-confined structures in another
way: when the motion of a charge carrier is spatially
bounded, its electrostatic attraction will modify the shape of
the potential seen by a charge carrier of the opposite sign.
This leads to warping of the original potential, in general,
creating a well with its bottom at the center of the quantum-
well structure. In type-1 heterostructures this “Coulomb
well” is present in both the electron and hole wells. How-
ever, it is rarely taken into account, because its depth does
not exceed one or two dozen meV.

In general, the Coulomb well for the hole band is given
by the potential

p)Ue(Ze)

Vh(zh)___J ZWpdpJ d \/?
FIG. 1. Binding energy of diamagnetic excitorRg] in Ing ;Gay gAS/GaAs +(Ze=zn)

heterostructures with quantum wells,& 80 A) as a function of magnetic
field B for transitions between various Landau subbands with quantum numHere f(p) is the wave function of the two-dimensional
bers! to various quantum-well levelsiH1L1,1.= 0 (a), 1 (b), 2(c), 3 (d), electron-hole relative motion, which in our case is a trial

4(®), 5 (1), 6 ) HH2E2, 1,.=0 (h; LH(MEL n=0 (i), 2 (). I, corre- function. It is conveniently chosen in the form
sponds to the index of the electronic Landau level to which the transition f( ) \/ma_ 1exp(—p/a ) For the electron potential
occurs,n is the number of the “oscillator” level of the “Coulomb well.” L L )

Ve(z:) we must replace®) (z.) by U,(z,) in Eqg. (2) and
integrate oveg, . A fully self-consistent variational calcula-
tion of the energy levels will take into account electrostatic
effects of the Coulomb field automatically. Analytic expres-
sions for Coulomb-well effects were obtained for the first
time by Efros in Ref. 5, using perturbation theory. However,
his analytic solution required the infinite-barrier approxima-
tion, which makes the spectrum of eigenstates arising in an

The binding energies of various excitonic statBg) of  infinite Coulomb well identical to the spectrum of a one-
a quantum well placed in an external magnetic fid8J €an  dimensional harmonic oscillator, which consists of equidis-
be obtained by solving the corresponding Sclimger equa- tant oscillator levels with oscillator quantum numbers

@

light in the Faraday geometry using a high-transmission dif-
fraction monochromator.

3. THEORY

tion variationally? n=0, 1,
) 2 ) In general, we must superimpose the quantum-well and
3 h'a h i —2pla Coulomb potentials. When the quantum-well energy domi-
Rg=—= — + pdpe LV(p) )
16 4 L* 24, ai nates, the energy of the state in the well adds to the energy of

an oscillator state, which puts the total energy outside the
(1) parabolic range of the Coulomb potential. This implies that
the total shift of the energy levels is insignificant. However,
when the height of the barrier equals the depth of the well,
and when the well becomes a barri¥, o(z, ¢) Will exceed
Ze)Uh(Zh) the quantum-well potential. In this case, the role of the Cou-
V(p)=— —f f dzdz, (18 Jomb well becomes dominant, and determines both the en-
pet (Ze_zh) ergy spectrum of the states and the oscillator strength of the
HerelL is the magnetic lengthg, is the Bohr radius of an transitions. This situation must inevitably arise in the neigh-
exciton in the plane of the quantum wedl, is the reduced borhood of a type-I to type-II transition.
mass of the exciton in the plane of the welljs the dielec- It is obvious that for our systems, i.e., quantum-well lay-
tric permittivity, Uen)(Zeny) is the electron(hole) wave  ers made up of §Ga _,As/GaAs heterojunctions, increas-
function normal to the plane of the quantum waig(h) isthe ing x leads to a proportional decrease in the width of the
electron(hole) cyclotron frequency, ang is the electron- band gapEy(InGaAs. However, this decrease is accompa-
hole coordinate for relative motion in the plane of the quan-nied by a straire = — Aa/a that increases witk, wherea is
tum well. In this paper we led, be a variational parameter, the lattice constant of an unstrained solid solution with in-
which we find by minimizing the functiorRg(a,). The dium contentx, and Aa is the difference between lattice
masses of the heavy and light holes in the plane of the laygueriods of the solid solution and the base GaAs layer. The
are given by the well-known Luttinger parameters for GaAsbehavior of the deformation potential and elastic constants of
and InAs. We will use the spherical approximation, alonglnGaAs(assuming they vary linearly witk) lead us to con-
with the assumption that the Luttinger parameters dependlude that the diagonal component of the strain teritoe
linearly onx. The binding energies obtained from Edj) are  “hydrostatic” component of the strajncauses the reverse
shown in Fig. 1. process, i.e., it tends to make the band gaps equal. The final

Ih+

1 h 1
—hof |-|—2 —fhog ik

where
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FIG. 2. Energies of quantum-well levels

in strained InGa, _,As/GaAs layers. a:
energy scheme illustrating the formation
of barriers or wells, depending on com-
position (x) and strain £). b: thin solid
curves—motion of the edges of the con-
duction band and valence band with in-
creasingx; the dashed curves show the
change with x of the energies of
qguantum-well states of an electrokX,
E2) and a heavy holeHH1, HH2,
HH3) for L,=80A; the thick solid
curves(lower curvg is Ejp(x).
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result is found to depend on the axial component, whictof the valence band; andy(x) is the spin-orbit splitting

splits the valence band and drives the heavy holes upwarenergy for a given composition. According to Ref. 6Tat2

into the band gap. As for the light holes, the top of their bandK we haveEy(x)[eV]=1.5192-1.583%+0. 4752; for the

lies above the wells for nearly all compositions of the solidunstrained state we hal/€@=0.85/0.15 . Comparison with

solution in the range €x<0.25 (Fig. 2). Note that expul- the experiments of Ref. 8 lead us to propose that the hydro-

sion of the light-hole states from the well is confirmed by astatic component, which is proportional to the strain, be dis-

number of direct experimentésee, for example, Ref.)2 tributed in the ration?H):O.89/0.ll. A more fundamental

Changing the material parameters within the range of posapproach would be to assume for this quantity the corre-

sible values has only a slight effect on this result. The raticsponding ratio of partial hydrostatic deformation potential

of conduction and valence band offsefss AE./AE,, turns  constantsQ{")(x) =a.(x)/a,(x), which also depends an

out to be important. In general, this relation also depends ofor a given composition, an estimate of the valuapthat

X. Thus, for the position of the top of the light-hole valenceis linear inx is a,(x)[eV]=1.16-0.16x (Ref. 7). However,

band we may write: the partial parameters are difficult to measure and are not
En(x)=AE2(x)+AEM(x)— A, (x)/2 reliably known. Thus, the second term in Eg) is written as

follows (see Ref. &
—(9/16) AZ(X)/Ag(X), )

WhereAES(x) is the fractional change in the width of the

band gap as a function afmeasured from the valence band, where \ (x) = 2c¢q5(X)/cq1(x) for the (100 plane. Invoking
without including strain;AEgH) is the fractional change in Vegard's law, we obtair (x) = —x/(13.9+x) and write the
the width of the bandgap due to hydrostatic strain, measurecdoefficienta* (x) in two ways: 3 as 0.1A(x), wherea(x)
from the valence band\(x) is the strain-induced splitting X[eV]=—8.68+2.77% (based on Ref.)8 and 2 asa,(x),

AEM () =a* (x)[2—N(x)]e(X), (4
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FIG. 3. Change in the position of the top of the valence band for light holes I —
E,, as a function ofk. 1,2—two ways to calculate the hydrostatic compo- 1 1 1 i =
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FIG. 4. Real shape of the “Coulomb well” in the |85 _,As/GaAs system

. . . . with a quantum-well layer of thickness,= 80 A(in 1,2) and its approxima-
i.e., the form given above. The elastic stiffness constants argn (in 3,4 for two values of the fitting parametar . In 1,3—a, =100 A,

chosen to equalciy(x)=11.26-2.9% and c13(X)=5.71  in which caseV,= 16.7 meV and the firsh=0 oscillator level is well

—1.18& (Ref. 6, and the deformation-potential splitting is defined; in2,4 —E;= 14 meV, in which cas¥,= 13.5 meV, and the third
defined as in Ref. 9: n=2 level E;= 3 meV is well defined.

A ()=2[b)[(1+N(x))[e(X)], ©)

where b(xj[eV]=—1.7-0.Ix (Ref. 8. Using the expres- ionsig) for largez and to a parabola as—0. We can thus
sionAg(x)[eV]=0.341-0.0%+0.4057%" from Ref. 6, we 55 qyimate the potential in ER) by the function
obtain the results shown in Fig. 3. According to these calcu-

lations, the value oW, for light holes is 5+ 2 meV for Vv
compositions in the range 0.65<0.20, dropping to zero at Vi(zy) = — —O, (6)
x=0 andx=0.25 = 0.03. It is also necessary to include the costf az,
renormalization of the barrier height due to the unequal hole
effective masses in the well and barrier materials. The originvhereV, and « are fitting parameters chosen in such a way
of this renormalization is the nonzero wave vector of holes irthat there is agreement between potentials in Egsand
the quantum well, which in turn is a consequence of the6). The wave functions of the electron and heavy hole de-
Coulomb attraction between the exciton electron and holepend primarily on the quantum-well phenomenon, and can
This effect was discussed in detail by one of us in Ref. 10be viewed as wave functions of an isolated particle in a
Using results from that paper, we estimate that the height o3quare well perturbed by the Coulomb potentsale Ref. 4
the heavy-hole potential barrier is lowered by-31 meV for On the other hand, the wave function of the light hole in a
our materials, while the height of the type-II light-hole po- type-Il quantum well with a very small band offset is deter-
tential increases by 3 1 meV in a quantum well of width mined by the Coulomb potential E(R).
80 A. In the end, we havE€,= 7 = 3 meV. Meanwhile, For comparison, in Fig. 4 we show the “true” shape of
numerical calculations based on Ef) predict that the Cou- the Coulomb well obtained by numerical calculations based
lomb well for light holes has a depth )= —15-20 meV. on Eq.(2), and its approximation based on Ef). Clearly, it
Consequently, the attractive Coulomb well clearly over-is difficult to choose parameters of this problem such that
whelms the barrier repulsion for light holes in this case, in-good agreement is observed over the entire energy interval.
dicating that its role is decisive. Therefore, once we solve the problem self-consistently, we
We can draw no practical inferences from the Coulomb-choose these parameters for the energy interval of interest to
well picture unless we take into account the finite barrierus. It is especially difficult to obtain a “good” result for
height. In that case we see that the poteril. (2)] is not  oscillator levels with large oscillator quantum numbers
parabolic as in Ref. 5, but rather bell-shaped, with a smoothvhich bunch together as— . This forces us to fit the pa-
transition to a constant value at large distances from the ceriameters self-consistently for each level individually. The
ter of the well. In general form, the problem turns out to bewave functions of particles in the potent|&g. (6)] are well
difficult to solve analytically, which motivates us to look for known?’
some way to approximate the potential that is maximally
close to the real potentidEq. (2)] and allows a rigorous
(variationa) fit to the energy levels of interest to us. We
choose the well-known hyperbolic functiaostfz [see Eq.
(11)] for this purpose, which reduces to a constdiat) po-  where

1_
a=(1—E)Y?F| —n,2g+n+1g+1, £

2 0
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aBs 1 tum well distorted by the Coul_omb potentidtq. (2)] with

Fla,B,7,0)=1+ y 1 the zero-order wave functiong, and i, (for more detail,

see Refs. 4 and }2We then compute more precise wave

2 - T 7
a(a+1)B(B+1)6" 1 functionsy, and ¢, with the newa, , and continue until we

y(y+1) 2t have satisfactory accuracy.
Here ¢=tan az,, q=(—2mE,/42a?)"Y2 E, is the hole This approgch allows us to understgnd how ex_citon spec-
energy, andn;, is the mass of a hole in thedirection. tra change durlng a type-l—-type-ll transition. To this end, we
In the present case, whesie= —n, the expression fog,, Wil label the exciton states of a type-Il heterostructure as we
can easily be found: do the corresponding states of the type-I structure. For ex-
ample, we refer to the two lowest resolved light-hole exciton
Po=(1- €992, transitions ad H1E1 andLH3EL, in light of the similarity
gy =(1— £2)92¢, of the oscillator-state wave functions with=0 and 2 to the
light-hole quantum-well levelt H1 andLH3, respectively.
Po=(1— &9 1—(2£+3)(1—&2)/2(¢+1)], ) The possible optical transitions in heterostructures with

type-l and type-ll quantum wells are shown in Fig. 5. In
type-l heterostructures direct transitions between hole and
electron quantum states dominate. The potential of the Cou-
o 5 lomb interaction causes a rather small long-wavelength shift
wadzh‘/’n(zh):l' ©) of the lines. This shiftSE can be estimated approximately
) from the “tail” of the potential, which remains when the
The wave functions), are perturbed by the presence of agyiginally rectangular quantum well is superimposed on the
type-I or type-Il quantum-well potential. We first include “coulomb” well. Thus, the value of the shifsE is larger
only the mixing between hole state, and i, since the e smaller the width of the quantum wél}, but does not
smooth quantum-well potential ensures mixing of states Ofexceedvo (see Fig. 5a A problem of current interest is to
the same parity. Therefore, hole staigs 3 need not be  ncorporatesE into type-I quantum well states, primarily as
taken into account. On the other hand, the rectangulapart of attempts to establish an exact correspondence be-
gquantum-well p(_)tential for light holes is considerably weakeryyeen theoretical and experimental energy spectra of
thanVy,(z,) for light holes, and consequently can be treatedyyantum-confined states. Direct transitions also take place in
as a perturbation. A similar approach was developed in Rethe intermediate case where one of the bands, e.g., the va-
12 to describe the Stark effect in a mixed type-l-type-lljence band, is originally flat, i.e., neither well nor barrier
guantum well. The perturbed wave functions can be writtern:ig_ 5b. However, in this case the transitions take place

etc. It is worth noting that the functiong,, should be nor-
malized by the condition

in the following way: from oscillator levels of the Coulomb well. Furthermore,
Yo=A(o+Cilr), 10 parity selectloh rules forbid transmon§ to the first electronic
Yo=Altho+ CY2) (109 level from oscillator states of holes with odd numbees1,
Wr=B (¢~ Cilp), (10p 3. -... As thewell potential becomes flat, levels of the bell-

