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Characteristic features of the photoelectric amplification of variband photoresistors, whose energy
gap increases linearly toward the contacts, are theoretically investigated. It is shown that

such photoresistors are characterized by a nonmonotonic field-dependence of the photoelectric
gain, whose maximum value increases with growth of the energy gap gradient and can
substantially exceed the corresponding value for homogeneous sampl&89American
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One of the main factors limiting an enhancement of the It is necessary to augment Edq) by the boundary con-
sensitivity of bipolar photoresistors with small geometrical ditions
dimensions because of an increase in the bias voltage is the
effect of expulsion(exclusior) of nonequilibrium charge Ap(=d)=0, )

carriers?“”Under.conditipns in which the effect of expulsion which correspond to ohmic contacts, and also by conditions
of photocarriers is manifested, the effective lifetime of theof continuity of the photocarrier concentration and photocar-

latter 7. decreases as the voltage applied to the photoresistefer fluxes atx=0, whered E,/dx changes sign:
is increased. This leads to saturation in strong electric fields

of the photoelectric gailG, and in the case of a homoge- AP(—0)=Ap(+0), 3
neousn-type semiconductor the maximum value of the gain

Gg=(1+b)/2, whereb=p,/u, is the ratio of the elec- dap 1 (eEXJr dgy )Ap
tron and hole mobilities. Therefore, a search for ways to dx kT dx x=-0
eliminate, or at least reduce, the effect of photocarrier expul-
I . dap 1 dE
sion is an urgent task from the standpoint of the development =—— — __ | e — "} Ap (4)
of photoresistors. A number of ways have been proposed to dx kT dx X=+0

increase the photoelectric gain of photoresistors, in particu- - . .
. . ; ; Assigning the coordinate dependence of the photocarrier
lar, the creation along an ohmic contact of an abrupt isotypic .
. ' 46 . X concentration from Eqg1)—(4), we calculate the photoelec-
homo- or heterojunctiofi;® and layered-nonuniform doping . . : . s
tric gain of a variband photoresist@equal, by definition, to

of semiconductoré?® In the present paper we give a theoreti- . S
I ; ) . _the number of electrons flowing through the outer circuit per
cal proof of the possibility of increasing the photoelectric
absorbed photgn

gain as a result of nonmonotonic coordinate variation in the

width of the band gafk, . (tn+pp)|Eyl [
Let us consider a simple model of a variband photore- G= T adg _dAIO(X)dX
sistor with n-type conductivity, in whichEgy(x) decreases o
linearly as one goes from the contacis<(*=d) toward the 20E] ol fy f,
center of the photoresistox € 0), whereEy(—d)=Egy(d). = Go X{d+25 1- E) - Z_fJ ; 5

The coordinate distribution of the concentration of excess

holes Ap and electronsAn (An=~Ap), established in an where
illuminated photoresistor when an external electric field — —
(E,.,0,0) is applied to it, is described by the equatiiis d=d/L,, E=eBdLy/2kT, &=Ly|VEy2KT,

dAp 1 dE,[| dAp Ap 9 fo=(ar—a)(kja;—kjas)—(as—aj)(kia,—kya,),
R — i p— —_— = — — , 1
dx* kT ] dx dx L;Z) LIZJ @ f1=ajay(a;— ) (ki —ky) — @jag(ag— az) (k1 — k),
where the “+” and “ —" signs pertain, respectively, to the fo=(az—aj)(a;— as)(kika+kiks) + (a3 —ai)(a;— ay)

regions—d=x<0 and 0<x=d, L, is the diffusion length
of the holes,r is the lifetime of the nonequilibrium charge
carriers (, like L,, is assumed to be independent of the, _ — [ a2 A e 2.1
coordinatg, g is the photocarrier generation function, which K= B+ 6 V(BT L, k=B V(E=8)™H1,
for simplicity we assume to be constant over the sampis, —exo — k. d). ' —exo k! d)

the temperaturee is the magnitude of the charge of the *12 Ak, a1, Rk ).

><(k1k'1+ kzké)_Z(al_ az)(ai—aé),

electron, andk is the Boltzmann constant. Equatiofis, as By virtue of the symmetry of the considered photoresis-
written, assume that the photocarrier concentration is muctors, it is sufficient to analyze the properties of the photoelec-
lower than the equilibrium electron concentration. tric gain for one direction of the electric current; for con-
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FIG. 1. Field dependence of the photoelectric gain of variliaotid lineg
and homogeneou&ashed linesphotoresistors. Normalized length=1;
for the parametes equal to 5(1), 7 (2), and 10(3).

creteness we assume thae 0. It follows from Eq.(5) that
for E< 6 the photoelectric gain is proportional to the applied
voltage, and fors>1, d ™!

2E . — —
G=¥G0 {d—46° exp(—268d)]. (6)

FIG. 2. Maximum value of the photoelectric gain of variband photoresistors
In contrast to homogeneous photoresistors, in which th@lotted vs gradient of the width of the band gap and vs the intercontact
dependenceG(E) is linear only in weak electric fields ginséagng:ug':focg'(cl‘;"a‘ltg(r‘zs)"";enrg fl‘g)(g.eq“a' 10 0.52),1(2), and 23,
(E<1), in variband photoresistors with large gradients of
Eq(6>1, d™1) the linear segment dB(E) is substantially
longer; here, because the second term in @.is small,  fectively counteract photocarrier diffusiofly Eq| must be
the slope of the field dependence of the photoelectric gaifhcreased asl is decreased. Comparing the diffusion and
is inversely proportional tal and essentially independent drift times in a quasi-electric field for a given distardgt is
of 6. - easy to show that in the case of thin samples wlithl the
For the case of strong electric fielés>5,d™*, we can  varibandedness of the photoresistor has a marked effect on
obtain the following expression for the photoelectric gainits photosensitivityincreasing it by a factor of 2 or more at

accurate to terms of the order ofE: low biases if the conditions > d~! is satisfied. Note that
1 d\ s this inequality, in combination with the inequality>2d/3,
G=Gg1+|5— 5= . (7)  determines the region of values dWVEg| for which
2 35 Gmax> Gg\ax.

It follows from this expression that in strong electric fields For a fixed value of VE,4| the dependenc&™{(d) is

G(E) asymptotically approache§('™, decreasing with nonmonotonic(Fig. 2b. At first, growth of d leads to a

growth of E for §>2d/3. This means that the field depen- growth of G™ due to an increase afy; as a result of an

dence of the photoelectric gain can have a nonmonotoniticrease in the characteristic time of diffusion—drift of the

character with maximum valu8™ in excess of the maxi- photocarriers toward the contacts. In the limit a% ap-

mum value of the photoelectric gain of homogeneous photoproaches  the bulk lifetime 7, the dependence

resistorsG®*. Calculations based on E€f) show that with ~ G®(d) ~ 7(d)/7=(d) is determined mainly by the transit

growth of & the coefficientG™® increases while the position time of the photocarriers in _an external electric field

of the maximum ofG(E) shifts toward higher fieldéFigs. 1~ 7== 7d/E; i.e., G™® decreases a$ increases.

and 2a. In conclusion, we will estimate the effect of varibanded-
The enhancement of the photosensitivity of the considhess on the photoelectric gain of a photoresistor fabricated

ered variband photoresistors in comparison with homogefrom epitaxial layers of CdHgTe with-type conductivity. If

neous photoresistors is due to the presence in the former ofe assumer=77 K andd=L,=17um (Refs. 5 and §

an internal quasi-electric fiefwhich pulls the photocarriers then for Ey=0.1 eV andEy(d)=0.3 eV (which corre-

back toward the center of the variband structure, therebgponds toé=15) the maximum value of the photoelectric

blocking their diffusional and also their drifin an external gain that can be attained f&,=90 V/cm is 20 times greater

electric field displacements toward the ohmic contacts. Dif-than for the case of homogeneous samples.

fusive movement of the photocarriers toward the contacts,

which leads to a lower;, grows as the distance between 1 | Williams, Infrared Phys8, 337 (1968.

the contacts decreases, especiallyderl. Therefore, to ef-  2C. B. Burgett and R. L. Williams, Infrared Phy%3, 61 (1972.
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The electrical characteristics and the photovoltage onpPesi—p-Si diode structures with a
disorderedporous p° layer of Si have been measured. The current-transfer mechanism is assumed
to be double injection of electrons and holes into fdayer. In a hydrogen atmosphere,

the photovoltage increases by a factor of 20 and the reverse current falls by a factor of 3—4. The
increase of the photovoltage is associated with the growth of @®8i-Schottky barrier,

while the decrease of the dark current is attributable to the variation in the amount of injected
electrons. The relaxation of the photovoltage after turning off thdlédv has two time

intervals, with lengths of about 130 and 420 sec. It is shown that these features of the relaxation
are associated with heterogeneity of the structure opthiayer, which includes unanodized

sections and porous sections. These regions of the structure each contain their own set of deep
traps and recombination centers. This set of traps and recombination centers can vary as a
result of the introduction of hydrogen which creates induced “temporary” deep levelsl9&Y
American Institute of Physic§S1063-7827)02112-9

Many papers have recently been devoted to porous silidifficult to determine. This operation was carried out by
con and diode structures based on it, including the technodeposition in a 10° Torr vacuum, and the palladium layer
ogy of obtaining them, studies of their microstructure, theirwas about 400 A thick.
physical and chemical properties, and especially the study of The |-V characteristic, the voltage-capacitance charac-
their photo- and electroluminescence. A review of a numbeteristic, and the photocurrent of the test samples were mea-
of papers dealing with these topics, with corresponding citasured, and the effect of the pulsed action of hydrogen on the
tions, is given in Ref. 1. At the same time, it should bedark current and the photovoltage was studied.
pointed out that data on the electrical and photoelectric char-
acteristics of diode structures based on porous silicon are
rather sparse and consist of short remarks or subsidiary frag- ResuLTS OF THE MEASUREMENTS AND DISCUSSION
ments in papers on photo- or electroluminescence. The
samples of porous silicon that are usually obtained by elec- Figure 1 shows characteristic 1-V curves of the test
trochemical etching with different variations essentially re-structures with forward € on the p-Si) and reverse bias.
sult in the creation of disordered layers on the substrate—ahe forward current varies with voltage as< V2, and the
bulk Si crystal. The composition of these layers, their mor-reverse current varies asx V13 Based on the capacitance
phology, and their other properties depend on the etchingneasurement, the computed thickness of the disordered layer
regime and on the properties of the substrate. was about 1um. It follows from the measured I-V charac-
In this paper we present some results of experimentaleristics that the Schottky-barrier contact does not play a de-
studies of the electrical and photoelectric properties of Pd-eisive role in the mechanism for the current transport through
p°-Si—p-Si diode structures, with an intermediate disorderedhe diode structure with forward bias and has a substantial
p° silicon layer, and their variation in a hydrogen atmo- effect with reverse polarity. The main contribution to the
sphere. current-conduction mechanism with forward bias, in our
opinion, comes from double injection of holes from the
region of the substrate and of electrons from the palladium
contact into the disordered porous layepSfSi. The depen-

1. EXPERIMENTAL SAMPLES dence of the forward current on voltage found above is cor-
rect, provided that the hole and electron diffusion-

The diode structures and disordered layers were basedisplacement length,, , is less than the thicknes# of the
on p-Si with p=10-cm and orientatiorf100). Single crys-  p°-Si layer. As a result, we find thdt, ,<1um. An ap-
tals (the substratewith a thickness of about 50@m before  proximate estimate of the averaged mobility at high injection
electrochemical etching were cleaned chemically, rinsed, anigvels, when the effect of the traps may be neglected, from
dried. Ohmic contacts were created on the back side of theéhe relation for the current density
substrate by depositing a thin film of Al. Electrochemical _
etching was done in an HF solution with a current density of J(Aem?)=10 13\/2'“98/\/\/3
25 mA/cnt and a duration of 5 min. Palladium was depos-with V=1 V, ¢=10, andW=1um, gives a value ofu,
ited on the resulting disordered layers, whose porosity was=0.6 cnf/(V-9), i.e., a very low value.
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FIG. 3. Relaxation of the reverse current of a BB-Si—p-Si structure after
the H, flow is switched off (72— 15).

FIG. 1. The I-V characteristics of a PA%-Si—p-Si structure with a disor-
deredp® layer: 1—forward branch(+ on thep-Si), 2—reverse branch. ] . )
tures with a disordere@orous layer, two sections are ob-

served in the relaxation: The firg¥ig. 2, section) lies in the

The role of the palladium barrier contact is decisive 50 to 180-s time interval, and approximately coincides with
when the photovo|tage or the photocurr@mﬁh no biag is the relaxation time on Pd—Sj&h-Si Structure§,whereas the
studied. In Ref. 2, we studied the electrical and photoelectrigecond(section 1) covers the 180 to 600-s interval. The
properties of Pd—Si©-p(n)-Si structures and their variation Minimum value of the photovoltage/py", in the second
in a hydrogen atmosphere. We established that the photovolitterval is a factor of 5 lower than the starting value\,
age increases by almost two orders of magnitude in strudbefore the H flow is started and reaches the latter at the
tures based op-Si under the pulsed action of aflow. We  end of the observed time interval. It is characteristic that the
associated this increase with an increase in the height of tH@tal variation(decreasgof the forward dark current is 10—
Schottky barrier. A similar increase in the photovoltage was20%, with a relaxation time of about 180 s, while the reverse
observed in the diode structures which we studi€ig. 2), current decreases by a factor of 3—4, with a relaxation time
although it was smaller in magnitude: the photosignal in-0f about 13 min(Fig. 3). We should point out that the in-
creases by a factor of about 20. It is obvious that the cause éfease of the photovoltage and the decrease of the dark cur-
this increase is the same as in diodes with an ordered singléent when the pulsed Hs started is virtually inertialess. We
crystal substrate gb-Si. A difference is observed, however, have already pointed out in Ref. 2 that the photoresponse
in the relaxation mechanism of the photovoltage photo- ~ relaxation time in the 50 to 180-s interval is associated with
curren) after the pulse of K flow is switched off. In struc-  the effect of traps initiated by hydrogen diffusion. The pres-
ence of a disordered Si layer, which is mainly associated
with the formation of voids, introduces additional centers
that are deeper and with a greater concentration.

In our opinion, the common generation mechanism of
the photovoltage and the photocurrent and their variation un-
der the influence of hydrogen can be represented as follows:
As can be seen from certain studfésa disordered silicon
layer can have a heterogeneous structure. Sugiyama and
Nittono® detected acicular unanodized sections directed per-
pendicular to the surface layer, as well as a disorderly distri-
bution of voids. The structure of the disordered porous layer
includes, as is assumed in Ref. 5, a layer of large, longitudi-
nal voids (about 0.5um in diameter perpendicular to the
surface and nanostructured layers. It is further assumed that

min the voids are almost completely filled with hydrogen during
I st anodization, with clusters being formed in the Si with H of
- ___Vph various compositions of the componeftEhe hydrogen at-
_— :
T 1 1 1 oms chemisorbed on the porous surfaces produce strong lat-
24 J6 46 60 tice distortions.
t, 10%s In view of these physicochemical and technological data,

we assume that the spectra of the trapping and recombination
FIG. 2. Variation of the photovoltage of a Pp%-Si—p-Si structure under

; . . levels in the depletion layers of the Schottky barrier will
the pulsed action of a hydrogen flow. I—relaxation region of the photovolt- " . . . . .
age after switching off the Hflow; I—relaxation region to the original  differ substantially in the void region and the unanodized

value. lllumination with monochromatic light with=1.05.m. region. The photocurrent of a Schottky diode, as is well
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known, is determined by the sum of two main components,should be assumed to be the variation of the lifetime of the
Lot 1) photocarriers, which is associated with their trapping and
ph—1d™ Tb recombination at deep levels induced by diffusing hydrogen

where the currenty of the depletion region is atoms. Before théi, is started, the lifetimes in both regions

of the barrier can be represented, in general, as

la=aTM)FM[1~exp(—aWy)], @) 1/7=3;1/r;, wherer, is the lifetime corresponding to the
and the current of the base region, provided that its thicknes¢h recombination level. The number of levels and their en-
is greater than the diffusion length,, is ergy position in the band gap can be different. It is natural
that each level will have a different role in recombination.
b= aF(M)aly T(N)exp(—aW,). (3)  After the H, is started, new levels are induced in both re-
(aly+1) gions because of lattice distortions that are no longer caused

Here T(\) is the transmittance of the Pd fil()) is the ~ ONly by chemisorbed hydrogen atoms but also by hydrogen
incident photon flux densityg is the absorption coefficient, atoms that are diffused from outside; when this occurs, it is

andW; is the thickness of the depletion layer. possible to form Si—H clusters, Si—O bonds, etc. In this

Equations(2) and (3) are valid if the intermediate states C2S€, We can write
and the oxide layers are ignored. In the depletion layer, the
set of trapping levels, including defect states, will obviously 1/722 1/Ti+2 1, ®)
be substantially less in the unanodized sections than in the .
porous sections, which have a high density of defects an#where the second sum includes the lifetimes associated with
chemical impurities associated with the chemisorption of hythe newly created levels. In contrast with the first sum, the
drogen. In this connection, the mobility of the current carri-7; components contribute te only at the time that these
ers and their lifetime will be greater in the first region than inlevels exist. After the pulse of Hflow is turned off, the
the second, and consequenitly,>L .. The rough estimate clusters decay, the lattice distortions decrease, and hydrogen
of the mobility made above probably reflects the averaged@toms are given off in one form or another, including in the
value over the entire disordered layer. form of some compounds. The differential resistance given
The variation of the photovoltage of the structure and itsby EQ. (4), with allowance for the “permanent” and “tem-
complete relaxatior{Fig. 2) under the action of a pulse of porary” deep centers, can be written as
H, flow is determined by the contribution of the two indi-
cated regions and probably occurs as follows: When the H RoS=2/qn;W; 2 UtanhO'iNi-i-z Viant@jNj | (6)
starts, the barrier height increases in both regions, and the : !
photovoltage consequently increases because the dark thevhere vy, oy, andN;; are the thermal velocity of the
moelectron current and the generation—recombination curearriers, their capture cross section, and the density of re-
rent are reduced. The value of the photovoltage is given bgombination centers, respectively.
Vor=1prRo, WhereRy is the differential resistance at zero The dynamics of the relaxation process of the photovolt-
bias. In the structures studied here, the first region evidentlgge under the action of the pulse of the hydrogen flow is
makes the main contribution 4y, since its photocurrents, represented as follows: At the time that the pulse of the H
according to Eqs(2) and (3), are larger. Moreover, for the flow acts, hydrogen atoms diffuse in both regions, unanod-
generation—recombination current, ized and porous, which induces the appearance of new,
_ . “temporary” deep levels. Upon removal of Hthe photo-
RoS=2m/qn: Wy, @ voltage relaxes. The relaxation is determined by trapping and
where S is the active area of the structure angdis the recombination processes at the new levels. The decrease of
intrinsic carrier concentration in the Si. It is natural to as-the photoresponse is caused by the decrease of the photocur-
sume that the recombination lifetime in the depletion re- rent, because of active trapping of minority carri¢etec-
gion W, is greater in the first region than in the second; i.e.trong at the new levels, and by reduction of the differential
R{)>Rg. The relaxation decay of the photovoltage afterresistance, according to E¢).
switching off the pulse of K flow reflects this inequality of In the 50 to 180-sec interval, the process is determined
the contributions to the photocurrent or photovoltage frompredominantly by the unanodized region of the structure and
the two regions of the diode structure. The photovoltage deis approximately exponential with time. The relaxation for
cay in the 50 to 180-s time interval is caused mainly by thet>180 sec is already determined by the deep centers in the
contribution of the first region, while the longer-term relax- porous region, from which the probability of liberation of
ation is predominantly an effect of the second region. trapped electronsy=voexp(—E;/kT), is substantially less
Analytically, the photovoltage decay in the first section (v, is the burst frequengy As a result, a region with
as a function of time can be approximately reppresented byph<V§th appears on the relaxation curve. Annihilation of the
Vpn « exp(—t), whereas the photovoltage rise in the secondemporary deep levels in this region at a rate of atmyit

section fromvp”‘,in to the initial value (before starting the returns the photovoltage to its starting value.
H,) is approximated by the dependendg, = (a;+ast), In view of this explanation, we see more clearly why

with a coefficienta,=0.03 uV/s. The main cause of the hydrogen affects the forward and reverse branches of the I-V
relaxation variation of the photovoltage in the two regions ofcurve, as mentioned earlier. With forward bias, the action of
the barrier, i.e., in the unanodized and the porous regionshe H, is less appreciable, because the main component of

13 Semiconductors 31 (1), January 1997 Slobodchikov et al. 13



the disordered layer, with the acicular formations mentioned

above. A relatively small decrease of the photocurrent at low

fields is subsequently replaced by a sudden dropoff. Such a

photocurrent variation can be attributed to a decrease of the

photocarrier collection factor at the Schottky barrier, because

L, decreases when the electrons are deflected at the needles

toward the void walls, where intense trapping and recombi-

nation occur.

; 1;7 1'5 The measurements of the electrical and photoelectric

#l, kOe characteristics of diode structures with a disordered interme-
diate layer showed that both the dark-current transmission

FIG. 4. Photocurrent of a Pg%-Si—p-Si structure vs magnetic field; Mechanism and the variation of the photovoltagkotocur-

— Al =151, andl g, is the photocurrent in a magnetic fietl reny are determined by two regions of the structure, the
unanodized and the porous regions, with each of them hav-
ing its own set of deep traps and recombination centers,

the current through the structure is the hole curigntand ~ Which can vary under the action of hydrogen, creating in-

decreasing the electron current in th&region by trapping ~duced temporary deep levels.

them on hydrogen-induced deep levels changes only slightly

the total .dPUb.le_mJeCtpr.] currerit=1p+1,. With reverse 1B. Hamilton, Semicond. Sci. Techndl0, 1187(1995.

bias, the injection coefficients atg/(I,+1,) # 1 for holes  2g G Kovalevskaya, M. M. Mamedov, E. V. Russu, Kh. M. Salikhov, and

andl,/(1,+1,) # 1 for electrons; the electron current can s. V. Slobodchikov, Zh. Tekh. Fi3, No. 2, 185(1993 [Tech. Phys38,

exceed the hole current, and the variation of the total current 149 (19931 ,

in an H, atmosphere is more significant, with the relaxation ;8%'(%330.'6"’ F. Ozanam, and J-N. Chazalviel, Appl. Phys. L.

time being equal to 12—13 min, which is comparable to the+y sygiyama and O. Nittono, J. Cryst. Growtb3 156 (1990.

corresponding relaxation time of the photovoltage. 5F. Kozlowski and W. Lang, J. Appl. Phyg2, 5401(1992.

The effect of a magnetic field on the photocurrent was °T- o, T. Yasumatsu, H. Watabe, and A. Hiraki, Jpn. J. Appl. Piags.

checked(Fig. 4). The variation of the photocurrent in this 1201 (1990.

case is probably also evidence in favor of heterogeneity ofranslated by W. J. Manthey
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Influence of mismatch of the lattice parameters on the structural, optical, and transport
properties of InGaAs layers grown by molecular beam epitaxy on InP(100)
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A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted January 31, 1996; accepted for publication February 5) 1996
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The influence of mismatch stress on the structural, optical, and transport properties of thick
InGaAs layers grown on INR00 substrates by molecular-beam epitaxy is investigated. It is found
that layers having tensile stress can be grown with a greater mismatch than compressively
stressed layers before plastic relaxation sets in. The critical mismatch for thick InGaAs layers is
not described with sufficient accuracy by either the mechanical equilibrium model or the
energy balance model. The range of mismatches required to obtain high carrier mobilities and
high radiative recombination efficiencies in InGaAs layers grown on InP substrates is

much narrower than the pseudomorphic growth range. The maximum mobilities and minimum
widths of the photoluminescence peak are attained in layers matched with the substrate

in terms of the lattice parameter and also in slightly gallium-enriched layers. The compositional
dependence of the width of the band gap is investigated with allowance for the influence

of stress. ©1997 American Institute of Physids$51063-782607)00501-2

The electronic properties of |&a, _,As solid solutions  port investigations were lightly doped with Si at a concen-
grown epitaxially on InP substrates make them well suitedrationn~1x 10'® cm™3, which is typical of the doping lev-
for applications in numerous optoelectronic and microelecels used in HBT collectors.
tronic device structures such as, for example, laser diodes The composition was determined from the flux ratios
operating at a wavelength of about JuBn, transistors hav- [In]/[Gal and was then refined by two-crystal x-ray diffrac-
ing a high electron mobility, and heterostructure bipolar trantion. The mismatclAx=x,— X, (Wherex,, is the true mole
sistors(HBTS). fraction of InAs in the solid mixture, and, is the mole

In the event of a mismatch between the lattices of thdraction of InAs corresponding to matched lattice parameters
epitaxial layer and the substrate, the resulting stress can ki the epitaxial layer and the substratgas varied in the
accommodated elastically if the thickness of the layer doesterval from—7% to+7%. A TRS-1 x-ray diffractometer, a
not exceed a certain critical value.. The thickness of Ge&001) monochromator, and the Cul emission line
InGaAs layers designed for device applications should not1.5405 A were used. The photoluminescence was investi-
exceedh., otherwise misfit dislocations, accompanied bygated at 77 K, the excitation source was a He—Ne |&ls86
severe degradation of both the optical and the electrical chaeV) with a pump power density of 20 W/dnand a cooled
acteristics, will form. Relatively thickseveral tens of mi- Ge photodiode was used for detection. The electron mobility
crometery layers are used in certain applications such asvas determined from Hall measurements by the van der
collectors and HBTSs, imposing stringent limitations on thePauw method at 77 K and 300 K, and a unit Hall coefficient
range of accessible deviation from a lattice-matched configuwas assumed.
ration. In this article we investigate the influence of mis- The usual measure of the crystal perfection of layers is
match on the structural, optical, and transport properties ofhe width of the layer diffraction peakFigure 1 shows the
thick InGaAs layers grown on IRR00) by molecular-beam width A 6 of the diffraction peak of the epitaxial lay¢d04
epitaxy (MBE). reflection as a function of the mismatchx. Clearly, A6

The InGaAs layers were grown by MBE in a Riber 32P falls between the limits 20—580n the interval ofAx from

apparatus with a solid-state Asource on semiinsulating —3.7% to+2.2%[which corresponds to a mismatch of the
InP:Fe substrates oriented in tfi#00 plane without any InGaAs and InP lattice constantsd/d=(dingaas™ Ainp)/
kind of buffer layer. The temperature of the substrate duringl, —,p=(—2.5-1.5)X 10" ]. ValuesA #=20" are typical of
growth was measured with an IRCON V-series pyrometeinGaAs layers prepared by MBE on InP, taking into account
and was set at 500—-510 °C; the ratio of the fluxes of group-\Mthe relatively small thicknesses of the investigated layers
and group-lll elements was-20. The thickness of the (<1 um).
InGaAs layers was 0.&«m, and the growth rate was 0.4 When the absolute value of the mismatch becomes
pum/h. The In and Gas fluxes were precalibrated from thehigher than 3.7% for expansion and 2.2% for compression,
intensity oscillations of a reflected beam of fast electronsA # exhibits a sudden jump to several hundred seconds of
during the growth of GaAs and |Ga _,As (x<0.3) on arc. This is accompanied by the disappearance of interfer-
GaAg100 and were monitored according to the reading ofence fringes in the x-ray rocking curves. Interference fringes
an ion detector. The samples allocated for optical and trangPendellgung fringes in a Bragg reflection geometry are
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FIG. 1. Width of the diffraction peak of the epitaxial layer on the x-ray
rocking curves near th€004) reflection for InGaAs layers of thickness
~0.8um on INR100 vs mismatch of the lattice constants. The arrows

earlier study: where it was found that coherent growth is
sustained up tax,=3% for INnGaAsP layersh(=1 um on
InP.

Settingh=0.8um for the case in question, we obtain the
absolute values\x.=0.5% and 7% according to the me-
chanical equilibrium and energy balance models, respec-
tively. Consequently, the mechanical equilibrium model
yields too low a value, and the energy balance model yields
too high a value for the critical mismatch in the case of thick
(>1000 A layers. The discrepancy is probably attributable
to the fact that the mechanical equilibrium model defines
h. as the thickness of a stressed film, for which existing
threading dislocations can already begin to move, forming
interface misfit dislocation lines. The energy balance model,
on the other hand, is based on the assumption that the grow
ing film starts out free of dislocations. The true situation is
obviously intermediate between the two models.

From the data in Fig. 1 we note that the absolute value of
the critical mismatch for tensile stresaX,,<<0) is higher

indicate the endpoints of the pseudomorphic growth intefedtical mis-

s than the corresponding value for compressive stress
match.

(Ax;,>0). The difference is~1.5%, which corresponds to
Ad/d=1x10"2 and is much greater than the experimental
error. We assume that the given effect can be attributed to
predicted by dynamic diffraction theory for perfect crystalsthe difference in the thermal expansion coefficients of the
as a consequence of interference of the wave fields created gpitaxial layer and the substrate.
the input and back surfaces of the crygtdlheir disappear- The epitaxial layer has been determined experimentally
ance signifies a departure from parallelism between the sufer the system InGaAsP/InPlt was found that the variation
face of the epitaxial layer and the epitaxial layer/substratef the lattice mismatch as the temperature is varied from
interface as a result of the onset of misfit dislocations. MisfitT, to T, is well described by the equation
dislocations partially relieve stress, producing the observed
deviation of the value ok, determined from the theory of
elasticity on the assumption of pseudomorphic growth from
the corresponding value determined from the flux rgid/
[Gal. . . .
Two models have been proposed to predict the criti—ln the case of InGaAs/InP the differencen is approxi-

) : . ~“mately equal to k10 ® K1 Setting T,=20°C and
cal thickness for pseudomorphic growth:rhechanical equi- - o : i
librium.2 according to which T,=505°C (T, is the growth temperaturewe obtain the

variation of the lattice mismatch 5x 10~ 4. This is equiva-

Ad

d

Ad

(T2)= 5 (T) +Aa(T,—Ty). 4

h/b 1-1/4v 1 inth-/b)+ 1 ! lent to a~0.7% change of composition toward enrichment
/b= 2@+ ) | adra)N(he/B)+ 1], @ with Ga.
" Consequently, layers having an excésgher thanxg)
and the energy balance model content of In at room temperature are subjected to higher
1-» 1 b 1 \2 stress at the growth temperature. Proceeding from this
he/b=7—"+ 1672 | G || Ad7d In(he/b) |, (2)  model, we infer that the difference between the critical mis-

matches in tension and compression~i9.7%, which is
close to the value obtained experimentally.