shaped well with large, including, e.g.n=3, ... ©, bunch
where

2.2

n

11

together to form a quasicontinuum, along with the true con-
Vi, L2
C:—J Yo(zn) ¥a(zn)dzy,, For the InGaAs/GaAs system light-hole states outside the
(Eo—E2)J-L,e > e .
quantum well, i.e., in the GaAs barrier layer, turn out to be
are eigenenergies of the corresponding unperturbed statesgver, inclusion of the Coulomb well causes a degree of spa-
tial localization of the light hole within the quantum- well
B D A
8my a’h? this case the oscillator strengths of some transitions can turn
out to be larger than in the corresponding type-I wells. The
rier), which is assumed to_be negative for type | and positivejamental role in the absorption spectra of heterostructures
for type Il (in our caseVp=Ep). that are weakly type- Il. The corresponding exciton states are
functions (108 and (10b) allows us to compute the binding i, 5 structure that is strongly type-Il any asymmetric poten-
energy for the two lowest states of the light-hole exciton in &;q) flyctuation can lead to the appearance of a spatially in-
consistently in what follows. We first set the Bohr radius of 55eq variationally in Ref. 12. In the same way we can also
the excitona, in the plane of the quantum well equal to the yescribe above-barrier resonance stésee Ref. 18 which
compute the potential E¢2) and the wave functiong, and We now establish what the energies and oscillator
5 to first approximation. We then find a refined valueagf  strengths are of the two lowest allowed transitions of a light-

tinuum, from which above-barrier transitions are possible.
where A and B are normalization constants, aig andE,  higher in energy if the Coulomb well is not included. How-
layer, and the optical transitions once more become direct. In
Vy, is the original depttheighy of the quantum wellbar-  regyiting spatially direct exciton transitions can play a fun-
ReplacingUn(z,) in the potential[Eq. (18] by wave  gegcrined by the expressions given above. On the other hand,
type-Il heterostructure. We will calculate this self- yirect exciton { in Fig. 5. A problem of this kind was
Bohr radius of a two- dimensional exciton. This allows us to4,e in principle present in quantum wells of both types.
by variationally solving the problem of an exciton in a quan-hole exciton. Using the method described previously, we can
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FIG. 5. Energy profiles of type{) and type-Il(c) quantum wells, with an intermediate structure with a “flat” valence bénd-sketchesd,u,i are direct,
above-barrier, and spatially indirect transitions, respectively. The lower part of the figure shows the shape of the oscillator waveyfyiaciibfs and also
the wave function of an electros, . The corresponding quantum well with= 80 A plotted above these curves is to scale with respegt to

show that the splitting between statekl1 andLH3 is de-  three basic exciton maxima and at least two plateaus corre-

termined by the expression sponding to absorption continua in type-I quantum-well het-
L2 erostructures. We interpret the first peak, in order of increas-
AZEz—EoﬂLVbJ ‘ dz[@(z)—zg(z)]. (12 ing energy, in the usual way, i.e., as thEH1E1 exciton
~L,f2 resonance associated with a transition between the lowest

The oscillator strength of the exciton, which is proportionalduantum-well levels of the heavy hole and electron. The sec-
to the longitudinal-transverse splitting 1, can now be eas- ©Ond, as we have already mentioned, is associated with the
ily found using the results of Ref. 4: spatially indirect transitio H1E1 for an exciton made up
of the first electronic state of the quantum well and a light-
hole state in the barrier; the third corresponds to an exciton
transition between the first excited quantum-well heavy-hole
and electron levels in the welHH2E?2). In this figure we
where o and ag are the longitudinal-transverse splitting jljustrate the decomposition of the absorption spectra into its
and Bohr radius in bulk gallium arsenide, respectively. Heresomponents. This decomposition involves fitting Gaussian
we also replacél,(z,) with ¢q or ¢, for the excitonLH1E1  curves to the long-wavelength regions of the corresponding
or LH3EL1 transitions, respectively. absorption maxima, taking into account the fact that the sec-
This method allows us to find the wave functions of theond and third peaks are fitted to reproduce the height of the
ground and excited hole states of the composite potentiabsorption continua from the previous state. We thus have
near a type-l-type-ll transition analytically. The self- the ability to compare oscillator strengths of various exci-
consistent variational solution to the exciton problem carntonic states, just as with the reduced density of states in the
completely describe the Coulomb effects in the system usingontinua.
only one variational parameter. Two advantages to our The optical interband absorption coefficient in type-I
method of calculating exciton states should be mentioned iquantum wells in the absence of excitonic effects is well-
comparison  with the widely used method of known!® For convenience of comparison, we write this
Berroir-Bastard:* First of all, we now can use analytic ex- quantity as follows:
pressions for the hole wave function; the presence of two 0.2
fitting and variational parameters make this calculation rather a(w)=(Aln)fe,leNap(w)~ (A7)
precise. Secondly, our method allows us to calculate param- X(Ep/ﬁw)apmlﬁr@(ﬁw— Eij). (14)
eters not only for the ground state, but also for the excited
exciton states, which are needed for magnetooptic studies dfere A=2we’fi/mec, » is the refractive index,
a system with a type-l-type-Il transition. 0 =2|P.,|?/mofiw is the oscillator strength of interband
three-dimensional transition$P.,| is the modulus of the
dipole interband transition matrix element, ahg, is the
squared integral for overlap of hole and electron wave func-
Figure 6 shows a typical absorption spectrum for thesdions. NZD(w)=(,uL/77ﬁ2)(ﬁw—Eij) is the interband
types of heterostructures. It can be regarded as consisting ffint density of statesy, is the reduced effective mass of an

3

_  bulk 2ag
WLT= O 7

2
: (13

f dzUqs(ze)Un(zp)

2
A

4. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 6. Experimental absorption spectrum of, J§Ga, gAs/GaAs (solid thick curve and its decompositionT=1.7 K, L,=80 A. 14, 2", 2, 3,—
Gaussian lineshapes correspondiimgordes to the discrete exciton maximtdH1E1, LH1E1 (n=0), LH3E1 (n=2), HH2E2. 1., 2. and 3 are continua

of states foHH1E1, LH1E1, andHH2E2, respectively. The inset shows the postulated shape of the “Coulomb well” which is combined with the spectral
lines of the light-hole transitions.

electron and hole in the plane of the layer,

1
E,=(2m/%2)|Pg,|?, O (w) is the(Heavisidg unit step func- Un(2)=—=——5
tion, andEj; is the energy of the absorption edge for a pair of VL(1+r?)
subbands andj; the coefficienta, depends on the polariza- exfiky(z+L,/2)]

tion of the light and the magnetic quantum numbers of states )
i andj (M= =1/2, =3/2 for light and heavy holes, respec- +rexg—iky(z+L/2)],z<— L2,
tively). In the case of interband absorption in type-Il hetero- x{ exg —iky(z—L,/2)] (16)
_structures, for one_of the_ statéisnitia_l or final) we should +1 exgiky(z—L,/2)],z>L,/2,
include the three-dimensional density of states. In our case
this turns out to be the light-hole density of staltg, which
can be written as
2 mj,Vmj, DL :
m h 1—i(kq/ky)tan(kq,L,/2)’ cogk;L,/2)’

A coskjz,—L,/2<z<L,/2,

where

whereD andL are the dimensions of the samples parallel

and perpendicular to the layers, respectively. The overlap 2ml.(E—V) 2m|, E
integral l;; for each state in a type-Il quantum-well hetero- 1= \/T 2= 52
structure is small by a factor &f,/L; however, it disappears

when we calcu_late the absorption coefficient, due to the in-  §nce we have calculated the values of the overlap inte-
tegration overk;. To computel;; , we write the hole wave grals in this way, we can find the relative contribution of
function in the form of a linear combination of even and oddlight and heavy hole transitions in type-Il heterostructures to
components, and take into account that the parity ofithe the spectral continuum absorption:

electronic function allows only one of these components to

contribute tol;; . For definiteness let us consider a transition  «(})c; V2 Efy min(Me+mpy)

to the first electronic level from even wave functions. Thus, ) ~ 3 E_°° m

we will look for an even hole state with enerdgy above a HHIEL Ih " hhi e = h

barrier of heightv and widthL,. It is not difficult to show \/W;L lEHlEl(w)

that the wave functions of such an above-barrier state can be X 7 > Vho—Ejp, (17
written as follows: IHH1EL
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FIG. 7. Plots of the magnetoabsorption spectrum in un{B)/«(0) for Ing 1:G& gsAS/GaAs sample 1-166.=1.7 K.B, T: a— 3.0, b—4.5, c— 6.0, d— 7.5.
The arrows indicate the positions of the exciton maxiokt&lE1 andLH3E1 . The double arrows are the sameBatO0.

where E;, and E;, are Fhe long-wavelength edges of the aexp(w)~(A/n)(Ep/ﬁw)aprM\MéhLZl
continuum for the transitionslH1E1 andLH1E1, respec-

tively; the L cancels when we substitute in the explicit form (hw—Enm)?
of 12,,,;. Calculations using Eq17) do not predict a pla- ks I (19)

teau, as for a two-dimensional type-1 system with quantum

wells; rather, they yield a function with a peak located 12

meV aboveE[,. This peak corresponds to the maximum Equation(19) allows us to compare the integrated absorption
value of the overlap integral, which is reached at an energgoefficients for transitions to ground exciton states for differ-
that corresponds to a quasistationary above-barrier state it quantum-well levels with quantum numbéésand M.

the light hole, for whichU,,(+L,/2)=0. The shape of the Here we fit the discrete exciton lines to a Gaussian shape
continuum is in satisfactory agreement with the experimentatVith a half-widthH, in light of the dominant role of inho-
data if we postulate the presence of both a quasicontinuuffiogeneous broadening in generating these lineshapes. The
and a true continuum modified by the Sommerfeld factorintegrated absorption coefficient can be defined as
along with a somewhat larger oscillator strength for the exX = mHa™ or determined by direct numerical integration
citon HH2E2 than would follow from the assumption of a (Wherea™is the amplitude of the absorption coefficient

flat LH1E1 continuum(the latter could be correct only for a For transitions fromL H1E1 states of the Coulomb well
type-I heterostructure, which is ruled out by the calculationsve can use Eq13) with the wave functionsy,. ForV = 10

of Sec. 3. Furthermore, in comparing with the experimental meV these calculations givert'®Y/ wP4%=1.8. If we esti-

data shown in Fig. 6 we have approximately included inho-mate that w!'F'EY o= (2a3/aL)13,e,=5.6 for the
mogeneous broadening by assuming that it is a quantity dfiH1E1 transition of a type-l quantum well with,= 80 A,

the same order of magnitude as the half-width of the excitowe  obtain  w#'®Yw/'F*¥'=0.32.  Analogously,
state for the transitioh H1E1. w3 P = 0.9, which givesw! 3 ! TH1EI=0.16.

The form of the excitonic absorption coefficient in quan- The decomposition into spectral components illustrated
tum wells of a type-l heterostructure is well known. Forin Fig. 6 was based on fundamental physical considerations
HH1E1 andHH2E2 (in the case of correspondence Q with regarding the nature of the lines. The fact that subtracting
type-l) we can write it as this theoretical set of spectral features from the experimental

2 2012 spectra leaves only an insignificant remainder is an indica-

ol @)~ (AI)(Pe /R w)ap(L/ar)end(@). (18 tion of how good the agreen?ent with experiment is when this
Here 6(w) is a function that describes the shape of the disprocedure is used. The segment betwéé¢hlE1l and the
crete line. In the approximation of a two-dimensional struc-continuum without including the Coulomb interaction can
ture it follows from Eq.(18) that probably be filled in by quasicontinuum excitonic transitions
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FIG. 8. Fan diagram for ,:Ga, gsAs/GaAs sample 1-166

in right-circular polarization. The dashed curves are drawn
through the experimental points. The solid curves are com-
puted transition energies between Landau levels, and also
“oscillator” light-hole levels and the zero Landau level of
an electror(the heavy curvesobtained by adding the bind-
ing energy of diamagnetic excito to the experimental
positions of the maximasee Fig. 1 The numbers to the
right indicate the label of the electronic Landau level for
transitions between the quantum-well level§i1EL1. The
postulated positions of transitions from the oscillator states
n=0, 2 atB=0 are indicated by arrows on the energy axis.

2% 14

8, T

constructed out of higher even-parity oscillator states of theics of quantum wells, has been observed previously in the
light hole (n=2) from the Coulomb well. A certain arbitrari- GaAs(AlGaAs system® It appears when the strong-field
ness can be tolerated when including the “crawl” of the criterion 3=7%Q/2R* >1 (whereR* is the binding energy of
relatively “powerful” absorption edge of the quasibulk bar- an exciton forB=0) is not satisfied by the excitonic ground
rier layer of GaAs toward the high energy states. Note thastate, and is observed only when excited states of the exciton
the slight deviation oHH1E1 from Gaussian behavior can participate in the absorption. Note, however, that these ex-
be explained by a possible error &f3 monolayers irlL,. cited states need not be clearly distinguishable wRet0,
Magnetic fields higher than 213 T cause oscillations in although the lifetime of an exciton in these states must be
the absorption spectrum. In Fig. 7 we plot the transmissiodong enough that the states can be detected in a magnetic
spectra of one of our samples measured in a feldivided field. The corresponding inhomogeneous broademihig. ,
by the transmission when the magnetic field is switched offcan easily mask the absorption lines of excited states \Bhen
A considerable number of absorption maxima are recordeds 0, and yet be insignificant in the regime where the oscil-
sometimes more than 20 peaks. The fact that such a lardations are observed iI" - ,<# ().
number of strong oscillations is observed in the magnetoab- We calculated the heavy-hole and electron energy levels
sorption attests to the rather high quality of the quantum-welks functions of the quantum-well width, and indium con-
layers, despite the relatively large half-width of the lines.tentx, taking into account the effect of strain on the energy
Accordingly, we can assert that the intrinsic half-wid]fﬁh structure, while the binding energies of the exciton states
of the exciton absorption lines for heavy holes is relativelyHH1E1, HH2E2, andLH1E1 were once more calculated as
small, and that the observed half-width is determined primaa function ofN and magnetic field.
rily by an inhomogeneous broadenidl’, whose effect on From the fan diagram shown in Fig. 8 it is clear that the
the quality of the magnetooptic spectrum is insignificant“dynamic behavior” of Landau levels of the excitonic states
when sT' <A (), where() is the sum of cyclotron frequencies HH1E1 andHH2E2 is strongly distorted if we disregard the
of electrons and holes. The “fan diagram™ shown in Fig. 8, exciton binding energyRg . Extrapolating the positions of
which is typical of the structures under study, consists ofthe spectral lines to thB=0 axis gives a considerable dis-
lines that are almost independent of field and lines that arerepancy between the energies of the ground state and the
strongly affected by the field. excited state. This discrepancy disappears completely if we
This oscillatory behavior of the magnetoabsorptiontakeRg into account. In this cagsee the solid curves in Fig.
maxima, which is characteristic of the interband magnetoop8) all the curves for transitions between Landau subbands,
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FIG. 10. Dependence of the oscillator strength, of transitions from the
FIG. 9. Positions of maxima in the magnetoabsorption corrected for theCoulomb well on the height of the barrisf, for states. H1IE1 (n=0) and
binding energy of diamagnetic excitons plotted as a function of the cyclo{ H3E1 (n=2) at B=4 T (solid curve$ and 7 T(dashed curves
tron energy of a free exciton and the Landau numbkrt(/2) for
In,Ga _,As/GaAs sample 1-166x&0.15 (uppe) and 1- 159 x=0.2)

flower- allows us to regard as likely the observation of a thind-¢)
oscillatory state.

including the first Landau subband witk-0, converge to a Figure 10 shows the dependence of the oscillator

single energy aB=0 with insignificant discrepancies. strength forLH1E1 andLH3E1 excitons =0 and 2 on

The fan diagram foE™®{B) corrected in this way al- the barrier height near the transition from type-I to type-II for
lows us to estimate the reduced effective massf an elec-  a In, ,Ga, sAs/GaAs quantum well of width 80 A, calculated
tron and hole in the plane of the quantum well, from theusing Eq.(10). The oscillator strength of theH1E1 state
slope of the reconstructed straight line for the transition be{n=0) decreases markedly & increases, i.e., as the type-I
tween Landau subbandAE/AB. These estimates give band structure converts into a type-Il structure. At the same
w~ tmg= 20.2 and 18.18 fox= 0.2 and 0.15, respectively time, we observed an increase in the oscillator strength of
(Fig. 9. Using the corresponding heavy-hole masses in bullstateLH3E1 (n=2). (We calculated the oscillator strengths
material, we can estimate the electron masses to first afer a switched-on magnetic field for reasons of convenience,
proximation. They turn out to ben,=0.056 and 0.059, since perturbation theory can be used. Otherwise, tedious
respectively. These estimates do not contradict the resultsumerical calculations would be necesspiyportant also
obtained from calculations based on known dependences & the fact that near a type-I-to- type-Il transition the oscilla-
m* on x for bulk material[for example,m*(x)=0.0660 tor strengths of statelsH1E1, LH3E1 are quite large. The
—0.053%+0.011&2; see Ref. 17 Note that the functions positions of spectral lines associated with these resonances
shown in Fig. 9 reveal a certain nonparabolicity of the elec-are shown in the inset to Fig. 6; their intensity, which is
tronic spectrumi.(k) at large energies, associated with acomparable to the intensity of lines corresponding to exciton
tendency for the functiok"®{B) to follow a sublinear rela- transitions in a type-ll quantum well, includes the area
tion. bounded by the discrete linésH1E1 andLH3EL in Fig. 6.

We now return to analysis of the fan diagrams, takingThe shapes of the corresponding wave functiggsand i,
into account the structure of the light-hole magnetoabsorpin a type-Il quantum well are shown in Fig. 5b.
tion transitionsLH1E1 (see Fig. 8 Unfortunately, the The overall results of our spectroscopic studies and com-
magneto-oscillations of a heavy-hole exciton are difficult toputations reveal the following tendencies. As the system be-
distinguish from the background of the family of relatively comes a stronger type-l system, the staté1E1 evolves
strong lines belonging tetHH1EL1. Nevertheless, in fields into a spatially indirect exciton with its electron and hole
B> 3 T the method of elimination can be used to separatéocalized in different layers. However, the oscillator strength
out weak transitions that are stimulated by the magnetiof this excitonic state should be rather low due to the low
field. These can be associated with excitonic transitions frorvalue of the electron-hole overlap integral. On the other
“oscillatory” light-hole states. The shift in the value of the hand, the staté H3E1, which does not contribute signifi-
energy towards higher energiésee the computed data in cantly to the spectra of type-lI quantum wells due to the
Fig. 1) and the extrapolation tB=0 give the position of the smallness of the electron-hole overlap integral, becomes
absorption maximum, which is found to be above the posiimore visible in the spectra as the system quantum wells be-
tion of theLH1E1 ground state by 9 me\éee the arrows in  come type-Il wells® In the strong type-II limit, this state
Figs. 7 and & We can interpret this maximum as a secondprobably becomes a spatially direct quasistationary above-
even-parity oscillator state in the Coulomb weli=2). In barrier exciton state similar to that described in Refs. 19 and
this case the value 9 meV is found to be in good agreemerf20. The splitting between the two hole statd41 andLH3
with the calculated gap between levelss0 and 2 obtained is minimal near the transition point, and increases in type-I
by using Eq.(9), i.e., 8 meV. Analysis of the fan diagram and type-Il regions. In the approximation of treating the sys-
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Infrared absorption spectra are calculated for electronic intersubband transitions in asymmetric
heterostructures subjected to a longitudinal magnetic field. The systems discussed include

a single quantum well in a transverse electric field, a “stepped” quantum well, and a double well
with tunnel-coupled excited levels. The longitudinal magnetic field causes collisionless
broadening of the absorption peak®cause the effect of the magnetic field on the dispersion

law of an electronic state varies from state to state, which modifies the transitions between

them and absorption of normally incident ligidlue to changes in the selection rgles® 1997
American Institute of Physic§S1063-78207)02009-7

1. INTRODUCTION tion peak with the broadening arising from the collisionless
mechanism discussed here.
1. The excitation of intersubband transitions @ 2lec- Let us define the ratio of the absorbed power to the in-

trons by infrared light in heterostructures has been activelyident flux of infrared light as the relative absorptiéfw).
studied in recent yearsee Refs. 193In Ref. 4, Petrov and For strongly degenerate electrons and transitions from the
Shik discussed the effect of a longitudinal magnetic field onground state(j = 0) to an excited level with labej the
transitions excited by incident light, whose electric field hasquantity &(w) is determined by the usual quantum-
a component perpendicular to the plane of the heterostrugnechanical expression

ture. Such a magnetic field changes the size-quantized elec- 2

tronic states considerably/ leading not only to a shift in the Ew)= 2@2 |<Op|e§/|j p)|2

levels(i.e., to a change in the frequency of the intersubband w\/e i.p

transitiong, but also to anisotropy in the dispersion layy,

(wherep is the longitudinal momentum, anjds the subband X 0(er—eop)Or(eop—ejpthw). @

index. The charac_ter of this anisotr_opy is qualitatively dif—_in which 6(eg— e0p) is the Fermi distribution for electrons,
ferent for symmetric and asymmetric structures: whereas i 2 s the normalized area, is the uniform dielectric permit-

the first case the field simply makes the effective mass ant'|vity of the heterostructurey is the velocity operator, which

isotropic [by an amount that is small with respect to the iayes into account the longitudinal magnetic fieidis the
parameter @/l )<, whered is the characteristic thickness of polarization vector, andiw is the energy of an infrared

the structure, and, is the magnetic lengihthe asymmetry . antym. The collisional broadening is taken into account

gives rise to contributions te;, that are proportional to the phenomenologically through the replacement of shiinc-
magnetic field and t@. These contributions give rise to a 4, with a Gaussian function ie.

substantial amount of collisionless broadening of the absorpy I'(s)=exd—(e/1)2)yaT with a characteristic half-

tion peaks, since the functionrs, are different for different width T'. The Fermi energy is connected with the
j, and to breaking of the selection rules for intersubbandyjeciron concentration by the usual normalization condition

transitions? A mechanism of this kind was discussed previ- (the spin splitting of levels in a magnetic field is ignored,

ously for inversion layers in a longitudinal magnetic field, in assuming that thg-factor is small. The energy;, and elec-
wh|9h the transn!ons were E).(Clted 'by microwave radlaﬁon.. tronic statedjp) in Eq. (1) are found by solving the eigen-
Various mechanisms for optically induced interband transi- T . o
tions in electric fields parallel to the® layer have been value problemH|jp)=e;|jp) with the Hamiltonian of an

) ) P 1oL 1ay asymmetric heterostructure in a longitudinal magnetic field
discussed in a number of papéfsr citations see Ref.)8&0

that transitions excited by the component of the electric field_| (using thep,z representation
of the infrared light parallel to the2 layer are now allowed. . p? 2 2

In this paper we calculate the spectral dependence of the H= ﬁ+ m +U(2) —opy(z—2zy) + T(z—zH)z.
infrared absorption. Our treatment differs from that of Ref. 4 2
in that we include the asymmetry of the heterostructures. The
following structures are consideredee Fig. 1 a single Here U(z) is the potential energy localizing an electron
quantum well in a transverse electric field, a “stepped” along the direction of growth of the heterostructdre., the
quantum well, and a double quantum well with tunnel-Z axis; the direction of th&X axis is chosen to be alorid),
coupled excited levels. We obtain the relative absorptions fof)z=—iﬁd/dz, p=(px,Py), M is the effective mass and
light polarized perpendicular and parallel to th® 2ayer, w.=|e|H/mcis the cyclotron frequency. The constamt is
and also compare the collisional broadening of the absorparbitrary due to the gauge invariance of the problem.

2 me
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FIG. 1. Energy band diagrams for the heterostructures discussed in Secs.

2-4 (also shown are the positions of levels and wave-function shapesa
quantum well in a transverse electric field, b—a “stepped” quantum well,
and c—a double quantum wethe electric field corresponds to the absorp-
tion curves shown in Fig. 4b

2
o.M .
+ ——(ilz=zw)i),

(6)

where the unperturbed energy levelsare determined from
the equatiorHo|j)=¢;|j), andH, is the Hamiltoniar(2) for
H= 0 andp= 0. We will discuss only transitions between
the two lowest subbands, so tht(w) is given by the ex-
pression

2a
fL(w):%Uélf dp5F(E01+Vpr_ﬁw)9(8F_80p)
4o Pr
=%vélf_depy\/p,2:—p)2,5p
X(E01+Vpr_ﬁﬂ)). (7)
Here pe=+2m(eg—eg). The transition energy

Eoi=e9— €1+ Aegy is determined not only by the distance
between levels atl =0, but also by a termA e that is qua-

Making the polarization dependence of the absorptiorfiratic in the magnetic field from the next term in H6):

explicit in Eqg. (1), we have

fw)=€3¢, (w)+e5¢)(w),

where

3
2a
(Oplvlip)|2, L

X . .
[ wzl(oplzlip)?, |
Here we use the expression for thecomponent of the ve-

locity operatorv,=p,/m— w(z—z,) and introduce the ef-
fective fine structure constant=e?/(#%c/€). Equations(3)
and(4) describe the absorption of incident infrared light with
electric fields both transvers@long Z) and longitudinal
(along) to the growth direction. Next we use the connec-
tion between the matrix elements of thkeomponent of the
velocity and thez-coordinate, i.e.{0p|v,|jp)=i(egp—£jp)
x(0p|z|jp)/# to obtain the relatioh

§(w)=(wc/w)%E (w). ©)

This result implies that in the infrared region of the spectru
the longitudinal absorptiog(w) repeats the features of the
transverse absorptiod, (w), only with smaller amplitude.
Therefore, we will discuss only the behavior é6f(w) in
what follows.

The calculations given below depend on the specifi
form of the dispersion relation and the matrix elements of th

4

velocity operator, both of which enter into the spectral func-

tions ¢, (w). They are carried out below for the heterostruc-
ture shown in Fig. 1.

2. Let us begin our discussion of the spectral depen
dences with the case of an isolated quantum well of witlith
in a transverse electric field (Fig. 13. When the condition

d/7l4<1 holds, we may consider the magnetic field to be a

small perturbatioh and the dispersion relations have the
form 2

sjp=sj+p2/2m+ wcpy<j|Z—ZH|j>

962 Semiconductors 31 (9), September 1997

m

Asy=A(hw)?ley, whereA~0.12 for the case of a square
quantum well and==0. As F increases, the coefficiemt
increases slowly and almost linearly, reaching a value of 0.3
for F= 100 kV/cm. The transition matrix element; and
characteristic velocity,, are introduced as follows:

v01=(0|v,|1),Vy=w({1]2|1)—(0|Z]0)). (8)

In the collisionless limit, i.e.]’=0, the integration in Eq.7)
leads to a “semielliptic” spectral dependence:
Progy [fiw—Eg

hwVy D( ViPE )’
D(X)=1—x26(1—x?). 9

It is clear that the magnetoinduced broadening of the absorp-
tion peak is characterized by a widtW,|pr. WhenH=0

(or for a symmetric structure whery,=0 and in a magnetic
field) the spectral dependence Ef) becomes a-function-

like peak, which is broadened only by collisions.

In order to include collision-induced broadening when
V,#0, we must do the integration in E¢7¢) numerically.
The characteristic velocity E¢8) and transition energi;
must also be determined numerically for the potential profile
shown in Fig. 1a. The results we present here are for a
GaAs/Al 4:Ga& s5As heterojunction quantum well of width
9.5 nm forI'= 1 meV and an electron concentration
n=4x10" cm 2. The spectral dependences plotted in Fig.

£ (w)=4a

% illustrate the broadening of the peak as we increase both

he magnetic and electric fields. For the parameters used
here, the characteristic collisionless broadeniig,|pr
reaches 1.9 meV in the largest fields=£ 150 kV/cm and
H=6T).