It is customarily assumed that the electrical and optical
properties do not suffer any appreciable degradation as long
9= q g as pseudomorphic growth is maintained. Figure 2 shows the

InP InP experimental dependence of the Hall mobility on the mis-
The energy balance model well describes the critical thickmatch for n-type layers nominally doped at thex10'®
ness for InGaAs/InP in the intervah,=100-1000 A cm 2 level. We see that the mobility depends strongly on the
(Ref. 5. mismatch at 77 K and has a maximum at

For thick layers it is convenient to introduce the critical |Ad/d|<1x10 3 (|Ax|<1.7%). The value at the maximum
mismatch Qx.), defined as the lattice mismatch at whichis ~1.9x10* cm?/(V-s). An appreciable reduction in the
plastic relaxation begins for a layer of thickngssWe can  mobility [to 1.2< 10* cn?/(V -9)] is observed in layers whose
therefore interpret the valuesx= —3.7% and 2.2% as cor- mismatch is close to, but not higher than the critical value
responding to the critical mismatch for InGaAs layers ofdetermined by x-ray diffraction. A similar effect occurs at
thicknesses 0.8um subjected to tensile or compressive room temperature. In both cases the maximum is observed to
stress, respectively. Similar results have been obtained in ashift slightly toward gallium-enriched compositions.

where b is the magnitude of the Burgers vectar,is the
Poisson ratio, and

E: dInGaAs_ dInP: dInAs_ dGaAs

)
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FIG. 4. Position of the photoluminescence peak at 77 K vs misn{atole
fraction of InA9g (dots. The solid line represents the compositional depen-
dence of the width of the band gap of InGaAs for the unstressed layer.

FIG. 2. Hall mobility at 77 K(graph1) and at 300 K(graph2) vs mismatch
for InGaAs layers doped with Si at concentratieri0'® cm™ 2.

The total intensity(graph 1) and half-maximum line-
width (graph?2) of photoluminescence at 77 K are shown in reflection, along with an increase in the number of crystal
Fig. 3 as functions of the mismatch. The photoluminescencé@efects. In compressive stress the height of the potential bar-
intensity has a large scatter, but on the whole correlates wefier for surface diffusion is not expected to increase. On the
with the mobility. The minimum linewidtt{15 me\) is also  other hand, it has been observed edtliar the deposition of
attained for small mismatche$Ax|<1.7%), corresponding InGaAs on GaAgthat the formation of In-enriched clusters
to the maximum mobility. This effect is quite pronounced, in compressively stressed layers tends to lower the photolu-
because it is observed despite the doping-induced broadenimginescence intensity, indicating that this cluster formation
of the line (the linewidth is 10 meV for undoped, matched process invioves the formation of defects. The increase in the
layers. photoluminescence linewidth with increasing mismgteiy.

The significant reduction in the mobility and the photo- 3) can also be attributed to increased cluster formation.
luminescence intensity in the layers with below-critical mis- ~ The published values of the width of the band gap of
match imposes more stringent limitations on the possiblédnGaAs matched with InP substrates in terms of the lattice
composition variations of thick InGaAs layers. It was ndted parameter reveal a large scatter. Reliable data at 77 K are
that tensile stress raises the potential barrier for surface difarticularly scarce. Figure 4 shows the experimental depen-
fusion and thereby lowers the migration rate of group Il dence of the position of the photoluminescence pé&ak)at
atoms. The result is increased roughness of the growing sur-7 K on the chemical composition of the solid mixture. The
face when observed by the diffraction of fast electrons byfollowing linear relation is well satisfied over the entire

pseudomorphic growth rang& k= —3.7-2.2%:
Ep [ MmeV]=796—3.36AX, (5)

,J (d"f;" 9 iy " " where Ax is expressed in molar percent. The weaker com-
/B 0 2w . 410 positional dependence of the gap width relative to unstressed
\ . o' ' / 124 InGaAs layers {10.5 meV/%,; Ref. ®is a consequence of
mﬁ’ \ / 422 the displacement of the edges of the bands under the influ-
:‘:’:. - \\2 l’ 1 2 ence of stress. Calculatioffsshow that this displacement
3ok \ / 2 _E. partially offsets the variation of the band gap with composi-
'g \ ,"\‘ ! B 3 tion and is approximately equal to 1Ad@/d in tension and
= | .\\ la [/ 1 8 to 4.380d/d in compression. When both factors are taken
= 5k \ ,’ \ / atd § into account, the rates of change of the gap width with com-
S i ° c)l8 \l<8 1 3 position are determined by the coefficiert2.5 meV/% and
S 1_0” N\ /N 16 < — 7.4 meV/%, respectively. The dependence obtained by us
O~~~ % . is in good agreement with calculations for tensile stress up to
PR TS NI DOUN I O B § critical mismatch. To the best of our knowledge, this effect
-4 4 "'x.’*’g»% 4 was first demonstrated with thick InGaAs layers at-liquid-

FIG. 3. Total intensitygraphl) and linewidth(graph?2) of photolumines-

helium temperatures.
We have thus investigated the influence of mismatch of

cence at 77 K vs mismatch for InGaAs layers doped with Si at concentratiofn€ lattice parameters of an epitaxial layer and a substrate on

~10% cm 3.
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Carrier accumulation and strong electrode sheath fields in illuminated, high-resistivity
MISIM structures

INTRODUCTION

MSM structures under various experimental conditi@res,
various illumination intensities and applied voltagead for

B. I. Reznikov and G. V. Tsarenkov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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The influence of the tunnel transmissivity, , of an insulation layer on the electric field

distribution and the current—intensify-I; relation in a pure, highly biased, high-resistivity
metal—insulator—semiconductor—insulator—-mébISIM ) structure is investigated

theoretically. It is shown that &E, , decreases, carriers accumulate near the oppositely polarized
electrodes, and their density rises sharply in layers having a thickness of the order of

I, = kT/eE, (E.=V/d). The domain of parameters is determined. In this domian the accumulation
effects are so strong as to increase the near-electrode fields appreciably, to the extent that
they significantly exceed the mean field. The dependence of the current on the transmissivity is
determined by the height of the Schottky barrier. In moderate fields, if the photocurrent is

much higher than the dark current, the current density increases slightly with decréaging
tending to the maximum valuel; . In strong fields the current rises sharply as a result of

carrier injection across the lowered potential barrier. 1@97 American Institute of Physics.
[S1063-78267)00601-1

various bulk parameters of the semiconductdeep-level

impurity concentration and impurity energy levéave been

investigated in several papérs. The inclusion of insulating

layers between the semiconductor and the metal imparts new

significance to several surface parameters such as the barrierSTATEMENT OF THE PROBLEM
heighteg, between the semiconductor and the metal and the

tunnel transmissivityl, ;, of the insulator film. The influence
of g, ON the field distribution in the cathode zone of the voltageV much higher than all barriers. Natural monochro-
illuminated structure at maximum carrier exchange rates ha@atic light (hwv=E,) is incident on the semitransparent an-
been studied previousf/For high-resistivity structures con- ode. Carrier transport in the semiconductor is analyzed on
taining a deep-level impurity it has been shdwimat to vary ~ the basis of the system of equations of continuity in the
¢gn and T, , by varying the filling factor of the deep impu- diffusion-drift approximation and the Poisson equatidfhe

rity level significantly influences the dark field distribution in insulating layers are characterized by the transmissivities
the interior(decompensation effect associated with thicken-Tn @ndT, (carrier tunneling probabilitigsso that the bound-
ary conditions at the semiconductor—insulator interfaces

The discovery that tunnel transmission influences thex=0 andx=d have the form(see, e.g., Refs. 1, 9, and)10

ing of the insulator film.

dark field distributions in the interior volume makes it nec-

essary to extend research to the case of illumination. The .
photoelectric effect in metal—insulator—semiconductor—  dn(0)= =V
insulator—metal (MISIM) structures with a tunnel-

. eV
no—n5 exp| — 17| | ~as(0),

transmissive insulator have been studied previously in Ref. 8

and in several other papetsHowever, these studies ad-

—_\yT _ ~€q —
dressed conventionally doped, low-resistivity semiconduc- Ap(0) Vpo[po Po exp( kT” ds(0),
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tors with low biases of the order of 1-2 V. The distribution
of the electric field in such structures is determined mainly
In metal-semiconductor-metdMSM) structures the by the doping and changes little under illumination.
rates of carrier exchange across the boundaries of the semi- The object of the present study is the influence of the
conductor is of the order of the thermal exchange rates and tsinnel transmissivity of the insulating layer between the
much greater than the carrier drift velocities in fields of thesemiconductor and metal on the electric field distribution in a
order of 1§ V/cm. Consequently, carriers do not accumulatehighly biased, high-resistivity MISIM structure and the inter-
in the electrode sheaths, and in pure crystals illuminated atependence of the current and the illumination intensity. To
moderate intensities the electric field does not undergo sudsolate transmissivity effects, we consider a semiconductor
den changes at the interfaces. The specific characteristics without deep-level impurities, so that the volume recombina-
the photoelectric effect in highly biased, high-resistivity tion and charge exchange of traps are excluded from the
model. Our investigation is therefore a generalization of Ref.
1 to the case of arbitrary boundary transmissivities.

We consider an MISIM structure, to which we apply a



an/(d) =V +qg(d),

eq evi
na—ng’ exp T
2
i 2

eV
ap(d) ZVZd[ Pa— PG eXP( T

Here  V]=T.V,, Vi=ToV,, V,=A*T?/eN,, 7.0
Vo=A;T?/eN,, A} and A; are the effective Richardson
constants, anc\J/i0 and Vf’ are the voltage drops across the g
films at the contacts=0 andx=d. The recombination flux 0.9
at the boundaries is written for the model of a single surface

level.

The exponential factors in condition4) take into ac- 0.8
count the variations of the barriers on the metal side as a
result of the voltage drop¥? and VY across the insulator
films. We assume here that the latter are sufficiently thin, so 0.7
thateV,/kT<1. For fields of the order of £8-10* V/cm the
correction to the equilibrium concentrations does not exceed g, g . , . , \

10% if the layer thickness is bounded by the values 25-250 0 0.2 0.4 0.6 0.8 1.0
A. Consequently, the boundary fluxé$) practically coin- X
cide with the expressions discussed in Refadditional al-
lowance is made for surface recombinajiobut the emis- FIG. 1. Influence of tﬂe tunnel transmissivity of the boundaries on the dark
sion ratesv; andV can vary over wide ranges, since they electric field profiesE=E/E;,E.=V/d. 1) T=1; 2) 104 3) 10°% 4)
. S . 2 1073 5) 105,
are proportional to the transmissivities of the insulating
layers.

The tunnel transmissivitie§, and T, depend exponen-

tially on a function that contains the layer thicknegsthe

+0s(d).

value g% as the transmissivity decreases. The current—
voltage (I-V) characteristic for various values of the trans-
) ¢ . : missivity is shown in Fig. 3. In the transmissivity range
tunneling massn, , the barrier height for tunnelin@, .,  1_1072 the current decreases relatively little, but with a fur-
and the voltage drop across the lajér(see, e.g., Refs. 9, her reduction in the transmissivity t€T) graph becomes
1_1, and _1?_ In lieu of re_llable information on these quanti- ,ore pronounced in the high-voltage range, of the order of
ties, we ignore the details of the dependencgpandT, on  geyeral hundred volts. At high voltages the current tends to
the film characteristics and use the transmissivity as an inpuj, asymptotic value, which depends on the transmissivity,
parameter independent uf . reaching the asymptote at lower voltages as the transmissiv-
ity decreases.

2.2. The hole distributionP(X) and the electric field

2.1. We investigate a high-resistivity structure of width distribution E(X) in the dark case have been analyzed theo-
d=0.3 cm with an effective density of acceptors per unitretically in Ref. 7[see Eqs(2), (4), (5), and(15) thereir,
volumeN,=10° cm™3. The height of the barrier between the where it is shown that the expressions derived in Ref. 1 for
semiconductor and the metal is taken todag,=1 V. This  the boundary values of the carrier densities are also valid for
corresponds to the case in which the equilibrium hole densityrbitrary transmissivity. The graphs d(x), P(x), and
p®9 at the semiconductor boundaries is much higher than(T) obtained under the conditiop®®>N, (Figs. 1-3 are
Na,n;i, andn®9. The voltage applied to the structure is varied explained by a decrease in the hole fluxes from the metal and
betwea 1V and 6000 V. All other parameters have the samehe space charge in the interior. A decrease in the transmis-
values as in Ref. 1. The transmissivities are varied in th&ivity of the insulating layer causes carriers to accumulate
rangeT,=T,=1-10". _ around the electrodes of opposite polarity. It is also the prin-
__ Figure 1 shows the electric field distributiors(X)
(E=E/Ee, Eg=V/d, X=x/d) at various transmissivities.

The graph ofE(X) is almost linear and, as the transmissivity 200k
decreases, tends to a near-uniform distribufi@{X)~1] \
with a small negative slope. The density of holes in the in- Q >
[ 3
4