" 3. The collisionless broadening is larger in a stepped
guantum well, since the heterostructures can be highly asym-
metric. This calculation differs from that described above
only in the calculation obg;, Vi andEg, for the potential
profile shown in Fig. 1b. Figure 3 shows the spectral depen-
dences of the relative absorption for a stepped quantum well
consisting of layers of GaAs and @Al 15As with widths

F. T. Vasko and G. Ya. Kis 962



the approximation of weak interwell tunnel coupling, these

0.1251 states can be described by a superposition of wave functions
01l based on orbitals of the andr- quantum wells¢'z and ¢,
: (see Ref. 1By ¢+ ¥, ¢, where the coefficients;, turn
20‘075 out to depend o, :
W gt =+ (A=A AN, yF=\(1FA4/AD2,

0.05 | —
AH(py):Slp_SBp:A_Vpri

A7(py)= VAZ+(2T)% (10)
0

"4 118 121 72% 728 Here A is the splitting of the resonance levels py=0,
hw , maV which takes into account the corrections quadratic in the
magnetic field Ay and A+ determine the splitting of levels
FIG. 2. Spectral dependencés(w) for an isolated quantum well. Solid  for finite p, in the absence of tunneling and taking tunneling
curve—F = 0, dashed curve= 100 kv/cm, dotted curve+== 150  jntg account, andT is the tunneling matrix element. The

kV/cm (the values of magnetic field in T are shown in the figure L L~ .
characteristic velocity=w:Az now can be expressed in

terms of the distance between centers oflthendr-orbitals

|Az. For the dispersion relations of the states we havé

0.025

.
",
%

5 and 4.3 nm for the deep and shallow portions of the wel

respectively, and barriers made of gl 35As (a structure 8¢p=(8|1p+86p)/2i Ar(py)/2. (12)
with similar parameters was discussed in Refh. fl0 I'= 1 _ . N

meV andn=4x 10 cm 2. The spectra shown there illus- The spectral dependencés(w), including transitions to the
trate the transition to the collisionless absorption regime a~ State, are given by analogy with E) by the expression

magnetic fields larger than 5 T, for which the curve changes

2
from a Gaussian to a “semielliptic” shape as in BS), fﬂw)=£vélz Jdplzpﬂzér
since the valuéVy|pe= 4 meV (for H= 6 T) exceedsl’ =
considerably. X (Sip_slop_ﬁw) e(SF_SIOp)! (12)

4. For double quantum wells the spectral dependences
turn out to be more complicated and sensitive to magnetiéh Which the matrix elementy, is computed for states of the
field, since the intersubband absorption peak is split by th&well ignoring tunneling, and the factdw;"|* determines
tunnel coupling of the levels, which in turn is strongly influ- the oscillator strengths for transitions from the ground state
enced by the magnetic fieH__13Here we restrict the discus- t0 the = states. In the collisionless limit we also obtain the
sion to the case of a double quantum well in which electrondollowing expression, which is analogous to Ef):

occupy the ground state of the deeper left-hdhavell [such T2

a state can be described by analogy with that in Sec. 2, and 2 o | dgp—A————

the dispersion relatioe'Op is given by Eq.(6)]. The tunnel- (0)=4a pFlfl(L _ o . (13
ing resonance occurs between the first excited state of this hoVy 9, VuPe

well and the ground state of the right-hatd well, which
have the dispersion Iav»eélp andeg, . Mixing of these states
gives rise to excitedt states of the double quantum well.
Double wells were investigated in Ref. 1dee Fig. 1 In

where we introduce the frequency detunifg, =% w— E{Dl,
whereEy, is the distance between the ground level and the
excited level of thé-well atp= 0 (see Sec. 2 An additional
hyperbolic dependence ofe, appears in the argument of
the D-function, which is attributable to the fact that the en-
ergy conservation law in E¢12) depends om, . Because of

0.1251 this dependence, a bandgap appears at the center of the peak
(6e,= 0), which divides it into two semielliptic peaks that
0.1} merge together a§— 0. The factors ;" |? give rise to an
additional amplitude factor that is proportional T8.
20.075F In order to include collisions, it is necessary to calculate
~ the following integral numerically:
uns
0.05F 2a PF
£ (w)= %U&Z f_ dpy\/plzz_ ps
0.025} S
- AH i AT |
a . X(liAH/AT)(SF T_Eol_ﬁw .
116 113 121 124 126
he , meV (14)
FIG. 3. Spectral dependenée(w) for a stepped quantum welvalues of This was done for a half-width df = 1 meV as a function
the magnetic field in T are given in the figiire of longitudinal magnetic fieldd and transverse electric field
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Plots of the absorption foH= 0 exhibit a characteristic
0.11 redistribution of the peak amplitudes, depending on the mu-
tual positions of levels in thé- and r-wells!* For small
magnetic fields, as in the cases discussed previously, the

0.075
peaks are broadened and suppressed. However, when the
broadening is large enough, the coherence factor is switched
0.05 on[see Eq(13) for the collisionless cageand the amplitude
of the peaks begins to increase again, while the peaks them-
selves are already fused into a single peak at 6 T. For strong
0.025 . .
tunnel coupling, where the levels are far separated, this effect
is not observed. The assymmetry in the behavior of the peaks
0 shown in Fig. 4b is explained by the presence of a correction
Aey in A that is quadratic in magnetic field, which causes
0.1
the levels to separate from one another by a few meV.
5. Thus, a longitudinal magnetic field gives rise to a new
- 0.075 mechanism for broadening of absorption lines, which is a
é strong function of the magnitude of this field and of the
o 0.05 degree of asymmetry of the structure. We have demonstrated

this fact by numerical calculations for several simple types of
heterostructuresmore exact self-consistent calculations of
the energy levels and inclusion of the depolarization effect
did not appreciably change the shape of the spectra on the
parameters at which the transition from collisional to colli-
sionless broadening mechanisms takes plddereover, im-

n posing a longitudinal magnetic field changes the selection
0:'; WA rules for intersubband transitions, which leads to a weak ab-

I
-

+—
(9]

00751 sorption of the field component polarized along th2 [Ayer.
The extreme sensitivity of the absorption spectrum of double
0.05} quantum wells with weak tunnel coupling, which is apparent
for sufficiently weak electric and magnetic fields, is also
2025} noteworthy. For these reasons, the use of infrared spectros-
) copy in a longitudinal magnetic field to determine the param-
eters of the energy spectrum and the character of electronic
0172 175 17l8 1 T 187 _relaxation in asymmetric heterostructures is of considerable
fw " meV ) Interest.

FIG. 4. Spectral dependenc€s(w) of a double quantum well for the
following F, kV/cm: a—6.9, b—8.4, c—9.%values of the magnetic field in
T are shown in the figure; the dashed curve corresponét=to0).

YFor (d/#ly)?<1 the anisotropy of the effective mass considered in Ref. 5
can be omitted from Eq6). Including this contribution would lead to an
additional broadening of ordes-(% w./silong)2, which for the values of
parameters used in this paper turns out to be of order 0.1 meV.

dFor (d/ly)?<1 the anisotropy of the effective mass considered in Ref. 5

. . . can be omitted from Eq6). Including this contribution would lead to an
F, which gives the energy splitting between the coupled  aqditional broadening of order-(% . /s0)2, which for the values of pa-

levels. The structure we investigated was one with param-rameters used in this paper turns out to be of order 0.1 meV.
eters close to those used in Ref. 14: the deep well was a layer
of GaAs of width 8 nm with electron concentration E R her B, Vint d B. Levinptersubband Transitions i
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The effect of irradiation by 300-keV Arions on the properties of electrochemically produced
porous silicon is studied at doses ok30*—1x 10'® cm™2. Raman scattering and
photoluminescence data are used to show that the radiation hardness of porous silicon layers is
substantially greater than that of single crystal silicon. 1897 American Institute of
Physics[S1063-782807)02109-1

INTRODUCTION U-1000 spectrometer using an ILA-120 argon ion laser as a
Sump (wavelengthA =488 nn). Photoluminescence mea-
surements were made on an SDL-2 spectrometer with an
LGI-503 argon laser as a pump €488 nnj at an intensity

f 0.5 W-cm™ 2. These studies were conducted at room tem-
perature.

In order to estimate the path length of the*Aions in

Fhe porous silicon, Monte Carlo model calculations were
pone. Figure 1 shows the calculated spatial distributions of
implanted Ar in samples of metallic silicon with the actual

Because of its intense luminescence, its relative ease
production, and the possibility of “introducing” it into an
already highly developed silicon technology, porous silicon
is extremely attractive as a material for optoelectronics, suc
as the fabrication of combination highly integrated opto-
microelectronic circuits. Various properties of this matetial,
especially those which are important from the standpoint o
the reaction of porous layers to various kinds of chemica

and thermal processirfg® have been studied in many recent

. L .__(curvel) and reduced to 30%n accordance with the poros-
papers. Another major factor determining the technological . ) "
S ! . . . ) >~ "Ity mentioned above; curv@) densities. These data show
applications of semiconducting materials is their radiation

. : .
hardness. In the past, radiative interactiGna implantation tsT:E)s,A{o ;032 ?ﬁ noer:r?rfg Lﬁgesruc:;a(;;nreg'nodn tﬁ;ts;ggl)er-csriy stal
have been used either as a step in the fabrication of poro b ' b

8 . . L e : L{ﬁe penetration region was less thamuth deep. This latter
layers'© or for introducing specified impurities into previ- : .
value can obviously be regarded as an estimate of the depth
ously prepared layers!

In this paper we study the effect of ion bombardment Onfor possible defect formation in these experiments.

thg intrinsic st.ructural anq Iumlnescence'propertles of POrOUS _ < | 15 AND DISCUSSION

silicon (por-Si). Information on changes in the properties of

por-Si layers following ion bombardment has been obtained  Figure 2 shows data from the optical Raman scattering
by measuring optical Raman scattering and photoluminesexperiments. A line corresponding to scattering on bulk
cence. phonons(520 cm ) can be seen for the initial sample of
single crystal silicon. After implantation to a dose of
2x 10, this line vanishes because of the complete amor-
phization of the surface layé®.

The initial material was a single crystal sl&bh00) of The Raman scattering spectra for {her-Si layers con-
p-type silicon with a resistivity of 0.8)-cm. Porous layers sist of a superposition of scattering lines from bulk phonons
were prepared in an electrochemical cell with an(48%9): and from vibrations in nanocrystals and in the amorphous
C,HsOH=1:1 electrolyte at a current density of 30 phase'! This can be explained by the composite structure of
mA-cm 2 for 4 min. The thickness of the resulting layers por-Si, which is made up of parts with rather large charac-
was 4-5um and their porosity was 70%. teristic dimensions and have essentially bulk properties, as

Samples with layers gbor-Si, as well as single crystal well as structural elements with transverse dimensions on the
c-Si substrates for comparison, were irradiated in a Highorder of a few nanometers or less. After ion implantation
Voltage Engineering Europa ion accelerator by 300-keV Ar there is a reduction in the Raman scattering signal, but even
ions at doses of §10*, 2x 10'°, and 1x 10'®cm 2 atroom  at an implantation dose of>X10'® cm™? lines associated
temperature. Raman scattering spectra were obtained onwdth bulk phonons and vibrations in nanostructures can be

EXPERIMENTAL TECHNIQUE
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seen. These data indicate that the destructive effect of the iamonductor technology, a fairly intense emission band can be
beam is less ipor-Si layers than in single crystal samples. seen in the luminescence spectra of porous silicon.

The luminescence of these samples was studied in par- As for the causes of the greater radiation hardness of
allel with the Raman measurements. As can be seen fromorous layers, first of all it is evident that the extremely
Fig. 3, the emission intensity falls off relatively smoothly as developed surface of porous silicgop to 600 m/cm?)*?
the irradiation dose is raised while the luminescence spectrean serve as an efficient sink region for radiation defects
change little(Fig. 4). However, even at a dose of<110'®  which are subsequently annihilated. In addition, it may be
cm 2, well beyond that customarily used in ion beam semi-noticed that during the interaction of high energy ions with

.35

Intensity , @rd. units

e e e e B wm e m — — —————— - - -

w0 w0 760 520
Rxman shift, cm~-1

FIG. 2. Raman scattering spectra ©iSi () and por-Si (b): (1) initial samples;(2—4) after irradiation to doses of 810 2x 10% and 1x 10 cm™2,
respectively.
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FIG. 3. Photoluminescence intensity pbr-Si as a function of Af ion irradiation dose.

the elements of a porous structure energy may be transferrédim in nanometer silicon structur&sThe energy gained by
not only to individual atoms, but also to clusters or parts ofgroups of atoms irpor-Si nanostructures will evidently be
“silicon filaments.” This sort of “collective” energy accep- less than the amount acquired by individual atoms and this
tance is possible because of the changes in the phonon speeduces the damage from the ion beam.
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FIG. 4. Normalized photoluminescence spectra for the int@l-Si (smooth curviandpor-Si implanted with AF ions to doses of & 101 (1), 2x 10'°(2),
and 1x10% cm™2 (3).
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Study of porous silicon obtained by krypton ion implantation and laser annealing

M. F. Galyautdinov,* N. V. Kurbatova, E. Yu. Buinova, E. |. Shtyrkov,
and A. A. Bukharaev

Kazan Physical-technical Institute, Russian Academy of Sciences,
420029 Kazan, Russia
(Submitted August 20, 1996; accepted for publication October 25,)1996

Fiz. Tekh. Poluprovodr3l, 1130-1134September 1997

An ellipsometric technique is used to study the formation of a finely porous layer saturated with
atoms of an inert gas in a crystalline silicon lattice that has been doped by high doses of

krypton and then irradiated by nanosecond laser pulses. The changes in the complex refractive
index of this layer induced by laser pulses at different powers are studied. A scanning

field ion microscope is used to follow the transformation of the pores, as the energy per unit area
of the annealing laser light is varied, and to estimate their sizes19@7 American

Institute of Physicg.S1063-782807)02209-9

INTRODUCTION A type LEF 3M-1 laser ellipsometer was used to study
the change in the polarization of a monochromatic light

. Over the last 'f!ve years many papers have' been PU eam & =0.63 um) on reflection from each annealed seg-
lished on porous silicon produced by electrochemical emhmgnent and from the control, for all the samples, which dif-

of Slngle crystal St A re_act|on in the original single crys . fered in the amount of implanted Kr atoms. The measure-
tal Si causes the formation of a branched system of voids .

o . : . .—_“Ments were made at room temperature and atmospheric
with sizes ranging from 2 to 50 nm, which are directed into

the depth of the crystal® Interest in porous silicon has been pressure W'E,h thg prqbe I|ght '”C'der.‘F on the sample at an
. ) . L . angle of 70°, which is optimal for silicoh.The measured

stimulated by one of its unique properties: an intense phOto_oIarization arameters of the reflected lightand ¥, de-

luminescence in the visible, which makes it especially valuP P ’

able for optoelectronick357 Despite a large number of pa- pend on the angle of incidence of the light on the sample and

pers devoted to exploring the microscopic nature of th on the thickness of the natural Si@xide layer and its re-

. ; . : . . fractive index, as well as on the distribution of the refractive
photoluminescence in porous silicon, this question remains s -
3 : . index n and extinction coefficienk over the depth of the
open? Most researchers believe that the unusual properties : :
. . o Sample. The parameters and W are integral, since they

of porous silicon are caused by size quantization effects, L . . .
. ! : .. ~¢ontain information on the properties of the entire test vol-

Others believe that the photoluminescence in porous silicon ; ) : .
. . : e . ume of the sample, whose dimensions are determined, in
is caused by siloxene and its derivatives formed during an: ' by the penetration depth of the liaht. In highlv disor
ode etching. From the latter standpoint the porous silicon, y P P gnt. ghly

. . i . i : . dered silicon samples the probe light=0.63 nn does not
which we have obtained by implanting Kiinert gas ions in .
. . > . penetrate further than 100 nm because of strong absorption.
single crystal substrates and then annealing with adésef

) - o The implanted part of the substrate was removed layer
interest for study because it differs significantly from porous X A .

o . . by layer using anode oxidation followed by etching of the
silicon prepared in the traditional way.

: . : : é‘)xide in dilute acid. In our experiment, the thicknekssf the
In this paper studies are made using ellipsometry an

: . . . - etched layer was 10 nm in each step. The ellipsometric pa-
scanning field microscopy techniques on porous silicon ob-
. 2 . . : . rametersA and ¥ were measured after each layer removal
tained in different implantation and laser annealing reg'meSStep
The ellipsometric parameters are related to the optical
EXPERIMENT constants) andk of the test surface by the basic equation of

; 0
We have studieg@-type single crystal silicon doped with ellipsometry;

E=40 keV Kr" ions at dosesD=6x10" 1.08<10", iA=

4.8x 10" 6x 1015, 1.08< 106, 6x 10, 2.4x 107 cn? with any epia=t (nk...) @

ion current densities ranging from 2 to/BA/cm?. Discrete  Whenn andk are determined from the experimental ellip-
segments on each of the seven implantation samples wesdmetric parameters, the specific form of the function on the
annealed by pulsed ruby laser lightvavelength\=0.69 right hand side of this equation depends on the model chosen
um, pulse duratiom=50 n9 passed through a diaphragm at for the surface. In order to obtain the unknown optical con-
different energy densitiedV=0.1—2.0 J/cnd. Thus, on stantsn andk, the inverse ellipsometry problem was solved
each sample there were several simultaneously existing sefpr each etching step using a ‘“clean surfacd™air/
ments with different degrees of disordering of the crystallineimplanted layer’) model in a special program for analyzing
lattice ranging from complete amorphization W=0 to  ellipsometric measurementsThe choice of this particular
complete recrystallization at a threshold valuedthat was model is based on the fact that in these samples the probe
characteristic of each sample, as well as a control segment &fht did not penetrate to a depth greater than the thickness of
silicon which had not been subjected to implantation. the implanted layer because of high absorption. The effective
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optical constants and’k were calculated for the entire re- curves for two of the samples are shown in Figs. 1a and 1b.

maining part of the implanted layer after each etching stepThe broken line joining the calculated points only indicates
This operation was performed ten times, until the layer conthat the measurements were discrete, taken after the sample

taining the KF ions had been completely etched=100 had been etched by a 10-nm thickness. The dashed horizon-
nm). The differential valuesi(d) andk(d) were not calcu- tal lines in all the graphs in Fig. 1 correspondrtgandk_,

lated for each thin layer, since we were only interested in thehe optical constants of the original single crystal. They were
behavior of the optical constants within the implanted part ofmeasured on the control segment of the silicon sample which
the substrate, and not in their absolute values within eachad not been subjected to implantation. These measurements
thin layer. Thus, we have studied the variation in the effecwere also made layer-by-layer, in 10 nm steps. The con-
tive constantsn andk in the surface layer which contains stancy ofn, andk, over the entire 100-nm-thick layer is an
atoms of the inert gas krypton. Similar layer-by-layer ellip- indication of the perfection of the crystal lattice of the origi-
sometric studies of silicon doped with Aions (E=40 keV,  nal silicon, since the complex refractive index is known to be
D=10" cm?)2 have shown that the behavior of the effec- sensitive to the slightest changes in the structure of the ma-
tive optical constants andk in the implanted layer is con- terial.

sistent with the behavior ofi(d) and k(d) calculated for The microscopy studies were conducted using a P4-
each thin layer. SPM-MDT scanning field microscope developed by the

As a result, for each test sample we obtained profiledNanotekhnologiya-MDT Companfof Zelenograd, Russja
characterizing the variation in the refractive index and ex-The measurements were made in a contact mode.
tinction coefficient(i.e., the real and imaginary parts of the
complex refractive indetN=n—ik) over the entire layer
containing the implanted impurity for segments annealed by It can be seen from Fig. 1a that implantig © ions to
pulses of laser light at different energléper unit area. The a dose of & 10" cm™? in a perfect Si crystal lattice with

DISCUSSION OF RESULTS
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FIG. 2. Scanning field microscope images of silicon surfaces doped withidtrs (E=40 keV, D=2.4x 10" cm™?): (a) initial single crystal KDB-1 Si
(112); (b) amorphous segmentg) after laser annealing, =0.69 nm,7=50 ns,W=0.19 J/cr; (d) after laser annealing,=0.69 nm,7=50 ns,W=1.1
Jlent.

fixed optical constantac=3.85 and'lzc=0.02 over the en- Of micropores saturated with the inert gas. As such, the for-
tire depth does cause a substantial increageandk within ~ Mation of gas “bubbles” in semiconductors doped with high
the layer where the measurements were made. This indicaté§ses of inert gases<(10"" cm™?) is a known effect® Here,
that the crystal structure of the material has been damagétpwever, the main point of interest is the possibility of con-
significantly; the layer with the highest=5 lies at a depth troIIing.the propgrtigs of porous silicgn by laser gnnealing.
of 30 nm in the sample, while the maximum B 0.5 oc- Void formation in samples heavily doped with krypton

6 a2 ; :
curs at the surface. The difference in the depths of thesE™ 10" cm™?) and their transformation as a result of pulsed

maxima is explained by the fact that tﬁféd) profile is de- :ca‘:,:;r 'c;rf:::m;? ;sltraced rm F:? fllt;np; F;Ct)r?iusn l\%ﬁr c;anﬁti)_e
termined by the defect distribution, as well as by the distri- o' M€ ediately as a resutt of impfantatio an e

—~ ciency that is higher when more inert gas ions are implanted.
bution of the implanted ions, while the(d) profile is deter- iency I_ |g~ _W ! gas| |~p_
mined only by the defecf$!? Laser annealing of this kind of (The reduction inn in the surface layer compared tg; is

sample at a fixed energy per unit area restores the dam- 9réater in the sample with a maximum dose of inert gas
. . ~ = ' atoms) An interaction with a single weak nanosecond pulse

aged crystal lattice, along with the(d) and k(d) profiles . ) .

(Fig. 1a,W=1.4 JicrA) appears to cause a transformation of the voids, since we can

When the Ki ion dose is raised by almost a factor of see a substantial drop in the effective refractive index and an

10, recrystallization during laser annealing has a distinct feal'créase in the effective extinction coefficient by more than a

ture that we have pointed out previouSigpecifically, irra-  factor of 50 compared t& (Fig. 1b for W=0.26 J/crd).
diating an amorphous sample with a single nanosecond las&Yith this absorption, the thickness of the probed layer is less
pulse having an energy per unit area below the threshold fahan 20 nm and the small value dfindicates that the main
epitaxial recrystallization causes formation of a layer ofcontribution to the refractive index is from voids filled with
thickness~30 nm near the surface with an effective refrac-the inert gas concentrated in this surface layer.

tive indexn=3 that corresponds neither to crystalline nor to Irradiating this kind of porous silicon with a single nano-
amorphous silicon. This can be explained by the formatiorsecond laser pulse with an energy per unit area\of 1
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Jicnt causes epitaxial recrystallization, with the bulk of thefilled with the inert gas and this causes a reduction in the

implanted impurity krypton being expelled to the surface anceffective refractive index of the sample by a factor of 3 com-

then released as a gHsThe result is a finer grained porous pared ton., while the effective extinction coefficient in-

material with a refractive index close to, (Fig. 1b for creases by a factor of 50 compared Kg. Here the void

W=1.22 J/cr). dimensions can be controlled over a range from 10 to 150
These conclusions regarding the formation of porousim by varying the energy per unit area of the annealing laser

silicon and its modification by nanosecond laser pulses basequlilse from 0.1 to 1.5 J/cfn

on our ellipsometric studies have been confirmed by studies This work was supported in part, by the Russian Fund

with a scanning field microscope. Unexpectedly, howeverfor Fundamental ReseardMo. 96-02-18245and the State

this was not a simple task. The scanning field microscopé&cientific-Technical Program on the Physics of Solid State

was used to study a sample with the maximum inert gadNanostructures.

dose, Si-Kr* (E=40 keV,D=2.4x 10" cm™?), which the

ellipsometric measurements had shown should clearly have a

porous structure near the surface. But this structure could™@x: 1843276-50-75; E-mail: mansur@ksc.iasnet.ru
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Photoluminescence and photoexcitation spectra of porous silicon subjected to anodic
oxidation and etching
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The photoluminescence and photoexcitation spectra of porous silicon films with an initial
porosity of 50—-60%, produced on single crystalspsefype silicon and subjected to anodic
oxidation and chemical etching, are studied. The existence of an amorphous phase in the
etched porous silicon is found not to affect the photoluminescence spectrum of porous silicon.
Features of the photoexcitation spectra before and after etching, as well as the evolution

of the photoluminescence and photoexcitation spectra after etching, can be interpreted in terms
of a uniform quantization model that includes elastic stresses in the silicon crystals of the
porous silicon. ©1997 American Institute of Physids$$1063-782@07)02309-(

INTRODUCTION Silicon oxide is a good pacifier of the crystallite surfaces and
increases the emission efficiency of the material. In freshly

The mechanism for the visible photoluminescence of poprepared samples this function is served by silicon-hydrogen
rous silicon continues to be the subject of intense discussiostructures. This type of porous silicon is not distinguished by
In many cases, the size quantization effect first proposed bstable photoluminescence. Films of anodic-oxidized porous
Canhar fully describes the observed features of lumines-silicon, on the other hand, are highly transparent in the vis-
cence in porous silicon films which contain nanometer sizedble and have stable luminescence characteristics which are
crystallites(silicon coreg. The emission of light from porous recovered after repeated etching in a water solution of HF.
silicon is undoubtedly also affected by its extendgex-  Furthermore, an oxide shell on the silicon crystallites pro-
tured surface with dangling silicon bonds on which chemi- duces mechanical stresses, one consequence of which is par-
cal compounds are formed. Thus, the character of the pasdial polarization of the emission from the porous silic8n.
vation of porous silicon surfaces and the role of silicon-
hydrogen compounds on the crystallite surfaces, includinq EXPERIMENTAL TECHNIOUE
polysilanes, continue to be discussed widely in the™ Q
literature®=® Porous silicon films with a thickness of Gm were pre-

In this paper we study the evolution of the photolumi- pared by electrochemical anodizing on single crystals of
nescence and photoexcitation spectra during oxidation of pdsoron-doped silicon with a resistivity of 1Q-cm and ori-
rous silicon samples in air at room temperature after theentation in the(111) plane. The anode currents during elec-
have been etched in highly dilute hydrofluoric acid. Similartrochemical processing in 36% HF were 10, 20, and 40
studies of just the photoluminescence spectrum have beanA/cn?, respectively, for samples 1, 2, and 3. The initial
carried out previousl$,using freshly prepared samples of porosities of samples 1, 2, and 3 were 50, 55, and 60%.
porous silicon with a substantial concentration of-8,  These samples were then subjected to galvanostatic anodic
(x=1,2,3) compounds on the surface of the silicon crystal-electrochemical oxidation in an NJNO5-ethylene glycol so-
lites. During the oxidation process, these compounds werkition with a current density of 10 mA/cinThe initial volt-
replaced by Si O bonds and this determined the nonuniqueages lay in the range of 6—7 V and the final forming voltage
variations in the photoluminescence spectriwanishing of was 30 V for all the samples.
SiH and SiH groups and the appearance of gi@bserved The photoluminescence and photoexcitation spectra
in the earlier work In order to eliminate this ambiguity, in were measured on an automated SDL-2 spectrofluorometer
the present work the porous silicon samples were subjectdaased on diffraction grating monochromators for excitation
to anodic electrochemical oxidation. Then the anodic oxiddMDR-12) and detectionMDR-23). The excitation source
was etched in a water solution of HF, which, according towas a DKSSh-120 xenon arc lamp. In the excitation spec-
our data and earlier papefs does not lead to the appear- trum measurements the constancy of the excitation spot
ance of silicon-hydrogen bonds on the surface. Thus, thehape was ensured by introducing a special system of mirrors
only factor which determines the evolution of the photolumi-after the excitation monochromator. The signal was detected
nescence and photoexcitation spectra in the present expevisth an FBEJ-100 photomultiplier operating in a photon
ments was oxide formation on the surface of silicon crystal-counting regime. The spectral widths of the slits of both
lites. As will be shown below, our data support the size-monochromators were varied over 2.4—-3.0 nm. The photo-
guantization mechanism for luminescence in porous siliconexcitation and photoluminescence spectra were corrected for

974 Semiconductors 31 (9), September 1997 1063-7826/97/090974-06$10.00 © 1997 American Institute of Physics 974



TABLE I. Anodizing current density, cutoff wavelength\; for the inter-
ference pattern, and peak wavelength of the photoluminescence spec-

20 trum for porous silicon samples subjected to anodic oxidation.
Sample No. I, mA/cn? \i, nm Am, NM

14 1 10 335 645
2 20 372 680
3 40 383 695

$s
o

participates in the interference, falls by a factorepfve can
estimate the level of absorption corresponding to'® Here
a\j-h=1, wherea,; is the absorption coefficient at wave-
length\; andh is the thickness of the porous silicon layer.
U “ For our films, with a thicknesi=5x10"* cm, we have

Reflection 4 %
]
)

3
T

a,;=5%10° cm™*. The values oh; for all the samples are
U L listed in Table I. Also given there are the wavelengths of the
peaks in the photoluminescence spectra. Judging fxom
which characterizes the effect of the shift in the edge of the
intrinsic absorption band, sample 1 has the smallest silicon
%00 ‘91‘70 5'00 350 750 650 crystallites. This conclusion is independent of the position of
A,nm the photoluminescence peak. As the table shows, however,
there is a correlation between photoluminescence and the
FIG. 1. Reflection spectra of sample 2 beféae and after(b) anodic oxi- size of the crystallites: the smaller they dsample 1, the
dation. more strongly the peak of the photoluminescence spectrum
will be shifted toward the blue.