2. DARK CURRENT

terior decreases in this case, and their distribution becomes 100
almost uniform (Fig. 2). Holes accumulate in a narrow

boundary layer of thicknes8™ =10%d near the cathode, and

the densitypy increases, tending to the valueg@. The

behavior of the electrons is analogous to the hole behavior to L 1 1 ~ +

within polarity. The density of electrons in the interior is ) X ) ’

much lower than the hole density and decays therein as the

transmissivity decreases. The distributinfX) makes a sud- FiG. 2. Influence of tunnel transmissivity of the boundaries on the dark hole
den jump in the diffusion layer near the anode, tending to therofiles,P=p/N,. 1) T=1;2) 10°%; 3) 1072, 4) 10°3.
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FIG. 3. Zero-illumination -V characteristic for various tunnel transmissivi-
ties.1) T=1;2) 10 % 3) 103, FIG. 4. Distribution of the electron density=n/N, in the vicinity of the

anode for various tunnel transmissivities of the insulating layef.=1; 2)
107%3)10°% 4) 1073, 5) 1074, 6) 10°% 7) 107, 8) 1077,

cipal effect in the case of photoproduction. However, since
the density of photocarriers near the contacts can be much |, 4 layer having an approximate thicknass! next to
_h|ghgr than their dark values, this phen(_)menon can producgme anode the hole densiB(X) = p(x)/N, increases and is
in Fhm sheaths arqund the_electrodes, h_|gh.space charge defuch lower tharN(X) (see the inset to Fig.)4This is as-
sities capable of influencing the electric fields themselvesggciated with the applied bias and the influence of surface
The quantitative aspects of the phenomenon are investigatgdcombination, where the distribution & near the anode
in Sec. 3. and the value oP, depend weakly on the transmissivity of
the boundaries. The variation of the hole density takes place
in a thinner layer, because of the lower diffusion coefficient.
3. PHOTOELECTRIC EFFECT: RESULTS OF NUMERICAL As a result of the rapid decrease of the electron density im-
CALCULATIONS mediately at =5« !, the inequality P>N holds. At
The numerical calculations are carried out for an illumi- X=10a_* the hole density attains a maximum and subse-
nation intensityl, = 10'5 cm 2.5 ! and an applied voltage quently in the interior of the semiconductor decays_accordlng
V=600 volts. The barrier heights at the boundaries of thd© the lawpE=const. It then .passesdthrough a minimum at a
semiconductor are assumed to bg,=0.71 V and 1 V. Pointlocated roughly at a distanceég2=2kT/eEg from the
Surface recombination is included in the boundary condicathode, and when the film has a low tunnel transmissivity,
tions. It is assumed that the single surface level is situated i hole density increases in the diffusion layer near the cath-
the middle of the band gap, and thegt=s,= 10f cm/s. In  ode (Fig. 5. The thickness of this Iay_er, like t_hat of the
view of the uncertainty of the numerical characteristite ~ anode sheath, is of the order of a few tiniesand increases

barrier heights and the effective masses of tunneling carrierdogarithmically as the transmissivity decreases. We call at-
it is assumed thal,=T,=T. The transmissivity is varied tention to the work of Gutkin and Sedo¥who previously

within the rangeT =1-10"8, suggested that carrier accumulation in the electrode sheaths
We first analyze the distributioN(X) (N=n/N,, plays a decisive role as a mechanism fqr.maintaini.ng a con-
X=x/d) in the vicinity of the anode. It is evident from Fig. Stant photocurrent at lowered transmissivity of the insulator.
4 that lowering the transmissivity to a few hundredths has ~ We now consider the behavior of the fiei{X). At low
the effect of changing the sign of the derivatig®l/dX in  transmissivitiesT = 10" © carrier accumulation at the oppo-
the electrode sheath and the formation of a layer whose eleé&itely polarized electrodes leads to appreciable variations of
tron density increases as the transmissivity is further rethe field in the space charge layers. The values of the fields at
duced. The densit, increases inversely as the transmissiv-the interface, and E,4 increase(Fig. 6), and atT= 1077
ity, and the thickness of the negative-space-charge laydifor l;=10' cm;2 . s‘ﬂ their variations are of the same or-
increases slightlylogarithmically). The form of the distribu-  der as the field&, andE, themselves. Outside the electrode
tion N(X) evinces an exponential dependence on the coordisheaths in the interior of the semiconductor the profile of the
nate. At some distance from the anode there is a regiofield closely resembles the previously investigated
whereN(X) is essentially independent of the transmissivity distributiont for an MSM structure and depends weakly on
T. The N(X,T) curves branch out in the depth of the semi-the tunnel transmissivities of the interfaces.
conductor K<<0.002), the densityN(X) diminishing asT Next we consider the dependence of the current density
decreasesas in the dark case in the structure on the transmissivity. A comparison of the
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current becomes insignificant, and B& 10 # the behavior
7 of j(T) is the same as in the cagg,=0.71V, i.e., it gradu-
105 i ally tends to the valuel, .

Consequently, a decrease in the transmissivity of the
boundaries of a highly biased, high-resistivity MISIM struc-
ture results in the formation of space charge layers in the
vicinity of the electrodes, where the density is so high as to
make the variation of the fields near the electrodes compa-
rable with E, and even higher than the mean field. Illumi-
nated MISIM structures with a transmissivity below a certain
critical value T<10 8-10"° at 1;=10'® cm 2.s71) are
structures with large electric fields near the boundaries.
Some particular features and quantitative relations are set
forth in the next section, which addresses the cases of high
and low boundary transmissivities.

1-X,107*

FIG. 5. Distribution of the hole density =p/N, in the cathode sheath for 4. ANALYTICAL TREATMENT OF THE PHOTOELECTRIC
various tunnel transmissivities of the insulating layBrT=1; 2) 10°?; 3) EFFECT
1073 4) 1074, 5) 107%; 6) 1076, 7) 1077. i L
4.1. Without volume and surface recombination the ana-

lytical investigation of the photoelectric effect in an MISIM
results forgg,=0.71 V and 1 V shows that the function structure is identical to the previous investigation for an
j(T) is of different types in these cases. kpg,=0.71 V, MSM structuré if the tunnel transmissivitie$, andT, are
when the dark current is much lower than the photocurrentsuch that the boundary values of the electric field are essen-
the current density increases slightly with decreasing trandially constant T,,=10"° at an illumination intensity
missivity, tending to the valuel; ., because of the large |i=10" cm™2.s7). In this case, when the conditions
difference in the carrier densities in the vicinity of the elec-eV/kT>1, Eo>0, Ig/d<1, and[(Ig/d)dE/dX]oy<1 are
trodes, surface recombination is ineffective, and the quantitgatisfied, the equations derived in Ref. 1 can be used with
qs is much lower than the emission flux of carriers across thé/, andV, replaced byv;) andV; respectively. In the pres-
boundary. The functiop(T) is more complex fokg,=1 V. ence of surface recombination the expressions for the densi-
In this case(at T, ,=1) the dark current, which is propor- ties and the current can also be found by solving the system
tional topgY, is appreciabléatl;=10cm2.s7%). Athigh ~ of equations deduced from the boundary conditiéhsand
transmissivitiesI =102 the hole density is even higher than the relations obtained by integrating the equations of conti-
its electron counterpart. In this case a decrease in the tranBuity for electrons and holes by the steepest-descent method,
missivity drastically lowers the currefas in the dark cage  Using a procedure analogous to Ref. 1. The solution is rather

Since the densitie®l and P are now comparable, the cumbersome, but in the special case whege po, pg>ng

recombination currentis(0) (depending on the value of the and, henceqg(0)=s,po, gs(d)=syng, it is simplified and
transmissivity is equal to 50-99% of;. With a further has the form

reduction in the transmissivity, the contribution of the dark .

Ii Sp alg Udr S
No=—r|1— — ——|+| 1+ —|ns9——2 ea 3
OTVT TV 15 al? va | Mo yp Po @
24 T n n T
2.2 VE=s,+vh+V,, Vi=s;tuvg+Vy, (4)
_ _ 0
“uf.H ~ 3 Ung/.LpEo, U3r=,LLnEd, IE:kT/eEo, (5)
T
2 n
el !/ Ng= V_nngqv (6)
i 3
0
T VA
_ P eq
=— <4+ — , 7
Po VE T+ al? Vgpo )
T 0
VA V8 1+all Ve PO yao
(8)
FIG. 6. Electric field distribution in the anode and cathdufesed sheaths
for various transmissivities) T=10"%; 2) 10°%; 3) 1077. The total current flowing through the structure is
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Sp+V; a|g . q_n(x)z —D,dn/dx— u,En=0, because the drift and djffu—
Ve 1+ al® +Jo, 9) sion comp(_)nents are much gre.ater thar_1 the total f.qu in Iarge
2 E fields and in the presence of high gradients. In this approxi-
T Val mation, which was used many years ago by Mott and
jo=ev5rp8qv—§+ev2rn8q (100  Gurney* to determine the field in the vicinity of a metal—
3 insulator contact, the potential equation has the form

j:e|i 1—

_n
AR

Equations(3)—(10) describe: d2yldé2=e, (11)

 the accumulation of carriers at the electrodes of oppo- h _ /LM is the dist f h ‘ lized
site sign as the transmissivity is lowered ﬂ0~1NI, where£=x/Lp, is the distance from the surface, normalize

Py~ 1NT: to the Debye length expressed in terms of the surface elec-
¢ the fact that the hole density at the angalgis inde- 70" densityng. When the field in the interior is much weaker

pendent of the transmissivity at low values of the latter; than at the surfaceéLe.,_ vyhen the cond|t|on$i.<p/d§<1,
« different, in general, monotonic dependences of the"Ko’ and| y|>1 are satisfied fog> 1), the solutions of the

current on the transmissivity, which are determined by thé)otentlal, the field, and the number densities have the form

ratio of the photocurrent and current of equilibrium electrons &
and holegy, expressed in terms @ andng® by the quan- Y(E=-2Inl 1+ —], (12
tity ¢gn; here, if the exchange rate is much lower than the V2
drift velocities and ifjy<<I;, the current depends only very KT 2 E
. L. 0
slightly on the transmissivity. E(X)= — = , (13
The latter result ties in with the fact that at low transmis- elp 1+x/\2LL  1+x/y2LY
sivities the diffusion flux of photoelectrically generated holes
toward the anode tends to zero, and in the structure without (x) (14)

0
volume recombination complete charge separation takes nix (1+x/\/§LB)2'
place; i.e., the quantum efficiency is close to unity. As the . .
transmissivity is lowered, a constant hole flux across the Fr_om Egs.(12) and (13) follows the very interesting
semiconductor—insulator interface is maintained by the in_equallty
crease in the gradient of the hole density near the cathode by ¢E?(x)
virtue of the accumulation of holes in a layer of thicknessa g, — n(x), (15
few timesl¢ (Fig. 5.

It is important to note that the transmissivities cannotWhich asserts that the pressures o_f the el_ectric field and elec-
tend to zero in Eqs(3)—(10), because carrier accumulation fron gas balance equalize in the first region.
in this case causes abrupt field changes to take place in layers 1he solutiong12)—(14) are completely determined if the
having a thickness of several timgsin the vicinity of the ~ valué ofng is known. The quantityn, can be determined
electrodes. The latter effect violates the conditions underlyWith ~ good  approximation fTrom the  relations
ing the derivation of these relations, whereby the field varieQn(d)_QnT(o)zli and q,(0)= _Vn(nOT_ ng") —spPo. If
smoothly near the boundaries. Gn(d) —Vang™+sppo<l;, thenng=1;/V,. We also note

It should also be noted that surface recombination doeflat the previously defined characteristic field length
not restrict the growth of the densities, and py as the 'e=KT/€Eq is equal toLp/2 in the case discussed here.
boundary transmissivities decrease. This is attributable to thé/€ estimate the widtis™ of the first region, defining it by
substantial difference between the electron and hole densitiége conditionE(5")=E.. From expressiori12) we obtain

near the electrodes in the presence of high bigs:po, 2kT okT
ps>ngy. We note that the validity of Eq$3)—(10) is limited t=—-— \/§ng —. (16)
) ek ek
for nonzero values o$, ands;, since they have been de-
rived for the special form ofs implied by the above-stated 4.2.2. In the high-field region near the cathode
inequalities. (d— 6 <x=d, 6 =4"), wherep>n, the same consider-

4.2.We now give an analytical description of the physi- ations are valid as in the first region, except that the distance
cal picture in the case of transmissivities sufficiently small tod—x is normalized to the Debye length expressed in terms of
meet the conditiol\ E/E.>1. We partition the semiconduc- the densityl § =[ ek T/(47epy)]*2 which is not expressed
tor into four characteristic regions. In the vicinity of the an- in terms of the densitp,. The solution in this region has a
ode is a high-field region, where the conditine>p holds.  form analogous t¢12)—(14) with ¢ replaced byyy— ¢, the
Next in line is a region in which the field is of the order of coordinatex replaced byd—x, the densityp by n, and the
E., but carrier production is still significant. In the interior is index 0 byd. A relation analogous td15), expressing the
the drift zone, wherg>n andpE=const. In the vicinity of equality of the pressures of the hole gas and the field, is
the cathode we again find a high-field region, where nowsatisfied in this region. The quantifyy entering intoLp is
p>n. given by the equation pdzlilvg if the condition

4.2.1.In the first region the space charge density in the|qp(0)+V;p§q— Sang|<1; . is satisfied.
Poisson equation depends only on the electron density. The 4.2.3.The conditionsp>n and q,= u,pE=const are
distribution of the latter is quasiuniform,n=nq,e?  satisfied in the drift region K SX<Xp, Xn=3a 1,
(y=eplkT), which follows from the conditions x,=d—¢"), so that
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dE 4me 4meq, first factor is the photon flux density divided by the rate of
dx e p(x)= e poE (17) escape of holes from the surface. The second characterizes
P - the reduction of the density by virtue of the fact that all holes
Integrating Eq(16), for the quantitye = E(x)/E., we obtain  generated over the length ! overcome the energy barrier
the expression with the characteristic fiel&,. The last factor accounts for
=NV —[E B 112 _ the inhomogeneity of the electric field in the region of width
EO=[EXp) TaX=Xp) ] a=2g,/1,, 5%, which provides the main contribution to the hole flux
eppV? toward the anode.
Xp=Xpld, 1,= dmed (18 We now make some numerical estimates of characteris-

. . tic quantities. We consider the initial parametérs- 10'°
Integrating(18) over the interval X,,,X,), for the pressure p-2.5°1 T,=T,=10"", VI=6x10° cm/s, VI

3

created by the voltag¥ in the drift region of the semicon- _g 5y 103 cm/s, s,=s,= 107 cm/s, @y,=0.71 V, pcd

ductor, we obtain =2.5x10° cm 3, E,=2x 10° V/cm, anda=10* cm 1.
Veg 2E3(Xp) r a 312 We then haveng=1.2x10"" cm 3, L} =1.2x10"% cm,
V= a1 1 mar (X %) (19 &"=2.4x10"5cm, n(8")/ny=1/252, Ex/E,=15.9, E,

L E(Xp) =3.2x10* Vicm, py=3.8x10° cm 3, —y,=5.52, and

Fora<1 (which implies thatl;<1,/2), this gives al2=0.008. For the given values @fy, the relative contri-

v o4 ) bution of the term containingg® in expressior(23) is of the
Eox )= d _ f10°,
E(Xy)= oo | 1+ — (Xp—Xp)3 } (200 ordero
PV X [T 4T TV Thus, under the given condition3 {,~10"9, I;=10'

—~ 2 o1 i 7 a3 :

An analogous expression is obtained E(X,), except that M S ) an electron density=10'" cm |s_formed n a

the second term in the brackets is now preceded by a minlJ yer of thickness=100 A near the anode. This creates fields

sign. It follows from (18) and (19) that for X, =0, X, =1 that are an order of magnitude stronger than the external field
. n 1 P L]

and Vo=V the field E(Xn) decreases to zero, and but are not sufﬁmem to prpduce gppremable voltage drops on
E(X.)~3/2 wh —o/8.  Thi that in the drift the film. The physical picture in the electrode sheaths is
( .p)_ wheng,=>icl, . This means that in the drit o miniscent of phenomena in the high-field region of con-
region the dependence of the field on _the |nt_en5|ty is qual'VentionaIIy doped semiconductofa—s or p—s structures,
ta;;uvely th? same as for a structure with a high carrier ®Xut in our case these layers are subjected to carrier enrich-
change rate. ment rather than depletion. A further decrease in the trans-

| tTIhed etquat_|onsthob(;_a|?t_et;j tl'n Sufb;ecf;. Ig'z'ld_fh'za fo nissivity takes the analysis beyond the scope of the adopted
pietely determine the distrioution of the Teld and INe potensy, ;4 by virtue of the onset of high carrier densities near the
tial in the structure, making it possible to find the distribution

f th ier densiti 4 th i electrodes and characteristic lengths commensurate with the
ot Ihe cammer densities and the current. . carrier mean free path. The carrier gas becomes a two-
4.2.4.Integrating the expression fay, and proceeding

i Ref. 1. f < btain the relati dimensional system in this parameter domain.
as in Ref. 1, forp, expled)<po, we obtain the relation 4.2.5.To find the current density, we use the expression

1 (d ) 1 Vgpgqlﬁ—li(ll—lz) j/e=qp(0);qn(0)=Ii+qp(0)_—qn(d), _Where the qu>_<
Po= D_pfo ap(x)e dXZD—p Vi+s, , dp(0)=—V}(Po—P5") —SpPo is determined byT the deensny

I Po [Eqg. (23], and the electron fluxg,=—V,(ng—ng%
Dp 21) +s,ny depends on the densityy, whose calculation is

analogous to that gby. We finally obtain
where
g g i [, ddEsptVp(— g —2a60)] o ”
1= [ Cexttuo0tax, 1, [ Textu0—exiax Sl S VT2 e

(22 where
In the derivation of the second expression on the right-hand

side of Eq.(21) we have used the integral of the equation of
continuity for holesqy(x)=qgy(0)+1;(1—e”*) and the
boundary conditiorg,(0)= —Vg(po— o) — SpPo-

Partitioning the domain of+integration into the high-field £qation(24) contains two different terms: the photocurrent
region near the anod+es€»<<5 , on the one hand, and the 4nq the thermal generation currggt The photocurrent, ap-
rest of the structuré” <x=d, on the other, and invoking ,5yimately proportional td;, increases slightly with de-
the steepest-descent method, we obta|+n the fl(/)2||OWII’lg €XPregteasing transmissivity, tending &, . This means that the
sion to within terms of the order ¢h(45™)/no] ™ resulting anode field completely inhibits the diffusion of

lial&(— ., _2a5+)+vgpgq holes toward the anode. It is also evident that surface recom-
= (23)  bination has little influence on the photocurrent, since
Nny>pgy. The dependence of the photocurrent on the external
It is evident from Eq.(23) that the surface density of photo- voltage is taken into account through the quantiby
electrically generated holes is a product of three factors. The— . =2 In(E,d/V)]. The current decreases as the voltage is

Jo__ Vpehp§'  Vivgng®
e 2(sp,+Vptuh/2)  2(sptVyt+ug/2)’

(25

Po Sp+Vp+uh/2
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lowered, but Eq.24) should not be used for small, be-  highly biased, high-resistivity MISIM structures. It is natural
cause the conditions underlying its derivation are violated. to inquire which processes slow down the growth of the den-

In contrast with the photocurrent, the thermal generatiorsities and the field near the semiconductor boundaries. In our
currentj, is proportional to the transmissivity, and its con- opinion, the responsible process is carrier injection from the
tribution to the total current is determined mainly by the metal due to the large film potential drop, which lowers the
barrier height¢g,. In the numerical example discussed potential barrier that must be overcome by a tunneling par-
above g,=0.71 V), the currentj, is inconsequential. We ticle when it falls within the corresponding band of the semi-
note that surface recombination can significantly lower theconductor. In particular, in an insulator of thicknegs= 30
value of j, and that the latter depends dpthrough the A subjected to a fieldE;=(es/;)Eq=3X10° V/icm we
carrier drift rates. haveV;=0.1 V. This effect causes the injection current and
the enhancement of carrier recombinatidirough the sur-
face leve) to be accompanied by an increase in the values of
po andny, thereby diminishing the rate of increase rgf,

We wish to point out that there is one case in which thepy, Eq, andE4. The hole current can be calculated from
current—intensity dependence for small field variatié®s  (24) with pg? replaced byp, exp(e\/i)/k'D. To estimate the
differs significantly from the analogous dependefi24) in domain of parameters in which hole injection from the anode
the presence of large field variations near the electrodes. Ibecomes significant, we set the currgniequal to the value
the first case the shielding of a sizable portion of the externafel; (£=0.1). Disregarding the electron component of the
field by photoelectrically generated holes diminishes the aneurrentjy, we obtain an equation for the dimensionless volt-
ode field E, at intensities above the characteristic valueagedf:e\/?/kT:

5. DISCUSSION OF THE RESULTS

I, , producing a sublinear dependernj¢¢;) (Ref. 1. In the 2 VT KT s
second case accumulation effects are dominant in the vicing/=,, gy?, = _—— 31— B=¢ 1+ —"|.

ity of the anodeE,<E,, and the dependengél;) is almost 8mes V, e°dipg* VG
linear. What is the dependeng¢@;) for structures with dif- (28)

ferent interface tunnel transmissivities? We can assume th@or y8>1 Eq.(27) has the approximate solution

the form of the functiorj(l;) is dictated by competition be-

tween the two processes mentioned above, i.e., it depends on 2In(y,8)(1+2 In In(yB) (29)
the relation between the intensity (Ref. 1), which deter- (In(yB)—2)

mines thellowerl|m.|t of S|gn|f|gance of shleldllng effegts, andgqy een=1 V, d=30 A, £,=10.9, ¢,=3, VI/VE=1.4,
the intensityl ¢, which determines the domain in which ac- T—=30q K, £&=0.1, and 8=0.2 we obtain y=4.7x 10,
cumulation effects are significant. In the cage=1, , as the $=17.2, V°=044 V, E=15x10° Vicm, and
illumination intensity is increased, the functig(l;) has an Eo=4X10° Vicm.

initial sublinear interval, but then in the regions of large field It follows from Eg.(27) that the injection regime sets in
variations near the semiconductor boundaries the function; |ower values 01Vi° for higher values ofpg, and lower
j(1;) is once again linear. In the opposite cdge<l, the temperatures.

saturation regime is not achieved, aj(d;) remains linear,

but its slope increases. A rough estimate of the interlgity 'P. G. Kasherininov, B. I. Reznikov, and G. V. Tsarenkov, Fiz. Tekh.
can be obtained by integrating the Poisson equation over anpojuprovodn26, 1480(1992 [Sov. Phys. Semicon®6, 832 (1992].
interval of width 5*. Assuming that the variation of the field 2B. I. Reznikov and G. V. Tsarenkov, Fiz. Tekh. Poluprovo@, 1262

in this layer is an¢-fraction of E, and that the density and (1993 [Semiconductorg7, 699(1993].
B. I. Reznikov and G. V. Tsarenkov, Fiz. Tekh. Poluprovo@8, 242

thickness have valuesy=1;/Vi>n(5" and 6" =2I¢, re- (1994 [Semiconductor®8, 146 (1994,
spectively, on the basis of the trapezoidal rule we obtain the*. . Reznikov and G. V. Tsarenkov, Fiz. Tekh. Poluprovods, 867
expression 4renglg/e = ¢E,, from which it follows that (1994 [Semiconductor28, 506 (1994].
5B. I. Reznikov and G. V. Tsarenkov, Fiz. Tekh. Poluprovod8, 1788
sE2V, (1994 [Semiconductor8, 991 (1994].
lg=¢& ——= T,. (26) ®B. I. Reznikov and G. V. Tsarenkov, Fiz. Tekh. Poluprovod, 1430
4mkT (1995 [Semiconductorg9, 743 (1995].
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agreement with the numerical result. When the expression8A. A. Sachenko and O. V. SnitkdPhotoelectric Effects in the Surface
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Growth of ZnSe films on GaAs(100) substrate by x-ray-enhanced, vapor-phase epitaxy
A. V. Kovalenko

Dnepropetrovsk State University, 320625 Dnepropetrovsk, Ukraine
(Submitted January 11, 1995; accepted for publication February 19) 1996
Fiz. Tekh. Poluprovodn3l, 31-34(January 1997

Epitaxial films of ZnSe deposited on a G4AB80 substrate are grown by x-ray-enhanced, vapor-
phase epitaxyXEVPE) using a URS-55a sour¢d€uKa emission\ =1.542 A, P~1-3 mw/

cn?) from powdered raw material in a purified hydrogen flow. The differences in the
photoluminescence and exciton reflection spectra are investigated for single-crystal ZnSe films on
GaAq100 at T=4.5 K, which are subjected to compressive strain and are grown by x-ray
enhanced and conventional VPE. The results indicate an improvement of the crystallographic
structure of the epitaxial layer prepared by XEVPE. This is further corroborated by data

from x-ray diffraction analysis. The observed phenomena are attributed to x-ray activated
adsorption and desorption processes and to a change in the surface mobility of adsorbed atoms.

© 1997 American Institute of Physidss1063-782@07)00701-1

The mass production of thin-film devices for microelec- degree of lattice perfection on the part of the sample grown
tronic and optoelectronic applications is encouraging effortdy XEVPE. This quality is supported by the variation of the
to perfect technologies for the preparation of semiconductoparameters of the diffraction peak associated with reflection
films with prescribed optical properties. In the growth of from the ZnSe 40@plane in this sample in comparison with
high-quality films of 11I-VI compounds having a wide band the corresponding parameters of the same peak in sample 1:
gap, stringent requirements for chemical purity and structurahigh intensity (the ratio of the two intensities is 3.9and
perfection of the layers drastically limits the number ofa small half-width (4—6) for sample 2 and 6-9 for
workable technologies. Among the latter are molecular bearsample 1. The improvement in the crystal quality of sample
epitaxy, deposition from the gaseous phase using organome-is further indicated by the results of an analysis of the
tallic compounds, atomic layer epitaxy, and vapor-phasexciton photoluminescencéEPL) spectra excited by a
epitaxy’~® Holding special status in this regard are growthHe—Cd laser lir=3.814 e\}. Besides the free excitoR,
techniques that permit the properties of the film to be fine{hv=2.8042 eV, the following EPL lines associated with
tuned during growth by treating its surface with laser beamsshallow donors were also observed in the investigated
plasma, eté8 samplegFig. 2): 1, (h»y=2.7990 eV,AE=5.2 me\} — an

The objective of the present study is to compare theexciton associated with a shallow donor, obviously Gg;
properties of ZnSe films on a Ga@®0) substrate, grown by (hy=2.7961 eV,AE=8.1 me\) — an exciton associated
vapor-phase epitaxVPE) and by x-ray-enhanced, vapor- with an ionized donor, Ga The assumption that these EPL
phase epitaxyXEVPE). lines are associated with a shallow Ga donor is corroborated

ZnSe/GaA&100) heterostructures were grown from a by recent survey datand by secondary investigations of our
Merck & Co. powder source in a flow of purified hydrogen. own confirming an increase in the intensitieslgfand |
The technological parameters of the preparation of the layersands in ZnSe epitaxial films specially doped with Ga during
and a description of the growth apparatus are detailed igrowth by means of an additional source situated in the
Refs. 9 and 10. X-ray enhancement of the process waguartz reactor. Also observed in the photoluminescence
achieved using radiation with a power low enough not tospectra of the investigated samples were EPL lines associ-
induce direct desorption, which would degrade the surfacated with shallow acceptors) (hv=2.7935 eV,AE=10.7
morphology of the epitaxial layer. The x-rafffom a URS- meV) — an exciton associated with a shallow acceptor,
55a source, Cuk emission,A\=1.542 A/ P=1-3 mW/ probably Na;I} (hv=2.7890 eV,AE=15.2 me\j — an
cn?) entered a quartz crystal-growth reactor through a speexciton associated with a shallow acceptor, Ll
cial beryllium window and were directed onto the (hp»=2.7804 eV,AE=23.8 me\} — an exciton associated
GaAq100 substrate. with a shallow acceptor induced by a structural defect,

The objects chosen for the investigation were twoV,,. The same EPL lines were recorded in sample 1. In
samples found to be typical in a series of many repeatednalyzing the nature of the EPL bands, we relied on the
experiments. The first sample was grown by VPE at a temresults of our own preliminary investigationshe results of
peratureT=256°, a carrier gas flow rate 0.2 liters/min, a  a spectral analysis, and data from the cited sufvagcord-
growth rate~1.7 um/h, and a thickness of the epitaxial layer ing to earlier datd'? the line |, (hv=2.7743 eV is the
~0.5 um. The second sample was prepared with the sameesult of nonexcitonic recombination at a local defect, possi-
technological growth parameters and with the same epitaxidlly at a Se site. The improved lattice perfection of sample 2
layer thickness, but by XEVPE. For brevity we shall refer tois manifested in the high intensity of the free exciton line
the selected samples from now on as samples 1 and 2. E,, the sharper appearance of such EPL bands as

X-ray diffraction analysis dat&Fig. 1) indicate a high 1,,l3,1¥, andl} and also in the reduction of the total inten-
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sity of the emission bands associated with structural defectsl;<<0.15 um. Here the splitg,;, and E;, subbands do not
i.e., the lined ; andl, . overlap, theE,,, subband is closer to the conduction band,
It should be emphasized at this point that, owing to in-and the width of the band gap of ZnSe increases. The com-
ternal deforming stresses present in a ZnSe/GH¥G het-  pressive stress decreases in the interval of film thicknesses
eroepitaxial structure, the degener@iethe pointl’) valence  d,<d<d.=0.88 um as a result of the emergence of misfit
band of bulk ZnSe in the epitaxial layer splits into subbandslislocations. The investigated samples with epitaxial layers
of “light” ( Ey,) and “heavy” (En,) holes. Compressive of thicknessd=0.5 um are subjected to compressive strain
strain due to mismatch of the lattice parameters of the epitthe exciton bands for this case are shown schematically in
taxial layer and the substrate are predominant in films withhe inset to Fig. B Ford>d, the film is dominated by ten-
sile strain due to the difference in the coefficients of thermal
expansion of ZnSe and GaAs. In this case Eye and E;,
bands overlap, th&,,, subband is closer to the conduction
band, and the width of the band gap of ZnSe decreases. The
influence of deforming stresses on the positions of the EPL
bands in ZnSe/GaA$00) heterostructures with epitaxial
layers of various thicknesses have been analyzed in detail.
Processes of scattering by imperfections of the crystal
structure of the ZnSe film and by acoustic phonons have
important bearing on the establishment of thermodynamic
equilibrium in the system light heavy excitons. The role of
the first processes diminishes as the quality of the epitaxial
layer improves, while the role of the second diminishes as
the driving frequency approaches exciton resonan&@nly
the emission of heavy excitons is observed in films of poor
quality. Nonequilibrium filling of the band of light excitons
in thin epitaxial layers of ZnSe can be observed under con-
ditions of the resonance excitation of EPL by a He—Cd laser
(hv=2.807 eVl. The emission of free excitons associated
with light holesE,,, (hv»=2.8048 eV and heavy hole&,
(hv=2.8034 eV is distinctly observed in the EPL spectra in
this caseg(Fig. 3). The splitting of the exciton bands, in turn,
causes an exciton bound to a shallow dohpto split into
two components associated with light and heavy hdlls:
(hv=2.7998 eV,AE=5.0 meV} and I} (h»v=2.7988 eV,
AE=4.6 meV}, respectively. A notable feature of the illus-
trated EPL spectrum of sample 2 is the high intensity of the
free exciton lines; as mentioned, this is evidence of the
higher lattice perfection of the epitaxial layer. Such im-
2.77 2.78 2.79 28 proved quality is also attested by the exciton reflectiéR)
kv, eV spectra of the investigated sampl&sy. 3). For example, in
the ER spectrum of sample 2 an exciton state with quantum
FIG. 2. Exciton photoluminescence spectra of znSe films grown onNUmbern=2 (hv=2.815 eV is recorded, and the exciton
GaAg100 by: a VPE; b XEVPE. T=4.5 K. state with quantum number=1 is characterized by sharper
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FIG. 3. Exciton reflection specti@raphs 1 and resonance EP(graphs 2
of ZnSe films grown on GaA%00 by: a) VPE; b) XEVPE.T=4.5 K. Inset:

combination involving deep-level centers. The energy re-
leased in this process is transferred to the skin layer of the
ZnSe, lowering the heat of adsorption, enhancing the migra-
tion of adsorbed atoms over the surface, and ordering the
crystal structure of the growing layer. X-rays can also induce
the selective desorption of Se from the film surface. A simi-
lar phenomenon has been observed in laser-enhanced VPE.
This precludes any possibility of the growing film surface
becoming “contaminated” with Semolecules formed by
chemical reactions in the vapor phase; it also prevents the
formation ofV,,, improves the crystal structure of the layer,
and is manifested in suppression of the total luminescence
intensity of the band$; andl,, .