The films of anodically oxidized porous silicon were
sensitivity using standard methods. The error in measuringhen subjected to etching in a water solution of hydrofluoric
the luminescence spectra was less than 2—3%. The reflectiatid (H,O:HF=9:1), washed in distilled water, and dried.
and transmission spectra were recorded on a Jasko IR-81®-15 minutes after etching, their photoluminescence and
spectrometer with a spectral resolution of 2°¢m photoexcitation spectra were taken. The choice of a dilute
water solution of hydrofluoric acid for etching was deter-
mined by the fact that it yields a flat and perfect boundary on
the silicon after the oxide is removétIR absorption spectra

2.1. Reflection and absorption spectraigure 1 shows were taken on identically processed samples. These are
reflection spectra for porous silicon samples obtained with ashown in Fig. 2. The spectral features were identified using
anode current density of 20 mA/@min the visible the re- data published elsewhet&:'® As can be seen from Fig. 2,
flection spectra are characterized by a distinct interferencanodic oxidation of porous silicon causes a large increase in
pattern which vanishes on approaching the UV region. Aghe absorption band at 1100 ¢y which indicates that the
can be seen from Fig. 1, the cutoff wavelengthfor the  fraction of oxide in the porous silicon samples increases after
interference pattern was 423 nm for the porous siliconanodic oxidation. The IR spectra of the anodically oxidized
sample prior to anodic oxidation. After anodic oxidation of samples contain no absorption bands characteristic of the vi-
this sample; fell to 372 nm. An interference pattern was brations of the Sill and SiH, groups or clusters of theif.
observed for all the porous silicon samples that were testewe note that a peak at 938 crh has been attributed to
and the cutoff wavelength; for the interference pattern de- vibrations of an SiH group only in two papefé® (935
pended on the conditions under which the samples were prem™1) but is absent in the other studies. After etching, weak
pared and characterized the shift in the edge of the intrinsibroad absorption bands appeared at 2160 and 1635 ,cm
absorption band of the porous silicon. This shift can bewhich may be evidence of the presence of silicon-hydrogen
caused only by a quantum-well effect in nanometer-sizedompounds in the etched samples. However, since the ab-
crystallites(silicon core$ of the porous silicon. Another pos- sorption at 2160 and 1635 crh is very weak, we have
sible reason, a large fraction of the transparent phase in theiminated compounds of the type Silftom further consid-
porous silicon film associated with voids and the oxide, caneration as a possible reason for the observed changes in the
not explain the vanishing of the interference pattern near thehotoluminescence spectra of the porous silicon fflfh¥
UV region. Furthermore, it proceeds quite rapidhs\ de- 2.2.Photoluminescence specti@aepending on their ini-
creasel which indicates a rapid rise in the absorption within tial porosity, the porous silicon films had different oxide
the film. Thus, the boundary between the transparency anflactions. This explains the different etching times required
strong absorption regions lies in the region\gt Since the for significant changes to show up in the luminescence char-
interference falls off when the intensity of the wave reflectedacteristics. The photoluminescence spectra of samples 1 and
off the boundary between the film and the substrate, whicl2, which had the smallest size silicon cores and largest oxide

]
T

2. RESULTS AND DISCUSSION
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FIG. 2. IR absorption spectra of samples 1
(1), 2 (2), and 3(3) prior to etching, sample
2 (2') after etching twice for 3 min and
sample 2(2") prior to anodic oxidation.

A, arb.units

| ) 1 11 ) | 1 1 1

1
1800 7600 1400 1200 1900
v,ch™?

l }
2400 2000

fraction, were essentially unchanged after 20 s of etching. At A blue shift showed up in the photoluminescence spec-
the same time, noticeable changes were observed for samplem of sample 1 only after the sample had been etched for
3. Its spectrum became narrower and underwent a shift tthree minutes with subsequent washing in water, drying, and
shorter wavelength@-ig. 3). This shift continued to increase control measurements, for a total of eight times. The evolu-
for up to 19 h after etching, although the width of the spec-tion of the photoluminescence spectrum of sample 1 was the
trum began to increaseyll h after etching. Afterwards the same as that of samples 2 and 3. After the photolumines-
photoluminescence spectrum began to widen and return ba@dence spectrum initially became narrower, in all the samples
to the red, but measurements made after 14 days showed thtat spectrum underwent broadening, mainly as a result of the
the initial position had still not been recovered and the peakong-wavelength wing. In sample 1 the width of the spec-
was displaced by 18 nm. trum exceeded that of the control samigkyy 17 nm), but

The photoluminescence spectrum of sample 2 shifted thecause of oxidation in the air after a few days it broadened
shorter wavelengths with an etching time of 3 min. Its sub-o its original value and returned to the initial position it had
sequent evolution was completely analogous to that of theccupied before etching.
photoluminescence spectrum of sample 3. These features of the evolution of the photolumines-
cence spectra can be understood fully if we attribute the ob-
served emission of the porous silicon to a quantum-well ef-
fect for carriers in the crystallites of the silicon core of the
porous silicon films. In fact, after etching of the oxide shell
on the surface of the crystallites in porous silicon, with oxi-
dation in the air there is a reduction in the sizes of the crys-
tallites and, as a consequence, a blue shift in the photolumi-

Joao

%1800 nescence spectrum. Evidently, a surface layer of the porous
3 silicon undergoes etching to a depth which depends on the
3 etching time. In sample 3, where the crystallites are the larg-
oy

est and the fraction of silicon oxide is relatively sméhe

interference pattern shows up most weakly is etched

away more rapidly. In sample 1, where the oxide fraction is

large and the crystallites are smallest, however, as natural

oxidation proceeds after etching they are reduced to critical

sizes where the surface state and surface defects cause the
i i . 2nonradiative recombination channel to become dominant as a

FIG. 3. Time evolution of the photoluminescence spectrum of sample . .

after etching followed by oxidation in air for the following timés: (2) 0.3, result of the small VOlume_ of the crystallites. m thI_S rggard, a

() 1.3, (4) 19, (5) 336. Curvel is the initial spectrum prior to etching. subsequent second etching of the samples is significant. If

600

]
700 800
A,nm

L
6og
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5 A,nm
-
'g 7.0 FIG. 5. Time evolution of the photoexcitation spectra of sample 2 after
IS etching with oxidation in air for the following time#): (2) 0.13,(3) 1.5,(4)
™~ 0.8 47, (5) 144, (6) 336. Curvel is the initial spectrum before etching.
a6 unetched samples, however, does depend gn This de-
pendence results from a change in just the short wavelength
0.4 wing of the photoluminescence spectrum, while the long
wavelength wing is essentially the same for\al},. The lack
0.2 of a definite dependence of the half width of the photolumi-
. nescence spectrum ou,, in different samples is indicative
a ] L 1 1 of a difference in the distribution of the high energy part of
600 700 800 the carrier photoexcitation. Thus, the spectra of Fig. 4a are
A,nm evidence of a high level of uniformity in the excitation and

FIG. 4. Photoluminescence spectra of sample 2 befareand after(b) em|s§|on proce'sses inporous silicon samples subjected to

etching for different excitation wavelengtfism): (1) 250, (2) 350, (3) 450. anodic processing.

The normalization factors for the spectra &e(1) 0.7, (2) 1.0, (3) 6.0; (b) 2.3. Photoexcitation spectralhe evolution of the pho-

(1) 1.5,(2 1.0, 4.0. toexcitation spectra shown in Fig. 5, like that of the photo-
luminescence spectra, reflects the approach, during the oxi-
dation process, to a stable state that is close to the initial state

smaller crystallites are formed in the surface region of theprior to etching and depends on the size of the silicon crys-
porous silicon after an initial etchinge., the photolumines- tallites. Photoexcitation spectra for different observation
cence spectrum seems shifted to the blue after etching andavelengths are shown in Fig. 6. They all have a smooth
oxidation in the aiy, then a subsequent etching would extremum in the region 275-280 nm. It correlates with the
guench their emission for the above reason. Here the photgosition of one of the two short wavelength peaks in the
luminescence spectrum is not shifted to the blue, but to thémaginary part of the pseudodielectric functiep of single

red (Fig. 3, spectrum b We shall discuss the broadening of crystal silicon(293 nm,?! which is shifted to shorter wave-

the photoluminescence spectrum somewhat later. lengths as a result of quantum-well effects. The existence of

Figure 4 shows photoluminescence spectra of sample & single peak ire, has been confirmédin porous silicon

for different excitation wavelengtha., before and after near the position of the peak corresponding to direct inter-

etching. We note that the position of the peak in the photoband E, transitions in single crystal silicon. Thus, single-

luminescence spectrum is independentgf for the initial  crystal silicon, rather than amorphous silicon, determines the
sample prior to etchindFig. 49. Similar behavior of the behavior ofe, and the absorption spectrum of porous silicon.
photoluminescence spectra of anodized porous silicon habhis conclusion also holds for the photoexcitation spectra of
been observed previously.The behavior of these photolu- anodized porous silicon shown in Fig. 6. The absorption
minescence spectra is entirely different for freshly preparedpectrum and the pseudodielectric functigrhave been cal-
samples of porous silicon with a large content of SiH culated theoretically on the basis of first principles when
groupst®9 as well as in the case of hydrogenated amor-quantum-well effects occi#:?* Sanders and Chafiycon-
phous silicorf® In them, the peak of the photoluminescencesidered quantum wires of silicon and Buédal?* have
spectrum is observed to depend monotonically on the excitaken into account the passivation of a surface of wires by
tation energy. A similar dependence exists when porous silinydrogen. The resulting complicated multipeaked specttum
con is anodized after etchingrig. 4b. This sort of porous is, as yet, difficult to compare with available experimental

silicon, as we have seen, is not a stable system and evolvesta. At the same time, the calculations of Bdal?* im-

relatively rapidly(compared to freshly prepared samplas  ply that in the case of quantum wires with a diameter of

an equilibrium state that is close to the initial st&fey. 3. 0.76—1.14 nm,, has a distinct maximum in the region
The half width of the photoluminescence spectra of the340—-366 nm, which depends weakly on the transverse di-
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culations of Ref. 22 are applicable to it. This, however, is not
true of the small-size crystallites, for which the effect of
surface stresses remains important because of their low
volume-to-surface ratio. Thus, in the short wavelength part
of the photoluminescence spectrum, which is caused by
small sized crystallites according to the quantum-well
mechanism, the influence of structural features on the photo-
excitation spectra of single crystal silicon is masked. We
have attributed the partial polarization of the emission from
porous silicon(which, just as above in the short wavelength
part of the photoluminescence spectrum, falls off monotoni-
cally with increasing wavelength?9 to these stressé8Yet
another argument in favor of this interpretation is a drop in
the degree of polarization after etching, followed by a return
to a level close that prior to etching.

The cause of the extremum in the photoexcitation spec-
tra of etched porous silicon may be an amorphous phase of
silicon. Single crystal silicon surfaces treated in hydrofluoric
acid are known to have a surface layer of highly disoriented
silicon atoms which form a disordered amorphized
phase?’?8In a porous silicon layer treated with HF, the frac-
tion of this phase will not be small. Its role in the mechanism
for the luminescence of porous silicon has been discussed
elsewheré®3°In some papers the photoluminescence of po-
rous silicon films has been attributed directly to the amor-
phous phas&-®? For us here, the important thing is that
spectra of the imaginary part of the pseudodielectric function
of amorphous silicon have a maximum Xg,=355 nm>
FIG. 6. Photoexcitation spectra of sample 2 befaleand after(b) etching ~ Evidently, if the porous silicon is photoexcited through an
for different photoluminescence wavelengtimsm): (1) 550, (2) 600, (3) amorphous phase, then the size of the crystallites is unimpor-
650, (4) 700, (5) 750. The normalization factors for the spectra @e(l) tant. Hence, if this maximum is caused by the amorphous
10, (2) 2.5,(3) 1.25,(4) 1.0, (5) 1.5. ; . :

phase, then it should be present in the photoluminescence
spectra for all the photoluminescence wavelengths, but this is
Jot observed. This argument, along with the arguments pre-
sented above, imply that the amorphous phase of silicon is

neither the porous silicon absorption spectra of Ref. 22 nopnimportant in the photoexcitation processes for porous sili-

the photoexcitation spectra shown in Fig. 6 contain this peakcon' Nevertheless, the surface states and the states in the tails
which is attributable to the quantum wire crystalline struc-Of the bands.of amorphous silicon are of some §_|gn|f|c§1nce
ture. for photoluminescence processes in porous silicon films.