In summary, data from x-ray diffraction analysis and the
results of an investigation of the EPL and ER spectra of
samples grown by VPE and XEVPE indicate that irradiation
of the surface of a single-crystal ZnSe film with x-rays dur-
ing its growth on the GaA400) substrate improves the lat-
tice perfection of the epitaxial layer. The results are analyzed
on the basis of a qualitative model of the processes attending
XEVPE.

The author is grateful to V. V. Tishchenko, N. V.
Bondar’, V. F. Katkov, and A. Yu. Mekekechko for their
assistance and helpful discussions.
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Photoelectric and photomagnetic properties of the gapless semiconductor Cd yHg.1_,Te
in the infrared and millimeter spectral regions when an energy gap is opened

S. G. Gasan-zade, E. A. Sal’kov, and G. A. Shepel'skil

Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, 252650 Kiev, Ukraine
(Submitted December 19, 1995; accepted for publication February 19) 1996
Fiz. Tekh. Poluprovodr3l, 35—42(January 199y

The magnetic-field and strain dependences of the photoelectric, photomagnetic, and
photothermomagnetic characteristics are determined for the gapless semicondytlgy Ctle
(x=0.04-0.16, in which an energy gap is opened by external effects. In excitation by

infrared radiation the photosignal is observed to increase sharply with an increase in the applied
magnetic field or uniaxial elastic deformation. For radiation in the millimeter spectral

range the photoresponse exhibits giant oscillations associated with the variation of the electron
density. This phenomenon is confirmed by the field dependence of the photomagnetic

Hall effect. It is shown that the photothermomagnetic effect is a differential signal relative to the
photoconductivity signal. ©1997 American Institute of Physid$$1063-78207)00801-9

INTRODUCTION ments of the photoconductivity of gapless CMT in a mag-
netic field have been reported previously for radiation in the

d infrared~? and millimetef ranges.

Here we give the results of an investigation of the pho-

In a broad range of compositions €x<0.160,
T=4.2 K) the ternary semiconducting compoun

CdHg,_,Te (CMT) is a semiconductor without a band gap, - i .
ie., a so-called gaples®r zero-gap semiconductor. The toconductivity, along with the photoelectromagnetic effect

gapless stage in CMT is a result of the symmetry of the PEME and the photothermomagnetic effe@®@TME) in
lattice and is characterized by several distinctive featuregdaPless CMT after an energy gap has been induced in it by a
inversion of the positions of the bands, the presence of immagnetic field and uniaxial elastic deforr_n_atlon. Simulta-
purity resonance levels, etc. The degeneracy of the bands Bg0USly we have measured the Hall coefficigpt and the
the pointk=0 (the point where the conduction and valenceVariation of the cgpducuvnw in the investigated samples
bands meetcan be lifted by subjecting the gapless semicon-Under these conditions. o
ductor to some external effect that lowers the symmetry of  We briefly discuss the influence of a magnetic field and
the crystal. Such an influence can be, for example, a maginiaxial deformation on the energy spectrum of a gapless
netic field or uniaxial elastic deformation. The result is theSemiconductor near the edges of the principal bandls:
formation of an energy gap whose width increases more ofording to the inverse model of the energy spectrum of gap-
less linearly with the strength of the magnetic figlcor the  less CMT, the order of thEs andI'g bands is reversed from
uniaxial stres$. The width of the gap can be regulated overa conventional semiconductor. TH& band in a gapless
a fairly wide range. For example, a magnetic figld=50  Ssemiconductor has negative curvature and forms a band of
kOe can regulate the energy gap in gapless CMT within théight holes. Thel's band remains degenerate at the point
interval 0—40 meV, which encompasses a spectral range &= 0. In this case the subband with light effective magih
radiation from millimeters to several tens of micrometers. S symmetry has positive curvature and comprises the con-
The high sensitivity of the band spectrum to an externaduction band. The curvature of the otli&gy subbandwith P
influence qualifies gapless CMT as a promising material fosymmetry remains negative, and it forms an ordinary band
the development of tunable photodetectors in the far infraredf heavy holeqFig. 1a.
and millimeter ranges. It is instructive in this regard to study  In a magnetic field an energy gap is formed between the
photoelectric and photomagnetic phenomena in gaplessg bands(Fig. 1b and is described in terms of the Luttinger
semiconductors when an energy gap is formed. Measurgarametersid(H)=(y,— v)iw.. Here o.=eH/m, is the

E— FIG. 1. Band structure of the gapless
l‘ semiconductor CgHg; ,Te. a—¢ In a
magnetic field; d, punder uniaxial stress
(for two different compositions.

_e/
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TABLE |. Parameters of the investigated (Eit); _,Te samplesT=4.2 K. was determined from the period of the Shubnikov—de Haas
oscillations, and the total donor density was determined from

Sample No. Compositior n, cm 3 , CME/W-s .
P P Hn measurements dry at T=1.8 K. The samples had typical
1 0.040 1-2?<101i 1.52x10° dimensions 0.81.5x7 mnt. The parameters of the
2 0.157 38X 101 6.81x10° samples are summarized in Table I. The radiation sources
3 0.159 82%10 725010 were lasers X =3.39-10.6um) and millimeter-range oscil-
4 0.160 3.7%10% 6.15¢ 10° : oM Ng
5 0.135 508 1014 4.97X10° lators \ =2-15 mm). Because of the low effective mass of
the electrons, the donors in gapless CMT remain ionized
Note: The Hall coefficient was measuredtat=0.5 kOe. down to the very lowest temperatures. The Fermi level in

this case is fixed in the acceptor bah@onsequently, in the
electron cyclotron frequency. If the contribution of distant gapless statex(<0.160; H=0, P=0), despite the relation

bands is disregarded, the energy gap is well described by th >Np, the Hall coefficient is determined by electrons

. : _ with a density 1¢ R, and mobility Ry 0.
simple expressiond(H)=#%w. /4. The acceptor leveE, . . .
moves after the top of the valence band andHor H, en- Figures 2 and 3 show the field and strain dependences of

ters the field-generated gaBig. 10. the electrical resistivityp and the coefficienRy for gapless

The energy spectrum of the gapless semiconductor iE84 Bt B FORREE B T B R et of the
more complicated under uniaxial strés&. At the point P

k=0 the gap grows linearly with the stress and depends 0ﬂaples:s semiconductor have a simple qualitative interpreta-

the crystallographic direction. For example, in the direction}'on' I?f qléanulzmgl m?(ﬂ:etm flgld,tyv het? g‘; e.nerr]gyhof the
P|[100] we have E(P)=3ib(S;;—S;,)P. Here b is the owest Landau fevel ol Ihe conduction banad, IS higher

strain constant, an8; denotes the components of the com- than the acceptor ener@, , electrons begin to freeze out of

. - . the conduction band into acceptor states. At
liance tensor. In addition to the ener ap at the poin -
E=0 the valence band acquires side %); gx?rema(Figp >4E,-my/efi, ho>KT, the electron density in the con-
10 i\low while the energy gap between tlie, and T " duction band decreases exponentially, accounting for the ob-
. 1 8 .
bands is fairly small in the initial stat¢F /<100 meV, at served field dependences pfandRy;.

large stresses the; band neak=0 can be higher than the The opening of the energy gap also becomes decisive
T'y band(Figs. 1d gnd 1e, dashed cury®s under uniaxial deformation, along with the emergence of an
8 . ; A

acceptor level in it and the freezing out of electrons from the
conduction band. This accounts for the complex form of the
field and strain dependence of the kinetic coefficidRigs.

The transformation of the band spectrum of gaples® and 3. The abrupt variation of the electron density with
CMT produces qualitative changes in its kinetic and opticalincreasing stress occurs after the Fermi level intersects the
characteristics. The changes are associated with variations bbttom  of the  conduction band, i.e., for
the density and the mobility of the charge carriers. As a ruleP>4E, /b(S;1— S;,). However, for crystals with small val-
gapless CMT crystals exhib-type conductivity in the ini-  ues ofEy (x=0.155-0.158Ry; andp exhibit a very specific
tial state. We have investigatgdCMT crystals with a con- behavior in the range of large straifisig. 3). This kind of
centration of electrically active impuritiesNy—Np strain dependence is most likely associated with the change
=3x10'°-5x10'° cm 3, No>Np . The differential densi- in order of thel's andI'g bands and the appearance of free
ties of acceptor®, and donorsNp was estimated from the holes with low effective masséssee Fig. 1e, dashed cujve
saturation of the Hall coefficienRy in a magnetic field In the gapless state the photoconductivity induced by the
H=75 kOe at the impurity depletion temperatufie78 K).  radiation-induced departure of the carrier density from equi-
The density of electrons in the conduction bandlibrium is negligible. This is attributable to the very high

EXPERIMENTAL RESULTS AND DISCUSSION
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carrier recombination rate. As mentioned eaffighe actual H>4E,-m,/e%. The fact that the field characteristic of the
concept of recombination becomes meaningless in gapleghotoconductivity signal is steeper than for magnetoresis-
semiconductors, because it is indistinguishable from the scatance indicates the predominance of the Auger recombina-
tering process. tion mechanism. Indeed, in the rangetbfcorresponding to

The emergence of an energy gap results in the generahe freezing out of electrons the magnetoresistance is essen-
tion of a strong interband photoconductivity signal attially a linear function of the electron density On the other
A=3-10 um (Fig. 4). The field dependence of the photo- hand, the rate of interband impact Auger recombination is a
conductivity has several prominent features. Because the eguadratic function of.
ergy gap is small, and because the ratio between the effective  Another important feature of the photoconductivity in a
masses of heavy holes and electrons is largg/(n,~10°  magnetic field is the low-temperature occurrence of large-
for x=0.155), the main contribution to recombination is amplitude oscillations in the range bf where the field de-
from interband transitions: radiative and impa@uger  pendences oR, andp remain monotonic. The positions of
type). The rapid growth of the photoconductivity signal as the photoconductivity oscillations in a magnetic field is not
Fhe magnetic field is increased ties in directly Wlth the freez-z¢tacted by a variation of the radiation wavelength. This sug-
ing out of free electrons from the conduction band atyegs that the oscillations are caused by a nonmonotonic de-
pendence of the carrier lifetime on the magnetic field, and
not by any specific characteristics of the absorption coeffi-
cient.

The positions of the photoconductivity minima in a mag-
netic field well satisfy the condition of equality of the energy
gap 8(H) and the energy of a multiple number of longitudi-
nal optical (LO) phonons: §(H)=n%w o (N=1,2,...).
This corresponds to resonance recombination transitions of
electrons across the energy gap with the participation of LO
phonons: Invoking the expressioheH/4m,=%w o, we
obtain, for the first minimum o¥/p¢, the width of the energy
gap 6(H)=16.8 meV, which is close to the LO phonon en-
110 ergy of HgTe, the principal sublattice of the
Hdo.85:Cdy 155T€ crystal:ifiw o=17.2 meV. The position of
the second minimum corresponds quite well to twice the LO
phonon energy. In this case a recombination transition takes
place with the involvement of two optical phonons. Conse-
quently, measurement of the interband photoconductivity can
serve as a sensitive technique for detecting the formation of
an energy gap in a gapless semiconductor and for determin-
ing its magnitude at a low temperature. On the other hand, by

1 i ! ] T I measuringH i, and knowing the LO phonon energy it is
0 W0 20 0 40 0 60 70 possible to determine the effective mass of electrons in the
Hy kGe gapless semiconductor at the bottom of the conduction band.
At a higher temperaturé/7 K) the dark conductivity of

FIG. 4. Comparison of the voltage, curvel), the photoconductivitya, he investi | micon r mol i r-
curves2 and3), and the longitudinalb, curvess and7) and transverséb, the est gated gapless semico ductor sa ples 1S dete

curves4 and6) magnetoresistances as functions of the magnetic field at Iovxmi'_“ed by the_ nat_ive electron denSit}_/- Becau_se_ of _the high
temperatures for sample 3. 1, 2, 4,82 K; 3, 6, 3 77 K. ratio kT/hw, in this case, the appreciable radiation-induced
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Next we consider the interaction of millimetémicro-
8t wave radiation with gapless CMT. In conventional semicon-
ductors with a low effective mass and fairly high electron
density (>5x10-10'° cm®), for example, InSb, the mi-
crowave photoconductivity is known to be dominated by so-
called -photoconductivity*® It is attributable to the varia-
tion of the density of electrons as their effective temperature
T, is raised by radiative heating. A distinctive feature of the
gapless state is that the native carrier density exhibits a
power-law rather than an activation dependence on the tem-
perature:n;~T%2 It has been found that this form of tem-
perature dependence of can be used to significantly alter
the density of electrons as they are heated. The variation
0 R , should be especially large at low temperature, whgrean
0 1 2 3 increase substantially. At low temperatures, howeweris
P, kb much smaller than the density of impurity electrans the
conduction band(at T=4.2 K we haven/n,=10°-1C,
FIG. 5. Photoconductivity of sample 4 under uniaxial str@ss4.2 K. n=10% cmf3). We have therefore found it impossible to
determine the variations of the electron density by measuring
Ry for gapless CMT irradiated in the millimeter range. Con-
sequently, in a gapless semiconductor withBubr H the
Hnillimeter-range photoconductivity is probably of the same
nature as in ordinary semiconductors, i.e., amounts to ordi-

D
T

46,,,arbd, units
+
¥

)
r

variation of the densityn in the conduction band and the
onset of a substantial photoconductivity signal occur in muc
higher fieldsH (Fig. 4, curve3). For this reason photocon-

ductivity oscillations do not appear a=77 K. narwr;photoconductlwty. i f d bet th ducti
Oscillations that are multiples of the LO phonon energy én an energy gap IS formed between the conduction

also appear at a low temperature in the field dependences 8pd valence bands, other mechanisms of interaction of long-

the PEME(Fig. 4, curvel). In general, the characteristics of yvavelength radiation with a gapless semiconductor can come

the bipolar PEME are determined by the minority carriernto play. It is possible for electrons to be ejected directly

parameters, i.e., by electrons in our case. However, since {Eross the gap by long-wavelength radiation quanta. The

electron and hole lifetimes are equal for interband recombi-SpeCtraI dependence of such photoconductivity must have a

nation mechanisms, the position of the PEME OSCiIIationsthreshold on the long-wavelength radiation side, influencing

essentially coincides with that of the photoconductivity Os_th(e;_bglometrr:p ﬁffect,g.e.(,j_the dir%Ct dhe?tti;: g of ﬂ:.e gample byf
cillations. In the gapless state a major contribution to thg adiation, which can be disregarded at the applied power o

PEME comes from the radiative heating of electr&hs? If 10"* mW. The photosignal associated with the radiative

the electron—electron interaction time, is much shorter heating of electrons is at least two orders of magnitude stron-
e - .

than the relaxation time, of the electron energy at lattice ger \t/r\}‘::n tht?] S|gr|1altfrom the ZOIO{TISU';] efféct. hot

oscillations, the main part of the energy of a hot photoelec- en the electrons are heated, the usugshotocon-

tron is redistributed among equilibrium electrons of the con-ductivity can be accompanied by a concentration component

duction band. This results in the heating of electrons in thé)f the photoconductivity due to the thermal ejection of elec-
: jrons across the energy gap. This component of the photo-

light, the sample acquires an electron temperature gradien‘fondUCtiVity is associated with the thermal redistribution of
’ lectrons between the acceptor band and the conduction band