The situation is entirely different after etchitig. 65). They are responsible for the observed broadening of the long

While the photoexcitation spectra for the short wavelengtHNavelength wing of the photoluminescence spectrum atfter

wing of the photoluminescence spectrum do not change si Stching, which was d_|scussed In Sec. 2.2. The_lr role as cen-
nificantly, the photoexcitation spectra for its long wavelength ers fqr the nonradiative relaxatlon_of photoexm_ted carrers 1
wing have a distinct maximum after etching, precisely in theMOre important. In f&_mt’ aft_er etching of the o>_<|de shell, the
region where the maximum ef, should lie according to the photolumme_scence Intensity fallg off, sometimes ;ubstan-
calculations of Ref. 24. Why does the photoexcitation spec'EIaIIy (see Fig. 3 Then, as an oxide shell forms during the

trum not have this maximum at the short wavelengths of thegradual oxidation of the disordered surface layers of the

photoluminescence spectrum where it might seem that th(G‘}rystallites, the photoluminescence intensity partially recov-

quantum-well effect should show up more clearly? We beLrs and, after the second and subsequent etchings, usually
mpletely.

lieve that the reason lies in the elastic stresses to which th&®
silicon core, covered with its oxide shell, is subject. They
change the symmetry of the crystal latti@be lattice con-
stant of porous silicon becomes larger in the direction normal We have studied the photoluminescence and photoexci-
to the film boundar§?), which should affect the characteris- tation spectra of films of anodized porous silicon before and
tics of the photoluminescence process fundamentally. Thisafter etching in a water solution of HF, as well as their time
in particular, can explain the absence of the above-mentioneglvolution. The absence of silicon-hydrogen compounds on
peak in the photoexcitation spectra of the initial anodizedhe surface of the silicon crystallites in an anodized porous
samples. After etching of the oxide, the stresses in the silicosilicon film has made it possible to exclude the polyhydrides
core (or crystalliteg are substantially lowered, i.e., the cal- as possible contributors to the photoluminescence of porous

I, arb. units
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mensions of the wires. In single-crystal silicon it correspond
to the direct-band’5—T'55 (366 nm) transition. However,

CONCLUSIONS
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Nonequilibrium charge carrier mobilities of 18 and 3< 10" 8 cn?/V-s in films of

polycrystalline diamond and diamondlike carbon, respectively, are determined from the time of
flight of injected carriers through the films. In polycrystalline diamond the nonequilibrium

hole mobility is 3 orders of magnitude lower than the equilibrium mobility (011cn?/V-s)
obtained from the dc electrical conductivity of the films. This can be explained by the

effect of trapping of nonequilibrium carriers on their transport. 1@97 American Institute of
Physics[S1063-782807)02409-3

Synthetic semiconducting diamond is a promising mate-  Mobility measurement&.he transport of nonequilibrium
rial for electronics, optics, and a number of other afelis. charge carriers in the diamond films was studied by a time-
has recently been studied extensively as a possible materiaf-flight techniqué’. The time dependence of the transient
for indestructible electrodes in electrochemistiy this pa-  current owing to unipolar drift of injected nonequilibrium
per we use a combination of electrid¢#he time dependence charge carriers in a metal-sample-metal sandwich structure
of the transient current when nonequilibrium current carrierainder the influence of an applied dc electric field was re-
are injected into a filmhand electrochemicdkontact imped- corded. In our case, one of the metal electrodes was the
ance spectroscopy of a diamond film-electrolytmeasure- tungsten or molybdenum substrate and the other was a layer
ments to determine the hole mobility of diamond, knowledgeof gold evaporated onto the surface of the test film. A packet
of which may be useful for describing transport processes imf charge carriers in the form of a thin layer of width much
bulk diamond and at interphase boundaries. We have consmaller than the sample thickness was injected into the dia-
pared the hole mobility of diamond measured under equilibmond film being tested.
rium and nonequilibrium conditions. Excess charge carriers were generated by a light pulse.
Since the quantum yield for photogeneration of charge car-
riers in the intrinsically diamond and diamond-like films at
the laser wavelength was not high enoughn the order of

The samplesiVe grew the polycrystalline diamond films 10 * in diamond), the sandwich structure was supple-
on a tungsten substrate by chemical gaseous phase depogiented by a layer of seleniuthetween the film surface and
tion from a mixture of methane and hydrogen activated by arthe gold electrode within which photogeneration and sepa-
incandescent filament, as described previoli$lpr measur-  ration of charge carriers took place and from which carriers
ing the film conductivities by electrochemical contact imped-were injected into the test film. The thickness of the selenium
ance spectroscopy, we used highly conducting boron-dopéayer (0.2—0.5 um) was much less than that of the diamond
films* with a resistivity on the order of f0Q-cm and a film, but comparable to that of the-C:H film. Thus, in the
majority carrier concentration of 16-3x10'® cm™3. The first case, we disregarded the voltage drop in the Se layer,
time dependence of the transient current was measured ovhile in the second, when determining the field strength in
dielectric (undoped samples with a resistivity of £6-10'°  the a-C:H film required to calculate the mobility, we intro-
Q- cm. All the films were relatively monocrystalline; the av- duced an approximate correction for the actual electric field
erage size of the visible crystallites on the film surfaces wasglistribution in the sandwich structure.
as large as um. The light pulse source was an ILGI-503 nitrogen laser

Diamond-like films ofa-C:H were produced on a mo- (tp,se=10 ns at half-maximum and wavelength 337 )nm
lybdenum substrate from gaseous phase cyclohexane in anThe time dependence of the transient current was recorded
discharge plasmé13.56 MH2.% Before the films were de- on an S9-8 storage oscilloscope with a preamplifiéa-40
posited the substrate surface was initially processed inja CF1102 differential amplifiercombined with a computer for
plasma. The films about 100 nm in thickness were depositedata acquisition and processing. The time congRy€,,, of
at room temperature. the measurement circuit was less than the carrier time of

EXPERIMENTAL TECHNIQUE
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- values of the “equilibrium” mobility calculated from the
conductivity o of boron-doped films using the formula
u=olpe. Here

p=[(NaN,)¥%\2]exp(— EA/2kT)

is the majority carrier concentratidioles in B doped dia-
mond, which is g-type semiconductar N, is the acceptor
concentrationimore precisely, the concentratiddy, — Np of
uncompensated acceptprsl, =2x 10'° cm™2 is the density

of states in the valence band, alBg=0.37 eV is the ioniza-
tion energy of the acceptor B. The valuesoofindN, given

in the table are taken from Refs. 2 and 3. In those papers we
determined the electrical resistance of films by extrapolating
the real component of the electrode impedance in the com-
plex plane to an infinite frequency and the uncompensated
FIG. 1. A plot of the transient current during injection of holes into poly- acceptor concentration, from the slope of Mott—Shottky plots
crystalline diamond. Sample 47Esee Table ) The electric field is for the diamond-electrolyte solutiop contact.

F=1.9x10" V/cm. The time of flightt, is denoted by an arrow. When holes are injected into a diamond film, the shape
of the transient current, the time of flight, and the calculated
mobility are close to the above case of electron injection.

f||ght tT . A G5-54 pu|se generator served to Simu|taneous|yThe electric field dependence of the nonequilibrium mobil-

trigger the laser pulse and oscilloscope. All the measurelly, if there actually is one, is extremely wegk the range of
ments were made at room temperature' fleldS, 16_ 104 Vlcm, that we Stud|eh We d|d not |nVeSt|'

gate the nature of this dependence.
The current decay curve for aamC:H film after hole
RESULTS AND DISCUSSION injection qualitatively resembles that shown in the figure.
However, the nonequilibrium charge carrier mobility in
After an initial drop corresponding to charging of the a-C:H is 4-5 orders of magnitude lower than in polycrystal-
RnCn, circuit (segmentd), the plots of the transition current line diamond, both for holesee the tableand for electrons,
during injection of electrons into a diamond film as a func-which is substantially lower than that for fillhgrown in a
tion of time (a typical curve is shown in Fig)lhave a char- CH,+ Ar plasma. As in the case of polycrystalline diamond,
acteristic plateatsegmenB) followed by a relatively rapid in a-C:H the mobilities of electrons and holes are roughly
drop in current(segmentC). The timet; at which this drop  the same.
begins(denoted in the figure by an arrgworresponds to the Because of the essentially unipolar nature of the induced
arrival of the leading edge of the charge carrier packet at theonductivity in diamond for the present experimental setup,
opposite electrode after passing through a diamond film ofhe injected carriers do not undergo recombinataithough
thicknessd. the lifetime of electron-hole pairs in diamond is extremely
We calculated the drift mobility. of the charge carriers shor) since there are practically no carriers of the opposite
using the formulgu=d/Fty, whereF=U/d is the electric  sign. Nonequilibrium carriers, however, can be trapped. If
field strength andJ is the applied voltage. The mobilities the time to free them from traps is much greater than the
determined in this way are listed in Table | along with thetime of flight t1 of the bulk of the injected carriers, then the

I, arb. units

TABLE I. Hole mobilities and values of quantities used in the calculations.

Nonequilibrium Equilibrium
Sample mobility mobility
No. d,um F,Vicm tr,ms um,cnf/(V-s) o, Q YV-s) Np,cm?3  um,cnf/(V-9)
Polycrystalline diamond
475 26 1.410* 0.3 6.2<10°4 7x10°10 - -
1.9x 10 0.16 8.4x10™4
508 8 0.75¢10*  0.055 1.%10°3 3x10° % - -
354 10 0.0%x10* 1.1 108 - - -
306 10 - - - 0.810°4 5x 10 1
559 6 - - - 0.5%x10°* 3x10% 0.1
419 2.5 - - - 0.8610°* (0.6x 10Y) (6)
420 2.3 - - - 1.x10°* (10 W)
a—-C:H
228 0.1 9 4 x10°8 - - -

Note: Less reliable values are given in parentheses.
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observed current signal decreases, but trapping should haeéectrons in undoped diamond films and they correspond to
no effect on the measured mobility. The tiny residual currentomparatively low values of the mobility. For measurements
in the final, smooth segmebt of the curve(see the figureis  under “equilibrium” conditions— in doped samples— on the
probably caused by the arrival at the collector electrode obther hand, the traps are filled and the conductivity of the
carriers which have been trapped in the volume of the filnfilm is determined by free charge carriers. This second, par-
and then released. If, on the other hand, charge carriers catlel, mechanism for conductivity becomes noticeable only
be trapped and released during the time of flight, then thigor a sufficiently high equilibrium hole concentration, as is
should slow down the flight of the packet, i.e., reduce theprovided by introducing B dopant into the diamond. With
effective mobility. this mechanism for the conductivity, the mobility is higher.
Our measured mobilitiedoth equilibrium and nonequi- We thank V. I. Polyakov and A. V. Vannikov for a dis-
librium) in polycrystalline diamond films are several orderscussion of the results.
of magnitude lower than the drift mobility of electrons and The part of this work related to polycrystalline diamond
holes in single-crystal diamon@500 and 2100 cfi(V-s),  was supported by the Russian Fund for Fundamental Re-
respectively). This is not surprising if we note the obstacles search(project No. 96-03-34133a
to the transport of free carriers created by intercrystallite
boundaries, as well as by other defects in the crystal structurlQFAx_ (09599520846: E-mail: chrush@elchem. c.ac.ru
of polycrystalline diamond. This is confirmed by the very ‘ ' ’ T
low charge carrier mobility we have measuredarC:H,
which can serve roughly as a model for the material in the'J. Field, Ed.,Properties of Natural and Synthetic Diamgnécademic
intercrystallite boundaries of polycrystalline diamond. ,Press, London—New Yorkl992. .
A comparison of the data in the table shows that the ,él. E MOQefstov, Yu. V. Pleskov, V. P. Varnin, and |. G. Teremetskaya,
ektrokhimiya33 (1) (1997.
equilibrium hole mobility in the diamond films we have stud- 3yu. v. Pleskov, V. Ya. Mishuk, M. A. Abaturov, V. V. Elkin, M. D.
ied is three orders of magnitude higher than the nonequilib- Krotova, V. P. Varmin, and I. G. Teremetskaya, J. Electroanal. Chem.

. . . . : 396, 227(1995.
rium mobility. This difference can be explained by the fact 4A. Ya. Sakharova, Yu. V. Pleskov, F, Di Quarto, S. P'yatstsa, K. Sunseri,

t_ha_t equilibrium holeg(in bor(_)n_-dopeq filmsand nonequi- I. G. Teremetskaya, and V. P. VarninleEtrokhimiya31, 188 (1995.
librium holes and electrons injected into undopédielec- 5V. V. Sleptsov, A. A. Kuzin, G. F. Ivanovsky, V. M. Elinsov, S. S.
tric” ) diamond films are transported by two different mecha- Gerasimovich, A. M. Baranov, and P. E. Kondrashov, J. Non-Cryst. Sol-

nisms ids 136, 53 (1997).
’ . . . SA. V. vannikov, V. K. Matveev, V. P. Sichkar’, and A. P. Tyutnev,

A moqel of jJumps over centers can be applied to carrier ragiation Effects in Polymers. Electrical Propertiés Russiaf , Nauka,
transport in a relatively disordered medium such as polycrys- Moscow(1982, Chapter 1.
talline diamond films. For measurements of the mobility un- 7|YUG VT P'ESKO\L’ A ,T;k- Siﬁhafovgyz(Al-o;/-(lggg”kovy V. P. Varnin, and

Lt " . . . . . G. Teremets aya, trol imiya .

der non_equ”_lb_“um andltlons’ 1.€., 1N the_dlelectrlc samples, 80. I. Kon'’kov, I. N. Trapeznikova, and E. |. Terukov, Fiz. Tekh. Polupro-
the carriers injected into the sample fall into capture centers yodn. 28, 1406(1994 [Semiconductorg8, 791 (1994].
(trap9 which lie deeper and which had not been filled until °B. S.vavilov, A. A. Gippius, and E. A. Konorové&lectronic and Optical
then. The transient currents are determined by charge carrierirOAce;S‘fS in kD'amO”ﬂ” Russiaf), Nauka, Moscow(1983. Edited by
that have been trapped and then released. Probably this " " °Yans«&ya

mechanism is predominant for nonequilibrium holes andrranslated by D. H. McNeill
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THE PHYSICS OF SEMICONDUCTOR DEVICES (PHOTODIODES, LASERS, ETC.)

Recombination in the space charge region and its effect on the transmittance
of bipolar transistors

S. V. Bulyarskil, N. S. Grushko, A. I. Somov, and A. V. Lakalin

M. V. Lomonosov Moscow State University, Ulyanovsk Branch, 432700 Ulyanovsk, Russia
(Submitted December 3, 1995; accepted for publication February 10) 1997
Fiz. Tekh. Poluprovodr31, 1146—-1150 September 1997

The effect of recombination in the space charge region of the emitter junction on the
transmittance of bipolar transistors is considered. Measurements of the transmittance of several
commercial transistors at low injection levels essentially agree with theoretical values

given by the expressions obtained here, which take into account deep levels and recombination
through them. ©1997 American Institute of Physid$$1063-782@07)02509-X

For many years after the publication of Shockley,of deep centers, arl; is the location of the deep centers in
Noyce, and Sahjt was assumed that the principal indication the band gap. E.—E,=(E.—E)+(Ei—E,)
of recombination in the space charge region is a characteris=E;,+E;,=E,.
tic dependence of the current on voltage of the form  Usually, one considers recombination in quasineutral re-
exp@U/2kT). This dependence overlooked the fact that agyions. But, as experiments show, in silicon and other wider-
the injection level is raised, the stationary population of thegap semiconductors, in the initial portidat low injection
deep levels changes, because that the position of the Feriieivelg the recombination currents in the space charge region
quasilevel changes. While the current-voltage characteristiare comparable to or greater than the diffusion currents.
is determined by the rates of emission of free carriers in itSThus, recombination in the space charge regiop-of junc-
initial portion, at higher injection levels it is determined by tions at low injection levels must also be considered in order
their trapping rate. Thus, charge exchange of the recombinde understand the processes occurring in microwave transis-
tion centers takes place at a variable rate; this leads to thers operating as small-signal amplifiers.
observed features of the current-voltage characteristic. The If the bending of the bands in the space charge region of
charge-exchange processes have been examined in more dep-n junction is described by the potenti#(x) (Fig. 1),
tail elsewheré:?® whose reference point is the bottom of the conduction band

Our task in this study was to find the limits of applica- in the n-region, then the distributions of the electrafix)
bility of the theory of recombination in the space chargeand holep(x) concentrations in the space charge region are
region of ap-n junction* and of the method for determining given by
the parameters of the centers from the current-voltage char-
acteristic in this range of variation of the current, as well as n(x)=n, exy{ _ Y (x) )
to demonstrate the role of recombination in reducing the kT
small-signal efficiency of the emitter in a transistor.

i q(Ugi—U) =¥ (x)

The current-voltage characteristics were measured on an  p(x)= Pp exr{ -
automatic PC-controlled apparatus. The basic current mea- kT
surement device was a V7-46, which made it'possiblle tcSubstituting Eq(2) in Eq. (1), we obtain
average each value of the current and voltage directly in the
course of the measurements.

@

U
cncpNtNiz< equk—T— 1)
R(x)=

Cn[Np EXP(— 1) + N4 ]+ Cp[pp expl— ¢@2)+p1l’
SEPARATION OF THE INDIVIDUAL RECOMBINATION (3)
PROCESSES INTO COMPONENTS Where(p]_: ‘I’(X)/kT and @p= Q(Udif_ U) . ‘I’(X)/kT

According to the Shockley—Read—Hall theory, the rate ~ The recombination current can be found by integrating
of recombination through a simple two-charge center idhe recombination rat®(x) over the volume of the space
given byt charge regiort:

CnCpN N(X)p(x) —n?]
caln(X)+ng]+c[p(x)+p1]’

where n; = N¢exp(— E, /kT), p1=N,exp(— E,/kT), ¢, and  whereSis the area of the-n junction. However, since the
cp are the capture coefficients for electrons and holes at functionR(x) =R(W(x)) is determined by the specific shape
given center averaged over all statis,is the concentration of the p-n junction, in general, the integréd) is not solved

) i,=qsfxi R(X)dx, ()

p

R(x)=
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FIG. 1. Band diagram of a forward biaspen-junction. The bending of the
band is described by a potentiaV'(x) such that ¥(x=x,)=0,
W(x==xp)=0q(Ugi— V).

simply by substituting Eq3) in Eq. (4) The |ntegral(4) can

& aSWU)CanCpmn (€K T—1)Ny,
m=1 2n; \/CnmemeqU/2kT+ CnmNimT CpmP1im
« 2kT

q(Ugi—U)’

wherew is the width of the space charge region, gnid the
number of deep centers.

Equation(8) is valid as long as the maximum recombi-
nation rate does not lie on the edge of the space charge
region. The voltageJ at which this occurs is the limit of
applicability of the Shockley—Noyce—Sah theory:
qU=E4—kT In (cpNCNv/cnnﬁ) if the p-region of the
p—n junction is more heavily doped,
qU=E4—KkT In (cchNv/cnpg) if the n-region of the
p-n  junction is more heavily doped, and
U=Ugi— (kT/g)In(c,/cp) is thep—n junction is symmetric.

We now analyze the recombination currents for low in-
jection IeveIs and examine in more detail the recombination

Iy

®

charge region is localized and has the form of a bell shapelpvels from the current-voltage characteristics when the

curve with exponential wings® The maximum recombina-
tion rate occurs at the potential

q(Ugt—U) kT CnlNp )
I , (5)
max 2 2 Cppp
and the recombination rate at this point is
N a -1
CnCpNi Ny €XP 17
Rimax= (6)

qu '
2n;\ycncy ex KT +cpnyt+Cpps

We now find the increment in the coordinatelative to
the position of the center of the distributidR(x) in the
space charge regidior which the recombination rate drops
by a factor of 2.73,

AW
AT T

This implies that

o
= exp—1); AV¥= X Ax=—EAXx.

Xn 2kT
f R(X)dx~2R,AX= q_E Rmax:

%
whereE is the average field strength in tipe- n junction,
w(U)
" q(Ug—U)”

For the current we then obtain
CnCpn?N(e9VKT—1)
2n;\encpeV T+ cony +cppy
2kT
8 q(Ug— V)’

i (U)=qSwU)

()

width of the space charge region of @n junction is
known? Let us examine Eq7). For concreteness we assume
that the deep level lies above the middle of the band gap, i.e.,
cnn1>cpp;. Depending on the applied voltage, the condi-
tions for populating the center will vary. Two cases are pos-
sible:

1. Let
qu
2n;\cnCp €X KT <CpNny. 9
Then

i (U)=~gSWU)N; cp ex;{ )

oc ex 10
Q(Udn F{ ) 19
2. Let
qu
2n;\c,Cp exp( KT )>c ny. (11
Then
. du
i (U)~gSWU)N;n;ycnc, ex KT
o 2kT F{ qu ) 12)
————x exp == |
q(Ugir—U) 2kT

The change in the current-voltage characteristic is attribut-
able to the charge exchange of the deep level. Equatiihs
and(12) can be used to calculate the parameters of the deep
level. For analyzing the current-voltage characteristic, how-

In the case of several deep centers the resulting current is thever, it is more convenient to introduce another physical
sum of the currents due to recombination through each of thquantity, the reduced recombination r&g,, which is de-

deep centers:
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FIG. 2. AnR,,=f(U) curve for the case of recombination through a single

deep center.

i (V)
A 2
TR 2%T )

wherei, is the current flowing through the-n junction.

.q(Udif_U)
2kT ’

Rnp(U)= 13

qSwu)n;

The relationship of this quantity to the deep-center pa-

rameters is evident from Eqé7) and (13):

qu
CnCpNniN| ex m+1
Rnp(U): qu (14
2n;\c,Cp ex;{ KT +Nn1C,+P1Cp

In the first cas¢Eq. (9)] (segment 1 in Fig. R we have

Rnp= const- exp(qU/2kT),
and in the seconfEq. (11)] (segment 2 in Fig. R we have

Rnp=RAp = VCnCpN/2.

If we consider the voltagdJ,, at which the condition
Rnp=Rnp 12 is satisfied, then
c n1+cpp1—2n \CaCpexp@Uy 2k T). Assuming that the
deep center lies above the middle of the band @am,

Cpp1<<Cyny), we find

(19

E,—qU
Em:w_k o, (16)
T 1
where 6= > In(3CN/4coN,).

In R

U

FIG. 3. The separation of complex recombination processes into compo-
nents.

The algorithm for separating the experimerig|, curve
into components relies on the conditiofi®) and consists of
the following:

1. The current-voltage characteristic of the forward bi-
asedp-n junction is measured at voltages beltly; (there
should be quite a few pointsk,,, is evaluated for each point
using Eq.(13). The quantitiesv(U) andU y4; are determined
from capacitance measurements.

2. The resulting IR,(U) is decomposed into compo-
nents by graphical separation. According to Bdp), each of
the shelves which form it should have an initial slope given
by q/2kT and be constant in the final segmefiigs. 2
and 3.

3. For each of the shelves found in this way we fihg,
such thatR,,(Uy,,) =R{572 and estimate the activation en-
ergy of the corresponding deep center using 8®), ne-
glecting the terms there. The systematic error associated
with disregard ofé is determined by the ratio of the trapping
coefficientsc,/c, (16) and is=0.05 eV forT=300 K.

4. If the ratioc,, /c, of the trapping coefficients is known
(from other experiments or by calculatipthen it is possible
to calculate the lifetimes in highly dopetttype materials,
Tpo, @ndp-type materialsy,q using the formulas

(C Nt)7 \/ (Rma 1,
=(c,Ny) 1= \/ (Rma -1

Thus, it is possible to determine the deep-level param-
eters approximately from current-voltage characteristics and
capacitance measurements, without resorting to temperature
measurements.

(17

There are often a number of deep centers in the space
charge layer, however, and recombination takes place in par-

allel through these centers. Thus, the recombination curren
corresponding to each deep center add up to the total curre
in accordance with the superposition principle. Thus, the ac-
tual function R,,=f(U) is the sum of several “shelves”

(Fig. 3.
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FFECT OF RECOMBINATION PROCESSES ON THE
A PLIFYING PROPERTIES OF TRANSISTORS

The analytic models of bipolar transistors used to calcu-
late the emitteri,, basei,, and collectori, current§® ne-
glect the field of the mobile charge in the emitter and collec-
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di, /di,.. Using an expression for the electron component of

1.0 1 the current in the base for an ideal drift-free transfstor
gether with Eqs(8) and(19), we find

08r di, B Ep W(Uep)CrmCpmNimNpLn

o6t dine =1 Dncoth(wy/Ly)

g’
% [ni \/Cnmcpmeu(eu+ 1) + eu(cnmn1m+ Cpmplm)]ZkT

0'4 i eu(zni \/Cnmemew2+ Cnmn1m+cpmp1m)ZQ(Udif7 Ueb) ’

o2t 2 (20
whereu=qU,,/kT, w is the width of the space charge re-

1 1 . L L gion of the emitter junctionw,, is the width of the quasineu-
o 0.2 0.4 U’O‘.,E 0.8 1.0 tral part of the basd, , is the electron diffusion length in the

p-base,Ng is the concentration of the shallow acceptor im-
FIG. 4. The transmittance of a transistét) The =f(U,,) curve of a  PUrity in the base, ant, is the voltage across the emitter
bipolar transistor calculated in accordance with Refs. 4 an@)5a calcu-  junction. In the derivation, if this expression
lation using Eqs_(21) and (22 _when two deep recombination centers are W(U)/(Udif_u) as a function of the voltage is ignored in
present. The points are experimental data. contrast with the  exponential factor, setting
w(U)/(Ugs—U)=~ const. Fory, we obtain
tor p-n junctions and in the base, the resistance of the input

regions of the emitter, collector, and base, and recombination _ DpNpLnth(wy /Ly) 2kT
in the space charge region of the emitter junction. " DnNelp(We/Lp)  d(Ugir—Uep)
The transmittancexr can be regarded as the product of
three coefficients: W(Uep)Nelp
D,cothiw,/L,)e"
A=7Y1Y273; L
p . u/2/ AU u -
y1=dine/dig=dine/d(inetipe), (18) xS CanCorNmlNAE (e +1)+BE]

= (2n,Ae"?’B)>? ’

Fdig/dine, =di/di,,
Y2 nk/Ulne Y3 k! Ulnk 21)

where vy, is the efficiency of the emitter junctiony, is the
transmittance through the basg is the efficiency of the whereA=\C,Com B=CpmNim+ ComPim, P iS the number
collector junction,i,e is the diffusion current of electrons of deep levelsm indicates the corresponding centdt, is
injected from the emitter junctiothere and below it is as- the concentration of the shallow donor impurity in the emit-
sumed that the transistor is nfp-n-type), i is the current  ter, L, is the hole diffusion length in the-emitter, andw, is
of electrons through the collector junction, ang is the the width of the quasineutral part of the emitter. As before,
diffusion current of holes injected into the emitter. The co-the coefficienty, is given by the expression
efficient y; equals unity in the absence of generation and
avalanche processes. _ 1

In practice, at low injection levels there is almost always yz_cosr(wb/Ln) :
a segment of the forna=f(Ugy), in contrast with Ref. 4,
wherea= const(Fig. 4). This effect is explained by nonra- Thus, the presence of deep recombination centers in the
diative recombination in the emitter junction, but it has notspace charge region of the emitter junction causes a reduc-
been discussed analytically in the literature. Thus, it is im-ion in the efficiencyy; of the emitter junction and in its
portant to obtain the transmittance of the transistor as a fundependence on the voltagé,,, across the emitter junction.
tion of the injection level. As the voltage is raisedy; approaches a constant value.

The difference in the approach described below is that Measurements were made on an 808AM-GM transistor.
the effect of the recombination current in the space chargé&he current-voltage characteristic of the emiften junction
region of the emitter junction on the coefficiep is taken  was analyzed by the method described above and the param
into account explicitly. Including the recombination current, eters of the deep levels were determined from Ryg(U)

(22

the efficiency(18) of the emitter junction is given by curve. It was found that the recombination currents in the
di di di di. |1 emitter junction are caused by deep centers with activation
L #% 4_ke, ) _ energiesE;;=0.52 eV R;*=3.5x10° s~ ') andE,=0.37
die  d(inetipetir) dine dipe eV (R1*=2.0x10° s™1). These values were then used for

(19 calculating the transmittancee using Eqs(21) and(22) with
Compared to Eq(18) this expression contains a new vz assumed equal to unity. Figure 4 shows the results of the
termdi, /di,, which is attributable to the fact that for a low calculation and some experimental measurements of the
injection level the recombination current can be muchtransmittancexr. The experimental and calculated values of
greater than the diffusion and drift currents. Let us calculater are in good agreement.
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Auger recombination may reduce the transmittance of'C. T. Sah, R. N. Noyce, and W. Shockley, Proc. I1&E 1228(1957.
bipolar transistors.Calculations show that the lifetime, in- *S. V. Bulyarski and N. S. GrushkcPhysical Principles of the Functional
cIuding Auger recombination, is I@ s for a voltage of 0.8 (Dllgggostlczsgcgf Defective pn transitiong[in Russian, Shtiintsa, Kishinev
V. In our case, however, this form of recombination has NOsg v, éL[J)Iyarski and N. S. GrushkdGeneration-recombination Processes
effect ona at low injection levels, since the variation inis in Active Element§in Russiai, MGU, Moscow(1995, p. 399.
observed at voltages where Auger recombination is unimpor<N. S. Sviridov, Elements of Transistor Theoifyn Russiai, Tekhnika,
tant. Thus, recombination in the space charge region of theKiev (1969, p. 225. _ o
emitter junction is mainly responsible for the reduction of the - M- Sz&Physics of Semiconductor Devicafdiley, New York (1969.

emitter efficiency at low injection levels. Translated by D. H. McNeill
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