In a transverse magnetic field this leads to the onset of . . .
thermal PEME, an analog of the Nernst—Ettingshausen effe sT. increases. Its occurrence is made possible by the abrupt

at hot electrons. The thermal component can dominate th rop in the initial density of electrons in the conduction band
total PEME sign'al at low temperaturts!? as a result of their being frozen out by a magnetic field or by

However, when the energy gap is opened up by a magqeformation. Consgquently, the.va.riation Qf the conductivity

netic field, the electron density in the conduction band de-Of the ga_p_less s_emwopdgctor with increasing vglu@ecxban

creases rapidly a#i is increased, becoming exponentially be |Qent|f|ed with v.arlatlons of both the mobility and the

small atH>4E,-m, /eh. And the densityn is what deter- density of electrons:

mines the characteristic tim@g,: 7ee=E>%h. Conse-

quently, for appropriate values dfi (H;=4.5 kOe for Aa=e(n

sample 2 the thermal component of the PEME can be dis-

regarded. This assertion is based on a comparison of the

results of the field dependences of the PEME and the photo- In a sufficiently weak magnetic field<<H,) the first

conductivity. component must obviously be dominant in the expression for
The opening of the energy gap under uniaxial deformaAo. ForH>H,,, on the other hand, the concentration com-

tion also produces a strong photoconductivity sigiéd. 5.  ponent begins to be the main factor contributing to the pho-

As P is increased, the photoconductivity increases very raptosignal asH increases. To test these assumptions, in addi-

idly, reaching a maximum & =2.2-2.5 kbar. tion to the microwave photoconductivity, we have measured

du dn

‘d—_l_e'f‘,u,'d—Re)ATe. 1)
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Here the distribution functiomb can be written in the

FIG. 6. Field dependence of the microwave photoconductidtycurve 1, form of a one-parameter integral with parameter

the transverséa, curve 2 and longitudinala, curve 3 magnetoresistances, 77=[EF_ fS(H)]/kTe' and Ne _iS the denSity of electron
and the carrier density incremepA(1/Ry)] (b, curve 4 for sample 4, states with heating taken into accourftle=2(m.kT/

T=42K. 27h2)%2 The Fermi level is fixed in the acceptor band and
does not depend on the magnetic field or the temperature in
the low-temperature rangd €4.2—-10 K. As the magnetic

the Hall coefficient in the same samples under iIIuminationfleld Is increased, the functich passes through a maximum

and the PTME in the millimeter radiation range at = —0.85. The field strengtH satisfying the above equa-
Figure 6 shows the field dependencepadind tﬁe micro- tion corresponds to the maximum of the microwave photo-

wave photoconductivity for sample 4. In the range of reIa—CondL!CtiVity' This result has the physigal_ significance _that

tively weak fields H<3 kOe the photoconductivity oscil- the width of the energy gap can be optimized for the given

lations practically coincide with the Shubnikov—de Haassamplg:&(HmaQ. This optimum causes the.electrons to be
o . redistributed among states of the conduction band and the
oscillations forp. They have a small amplitude and, as a

consequence, are not represented in the figuret As fur- acceptor band in such a way as to maximize the photocon-

ther increased, very large oscillations of the photorespon:sceiucnvIty signal asTe IS varied. .
To test these estimates experimentally, we have mea-

are observed against the background of the monotonic X -
Lo . sured the field dependence of the Hall coefficient of a gapless

growth ofr. This field dependence of the microwave photo- . o . o o

S . : sample in two states: without irradiatioR) and with irra-
conductivity is in good agreement with the results in Ref. 3’diation in the millimeter rangeR). It is evident from curve
in which the weak fieldH) range, including the oscillations, 4in Fia. 6 that the field d 9 ndH n
is analyzed in detail. We therefore focus our attention prima- 9: at e field dependence
rily on the so-called giant maximum of the photosignal. 1 1 1

A variation of the frequency of the exciting radiation in R_H = R_ﬁ _R_H

the interval 2—15 mm does not alter the profile of the signal o ) . ) o
or the position of the maximum on th¢ scale. This means has a distinct maximum, whose position virtually coincides
that the microwave photoconductivity is not associated withVith the maximum of the microwave photoconductivity on
direct optical transitions of carriers across the energy gagweH scale. This comc[dence constitutes direct exp'erlment.al
created by the magnetic field. We can therefore assume thRfOOf of the concentration nature of the observed giant oscil-
the main contribution to the photosignal is from the thermallations of the microwave photoconductivity in a strong mag-
concentration component af. In a strong field, when the netic field. o _ o
Fermi level intersects the last Landau level, the variation of ~ The application of uniaxial elastic deformation is also
the dark conductivity is determined by electrons being frozer®ccompanied by the formation of an energy gap and a de-
out of the conduction band into acceptor states. In this situcréase in the electron density in the conduction band. Ac-
ation the microwave photoconductivity associated with thecordingly, as in a strong magnetic field, a strong microwave
variation of T, can be written as follows in the ultraquantum photoconductivity signal is generated with a characteristic

limit: 3 maximum at a certain valu®,,,, (Fig. 7). The value of
" b |8 P max corresponds to the intersection of the Fermi level with
W hoe the bottom of the conduction band:Eg=b/4
Ao e’“Ne(kT)2<l+ |Eg|) (AT, @ (S11— S1) Py for the[100] direction.
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Here ¢, and 83, are dimensionless coefficients(E) is a
distribution function, W(E) is a smooth function, and
d(Eg) is the density of states at the Fermi level.

In the presence of strong degeneracy of electrons we
have
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In this caseQ has the following form in a strong mag-
10 0 30 netic field:
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1 Here G(Eg) is a smooth functions.
Consequently, in the region of oscillations whepeis
4t highly nonmonotonic the term containing the derivative
dg/ JEx becomes dominant. For this reason, the oscillations
of the N-E coefficient have a large amplitude and a phase
shift relative to the conductivity oscillations, while the
-Br— PTME is manifested in the form of the derivative of
Vpd(H) with respect tcH.
We can conclude from the foregoing discussion that gap-
FIG. 8. Comparison of the field dependences (‘Jf‘the photothermomagnetipss CgHg; _.Te subjected to external influences such as a
ieztéc}‘i’ven and the microwave photoconductivigurve) of sample 3, 3 gpetic field and uniaxial elastic deformation exhibits pho-
T tosensitivity over a wide range of the radiation spectrum.
This range can be adjusted by varying the magnitude of the
The field dependences of the microwave photoconduc€Xternal influence. The volt-watt sensitivity of photodetec-
tivity and the PTME are compared in Fig. 8. It is generally {0rS utilizing a gapless semiconductor can surpass the sensi-
known that a photothermomagnetic voltage is generated in ity of detectors based on ordinagy-photoconductivity.
transverse magnetic field because of the presence of an elet€ lattér assertion is based on the fact that the density of
tron temperature gradient associated with the nonuniform atglectrons, rather than their mobility, is the dominant factor in
sorption of millimeter radiation by the sampeThe PTME  the conductivity of a gapless semiconductor.
is essentially an analog of the Nernst—Ettingshau®erE) The authors_ are grateful to the Stgte Fundamental Re-
effect at warm electrons, i.e., it takes place without any apSearch Foundation of the State Committee for Science and
preciable heating of the crystal lattice. It is noticeable that! €chnology of Ukraine for partial support of this work.
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lon transfer processes in an insulating layer containing traps
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A theory of ion transfer processes in an insulating layer containing a uniform distribution of

traps throughout its volume is formulated. It is shown that free ions localized near the surface are
held in a potential well created by repulsion from trapped carriers. Accordingly, the

activation energy of the free-ion current is higher than the mobility activation energy and
decreases as the voltage is increased, while detrapping takes place with a time delay. The
temperature dependence of the depolarization current has two or three peaks, whose

positions and profiles change with the voltage. A distinctive feature of the transfer of ions
through an insulator containing traps is the “memory” of the electric field driving the carriers
toward the surface prior to the start of the transfer process19@7 American Institute

of Physics[S1063-78237)00901-7

The thermally stimulated depolarization method has %[ E¢+ TIn(ayN;70) ]| 2
been used extensively for many years to determine the char- Imax= 279N , (©)]
acteristics of mobile ions and their traps in insulatorsin !
the interpretation of the peaks of the polarization current—,

o . : £_ is the modulus of the electric field pushing ions toward
temperature curve it is customarily assumed that the ion trap&1e surface in the regiom>!: free ions with a density

are situated near the surface of the insulator at its boundariqﬁ —IN,) are concentrated in a narrow channel immediately
S t

with a metal or a semiconductor. In many cases, howevercontiguous with the boundarg=0 and of width small in

this approach cannot account for the experimentally OIOE:omparison with. We emphasize that we are looking at the

served profiles of the above-mentioned peaks or the depe'gituation h> 2| 7> (ayN) L. In the casek.<IN, all
max: . S

de_nce of their po_sitions on the potgntial diff_erencg across thﬁ)ns are held by traps in a layer of thicknéggN; . Note the
thlckness of the msuIaté‘r'?_ In t.h's light we mvesUgate the perfect physical analogy of the physical distribution of ions
flow Of. IonsS across an msula}tlon layer with unn‘orm vol- at the boundary of the insulator with the distribution pattern
ume distribution O_f traps having a densiy. Le'_t t.h.e INSU-" 5f electrons at the electron-enriched surface pitgpe semi-
lator occupy the interval €,(Z<_h' and at the |n|t.|a_l iMe  conductor with a deep acceptor level. Obviously, the width
t=0 let aI.I lons, eagh of which is gssumed fqr deflnlteness Qf the trap filling layer is determined by the condition that
carry a single positive charge with a density ber unit aregpe |ine representing the energy position of a trapping center
Ks, be concentrated at_ _the surfazgco_ The relation be- on the energy diagram intersect the Fermi level of the charge
tween the yolume QenS|t|es of fr_ee |_olnand t_hose captured carriers. The maximurh=1,.., is attained a_=0, which

by trapsk, is descnibed by the kinetic equation corresponds to the lowest voltage across the insulator gap
U, (in energy units at which all ions transfer from one sur-

dk,

k
i ai(Ni— k) k— ;: ) face to the other,
INRE _
and the ion energy potential wdll(z) is described by the 27Tq—Nt|maX+ 2T Inl 1+ M) K> Nl maso
Poisson equation U= % 2l maN
: 27Tq2k§
d2U _ 477q2 Ktk 5 N, ks< Ntlmax-
32~ "\ | (kTko. 2 t @

Here «; is the capture coefficientr;= 7o exp&/T) is the  The second term in the expression 19y at ks> Nyl yay iS
lifetime of an ion in a trapE, is the detrapping activation gqua| to the advance of the potential along the region of
energy(temperaturg T is the temperature in energy unitp, |gcalization of free ions.
is the elementary charge, ands the dielectric permittivity. We now consider the expulsion of ions from the bound-
We assume that the ion system is in equilibrium initially, ary z=0 after a voltageJ ;>U, of opposite polarity from
att<0. Assuming thatlk /dt=0 and that free ions have a pefore (at T>0) is applied to the insulator &t=0. We dis-
Boltzmann distribution, we infer from Eq¢l) and(2) that  egard the trapping of ions as they pass through the body of
traps are filled in the layer-9z<I, where the insulator. This assumption is valid if the inequality
9 12 nE>haN; is satisfied. Hereu= o exp(=E,/T) is the
& ) 12 xE— free-ion mobility, and<, is the pulling electric field in the
47Tq Nt max

1= -,
4mgN, regionz>1. The potential well in the insulator at the begin-

36 Semiconductors 31 (1), January 1997 1063-7826/97/010036-05%$10.00 © 1997 American Institute of Physics 36



whereko=k|,—o, Ug is the advance of the potential along
v the free-ion layer, an#t;=k4(t) is the total number of such
ions per unit area at time

A few remarks are in order. First, it follows from Eqgs.
(6) that the escape of ions from the macroscopic trap is char-
acterized by the time constant

ql? (WT

= 2uU, E

1/2
exp(U, /T).

It is much longer than the transit timql(ilz,uu*) over the
distancel, . Consequently, free ions in the regiarl, far
from the top of the barried, —U(z)>T exist in quasiequi-
librium. Second, sincer=(ayN;) " exp(2rg?NJ2,,,/%T)
[see(Eq. 3] andl, <I < |, We haver<r,. Thus, detrap-
ping can be ignored in the time that it takes for free ions to
escape from the surface=0. Third, strictly speaking, the
lengthl, and, accordingly, the barrier height, , increase
with time, because the fielfl, decreases as ions pile up at
the boundaryz=h." However, ath>| under the condition
Ugs>U, (but Ug<U,) we can disregard the time variation
of the field£, and assume that, =Uy/h. Fourth, Eqs(6)

are valid for sufficiently high field€, , since their deriva-
tion actually rests on the assumption that the time constant
7 is much longer than the time to traverse the interval
|<z<h, i.e., the time Oi—1)/u&, (otherwise, the condition
FIG. 1. Potential well at the surface of an insulator. Graph4J Kle- =0 il

e e o e ante oot 4 e et s ne W now analyze the detrapping process. In th region
change of polarity of the voltage across the insulator gap,z>|* liberated ions are “driven” toward the surfaze=h
E{=E+T In(anN): 2) Puling electric field £, <4mqIN/» DYy the electric field, while in the regian<l, they stay close

& >4mqIN /. to the boundaryz=0 and are therefore retrapped. We note
that the coordinate of the potential maximam |, now be-
comes strongly time-dependent and, because of the transfer

ning of the relaxation process is shown in Fig. 1. Let—qf free ions toward the surface=h, its initial value

ke>IN,. If £.<4mqlIN,/%, which corresponds to the in- Lelt=o=1, is greater than the value at the beginning of the

equalityUy<U;,, where relaxation process, the final valuelis=0, and it is attained
5 _— before the traps are fully discharged. The kinetic equation

_4mq°Ndh  27g°N{l can be rewritten in the form

In—
%
0, <l,,
0T nl 14 ks—IN, 5 %: ‘ = 7
- n 2Nt|+%(€7/277q ’ ( ) dt _kt/T'[! Z>I*

then in order for free ions to cross the insulator gap, they _ ~ _ o
need to overcome the barrier of heighit, = 2722 N, /x Relations for the length, and the insulator depolarization

created by repulsion from trapped carri€fig. 1, curve2). current density (for the_ sum of the detra_pping and d_isplace-
Herez=1, is the coordinate of the potential energy maxi- Ment currentsare obtained from the Poisson equati@n
mum, |, =1—(x&, /4mgN;). The last term on the right-hand 2 5

side of Eq.(5) describes the advance of the potential along |2 — _ﬁ (h—2)k{dz=— =——>—(Ug—U}), (8)
the layer of free ions at<0. The expression for the current NiJi, 2mq°N

densityj of free ions escaping from the “macroscopic trap” )
associated with the potential barrier is obtained from the ._ _ _* U
diffusion-drift equation j=—u[k(dU/d2)+T(dk/d2)] in 41q dtoz
the approximation&), >T andk|,—,=0:

T 20°N, 1’2k exg — Yot Ys
=N =T 0 T

z=0

— a2 (1 amykdz 2 9Yn
=g ), (- FMkdz 20 ot

9

4U.N X Here U}, is the advance of the potential along ions moving
Ko exp(—Ug/T) = —— ¢ s , (6) toward the surface=h. Equation(9) is simplified in the
T (kst2Nil,) casel, >0:
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The solution of Eq(7) for the thermal stimulation often

used in experimental work, whem@T/dt=8>0, has the
form

N, z<T* ,
k=4 Ne (%% T <z<|, (10)
N.e %, I, <z<lI,

t
0t=f dty/ =t/ 7,
0

t0=T?/BE, is the characteristic time for, to decay by the
factor 1£=1/2.71 . . . ; and thefunction 6,,(2) is defined as
the inverse of the functiom,(6,), i.e., |, (6,,)=z. Physi-

cally, the functioné,, corresponds to the time at which traps I=

situated in the plane=const begin to empty. We assume

below that either the layer of filled traps near the boundary

z=h has already forme¢by virtue of the trapping of previ-
ously incoming carrieps and the increase in the potential

U,, is mainly attributable to the increase in the density of free

ions, orh>| andUs>U, (e, &,
| 2

=const). In either case,

side of EQ.(8). Replacing this quantity by its initial value

=2h(l-1,) (with the observation that
[2h(1—1,)—1%2]>0 sinceU4>U,>U,) and differentiating
relation (8) with allowance for Eq(7), we find

T2+2h(1—1,)—12
5 —

dl,
do,

From this result we obtain

_ _ 127172
T*=[2h<l—l*>—lz]”2tar{[Zh(' L) wto—ao],
1
2h ,
atz:(gto_ [2h(|—|*)_|2]l/2arCtar{ [Zh(l_l*)_|2]l/2]r
_ 2h I,
%0= Taha—1,)— 1777 2 °@ R =,y -7 (12

The value of the variablé,= 6,,= 6,,| ,— ; corresponds to the
time at which the maximum of the potentidl(z) vanishes
(1, =0). For 6;< 6y, it follows from Eqgs.(9a and(11) that
the current is expressed as

_q_M[Zh(I—I*)—IZ] S

2h(1—1,)—1%]"2
[ ( 2h ] (ato_at) ' (13)

whereas fod,> 6,, we obtain the following expression from
expressiong9), (10) and (12), disregarding the derivative
dUy/dt:

_aN (201,17

br0)
2h

(14

Tt
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s varies far more strongly with time than the right-hand

Note that Eqs(10)—(14) remain valid in the isothermal re-
gime (T=const witht") replaced by the real time

We now turn to the casé€,>4mqlIN/» or Ug>U,,.
The potential well at the beginning of the transient process is
shown in Fig. 1, curve3. The theory of the transfer of a
charge packet across an insulator gap is well knbvi.
E,<4mqks/x, the leading edge initially begins to move,
while the trailing edge remains at the surfaze 0, since
(dU/d2)|,=0=0. If &, >4mqks/x, the packet immediately
moves as a whole unit, the leading and trailing edges coin-
cide if diffusion is ignored, and the depolarization current in
the thermal stimulation regime is given by the expression

’

1mq
5+__(ks+|Nt)}
X
- ket (h—DN,
_qM( Sh— Nt)x xXex W g, 60<6,

27q
Ei— 7(kS—INt)(1—2|/h)}

| Xexpo—6), 6,<6<6bh,
(15
Here

_ 47Tq(kS_INt

—INy) ptes
xh '

xh

t 4rq(k
f udty= mq(Ks
0

ton=T? IBE,, is the characteristic time for the mobility to
increase by the factog, =6, corresponds to the time at
which the packet crosses the boundary of the filled-trap layer

z=I,
In(1+

and = 6,, corresponds to the time to traverse the insulator
gap,

kS_th

B Amqi[ke+ (h—
0= T (h—N,

xh[ &,

DN ]
—(2mql %) (ks+INp)]

4mq(h—1)(ks—IN,)
%[ €, — (2mqlx)(1—21/h) (ke—IND] |

The exponential factors in EqéL6) vary only slightly:
p[[k s+ (h— I)Nt]0|] ks+(h—I)Nt)

—IN; ks—IN;

exp(6,— 6,)<3.

The current equationd.5) retain their form in the isothermal
regime witht replaced by the real time

In this situation the potentidl(z) is a monotonically
decreasing function of the coordinate. Consequently, all traps
in the layer G<z=| are emptied simultaneously, and the
insulator depolarization current associated with their detrap-
ping obeys the law(14), in which it is required to set
I,=0 and#,;=0.

Now let us assume that initially there are no free ions,
ks<IN{. The traps discharge in the same way as for
ks>IN;. If £, <4mrgks/x, which corresponds to the condi-
tion Uy<U,, with U, evaluated fol =k¢/N;, the potential
U(z) has a maximum at the poinz=I,=(ks/N;)
—(x&,14mqN;). Disregarding the variation of the fiel€l,

0h= 0|+|n 1+

h
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FIG. 2. Temperature curves of the depolarization currebly;; 2) Ug,; 3)
Ugs (U;<U3<Uy<U;;<Uygz). The superscripts attached to the tempera-
tures T and T{) give the curve numbers.

on account of the redistribution of ions in the insulator, i.e.,

assuming tha1h>k§/(ks—I*Nt)Nt and settingl =kg/N;,
from relations(13) and (14) we obtain

 q(ks— 1Ny [ 1, 6:<6o,
J Tt e_(ol_ eto), 0t> 0t01
l*Nt
b= ———. (16
0 ks_I*Nt

If £&.>4mqks/x (or Ug>U,, for I=k./N,), thenU(2) is a
monotonically decreasing function of the coordinatend
the depolarization current of the insulator gap fies ks /N,

(this condition stipulates that the contribution to the displace-
ment current from the redistribution of ions near the surface

z=h is smal) obeys the lower equatiofi6), in which it is
now required to selt, =0 and ,,=0.

Figure 2 shows the qualitative pattern of the temperatur
dependence of the depolarization current for various constan

voltagesU4.? It is identical in both the thermal stimulation
regime and the isothermal regimat a fixed observation
timet). Thej(T) curves have twdor threg maxima: a low-
temperature maximum associated with the migration of fre

ions and one or two high-temperature maxima corresponding!ution of the equatiors h : .
Voltage Ug). Under the condition —I, <l the inequality

to detrapping. The free-ion currents from the macroscopi
trap (Fig. 2, curvesl and 2) increase according to the
Arrhenius law almost up to the points of the maxim'lé{nlé
andT?), after whichj drops very abruptly. This behavior is
attributable to the fact that the carrier density near the base
the barrierk, exp(~Uy/T) [see Eq.(6)] for k>, N, re-
mains practically invariant until depletion of the free-ion
layer, which acts as an effective reservbiAs the voltage
U, is raised, the activation energy of the ascending branch
the current E,+U, ) is lowered, shifting the peak toward
lower temperatures while simultaneously making it highe
and narrower. In the cas¢,>U,, (Fig. 2, curve3) the low-

temperature maximum is caused by the transfer of a packé?ax'mum is attained &t =Ty,
of free ions across the insulator gap. The initial rise of the
current with temperature according to the Arrhenius law ac

celerates near the maximuffFTST?) [this behavior is de-

scribed by the exponential factor in the second equation

(15)]; the steep descent phfter the maximum with increas-
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ing t is dictated by the smallness of the diffusion broadening
of the packet. The activation energy of the ascending branch
of the functionj(T) is equal toE,, and is therefore indepen-
dent of the voltage; the fact that the peak shifts more slowly
toward low temperatures with increasing voltddg than in
the casely<U,, is attributable to a decrease in the transit
time. After the packet is dislodged and driven toward the
surfacez=h, free ions begin to be captured by traps in the
interior of the insulator. The charge center therefore shifts
toward the boundarg=0, and the current changes polarity
(negative segment of cun&in Fig. 2). The capture of ions
by distant traps is a self-inhibiting process, because the field
squeezing free ions toward the surfaceh also increases
synchronously with the filling of the traps. For this reason
|j| increases abruptly at first and then gradually decreases as
T is increased.

The profile ofj(T) in the high-temperature range is sig-
nificantly affected by the delay in the emptying of traps situ-
ated in the layer &cz<I, . At sufficiently low stresses

(Ug—Uyp)

X
27g°N,
=[2h(1-1,)—1?]<I2 cof[ (/4)+0.5]=0.0862

the functionj(T) has two maximasee curvel in Fig. 2),
where the absolute maximum is reachedTatT(3). The

temperaturely corresponds to the time at which the poten-
tial U(z) loses its maximum, whereupon detrapping is no

longer delayed, and its value is determined from the equation
Ol r=1,~ Oro-

At T>T, the current density drops abruptly with increas-
ing T, moving to the descending branch of the “ordinary”

(geak of the current produced by the thermally stimulated

ischarge of microscopic tragsee expressiorild)]. The
Brdinary,” i.e., undelayed, detrapping leads to the relafion

ngt exq_at)v

@ndj becomes a maximum at=T,, where T, is the

=1 (T, does not depend on the

0,0>1 holds, and at the time the delay vanish&s=(T,,) the
majority of the traps have already been emptied, so that the
current drop in the rangd>T,, takes place within a far

Jarrower temperature interval than its rigee curvel in

Fig. 2. As the voltage is increasgdee curve 2 in Fig. )2
the values of , andT,, decrease, the relative maximumjof
at T<T,o vanishes, and in the cag2h( —I*)—I2]>Ii the

Oqscending branch of the functigr{T) is described up to

T=T,o by the Arrhenius law with activation enerds;. At

rsufficiently highU 4 (but withU4<U,,) we havef;,<1, and

T,o is lower thanT,,. Under these conditions the current
and the time at which de-
trapping ceases to be delaye@=T,,) corresponds to the
kink in the j(T) curve:

dj

dT

dj

T
T=Tyn—0

T+T+0~ (1= 6)
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If Ug>U,, (Fig. 2, curved), there is no delay at the outset of entire interval 6<z<h are unoccupied. As a result, the low-
the depolarization process, and the graph(df) represents temperaturej(T) curve must acquire an interval of quasi-
an ordinary peak of the current produced by thermally stimusaturation or even slow decay of the current, which changes
lated detrapping. over (after the filled-trap layers have merged growth ofj
An increase in the field, is accompanied by a decrease with increasing T according to the Arrhenius law. If
in the thickness of the layer in which ions are localized at then<min(l,l, ,ks/N;), wherel}, is the thickness of the filled-
boundaryz=h after termination of the transfer process. Thetrap layer next to the surface=h att=co, all ion trapping
areas under the peaks [fT) must therefore increase some- centers in the insulator remain filled during depolarization.
what as the voltage is raised. This is especially true of th&'he j(T) curve loses the high-temperature part in this case.
low-temperature maximum, because in the high-temperature In summary, ion transfer processes in an insulating layer
range traps at the boundam=h are filled by previously with volume traps have a great many distinctive qualitative
incoming ions. The pattern of the temperature curves of théeatures in the temperature and voltage dependences of the
depolarization current in Fig. 2 corresponds to the situatiordepolarization current. Such features as the increase in the
involving a large number of ionk,>IN;. In the opposite area under the peaks of thjéT) curve as the voltage is
situation, ks<IN,, there are no free ions, hence thr) increased, the interval of thgT) curve where the current
curve contains only the high-temperature peak. changes polarity, and the “memory” of the field driving ions
An important characteristic of the ion transfer processesoward the surface prior to the onset of the transfer process
in an insulator with volume traps is the dependence of theiare fundamentally unexplainable in terms of the presence of
parameters on the conditions underlying the initial localiza-traps at the boundaries of the insulator. Consequently, these
tion of charge carriers near the surface0. In particular, if ~ characteristic features in fact provide a test of the stated as-
the ions are uniformly distributed &t —0, the thicknes$  sumptions as to the presence of volunensurfacgtraps in
of the layer of filled traps is a function of the driving field the insulator for the interpretation of experimental data.
E_ [see expressiofB)]. Consequently, at the same voltage The author is grateful to A. G. Zhdan for a discussion of
U4 the height of the barried, for the escape of free ions the issues addressed in the work.
from the potential well and the characteristic temperature
Tro corresponding to the Cessatlon of delay of detrappmg)This explains why the insulator depolarization current differs from the
becomes lower as the fiell. increases. On the graph of the ¢ rrent described by Eq¢6) by the amount of the displacement current
insulator depolarization current as a function of the tempera- (»x/4=)(d&, /dt).
ture (see Fig. 2 the increase of_ is manifested as an in- 2Highly nonequilibrium depolarization is discussed here. In the opposite,
crease in the area under the Iow-temperature peak, Whicrguasiequilib_rium case,vyh(_en the current is induced b_y slow variation_ofthe
. . voltage, thej (Ugy) curve is in the form of a peak of widthl2, symmetric
simultaneously shifts to the left and becomes narrower, anngaboutUdZO.
with a decrease in the area under the high-temperature max*iA similar “reservoir effect” has been observed in the thermal delocaliza-
mum and a leftward shift of the kink in thgT) curve at tion of electrons near a Si—SjOnterface’
T=T,o. In the casek <l,,,N; the low-temperature peak

does not exist for low field§_ , but whenE_ increases, this 1T, W. Hickmott, J. Appl. Physa6, 2583(1975.

peak appears as soon as 2M. R. Boudry and J. P. Stagg, J. Appl. Ph$6, 942 (1979.
| 2 k2 3Yu. A. Gorokhovatskiand G. A. Bordovskj Thermally Stimulated Cur-
2mq ( maXNt) s rent Spectroscopy of High-Resistance Semiconductors and Insulators
X% K Russian, Nauka, Moscow(1991).
4T. W. Hickmott, J. Appl. Phys51, 4269(1980.
(i.e., whenl <kg/Ny,). ®A. G. Zhdan and Yu. V. Markin, Fiz. Tekh. Poluprovod8, 756 (1994

Strictly speaking, the results obtained in this study aree&sel?iconddugofﬁ 44é|(1519‘9]-T fer i SolidéRussian transiatid

. . . . Kao an . Auangkglectron franster In S0l ussian transiatign
valid for a more or Ies.s thick |nsulat0|1:|>2ImaX. If Vol. 2, Mir, Moscow (1994, p. 56.
h<2|max_a the layers of filled traps corresponding to the 7g | Gol'dman, A. G. zhdan, and A. N. Ponomarev, Fiz. Tekh. Polupro-
boundariez=0 andz=h can overlap. Traps at the bound- vodn.28, 1947(1994 [Semiconductorg8, 1073(1994].
aryz= h are filled synchronously with the escape of free ions 8R. Chen and Y: KirshAnalysis of Thermally Stimulated Proces$gsi-
from the potential well near the surfage=0. The height of &1 Of the Solid Stawol. 15), Pergamon Press, New Yo(k981.
the barrierU,, therefore increases until traps throughout theTranslated by James S. Wood
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Relaxation spectra of photoluminescence from porous silicon obtained by chemical
etching of laser-modified silicon

L. L. Fedorenko, A. D. Sardarly, E. B. Kaganovich, S. V. Svechnikov, S. P. DikiT,
and S. V. Baranets

Institute of Semiconductor Physics, Ukraine National Academy of Sciences, 252028 Kiev, Ukraine
(Submitted October 5, 1995; accepted for publication February 1,)1996
Fiz. Tekh. Poluprovodn3l, 6—10(January 1997

The distinctive features of time-resolved photoluminescence spectra of porous silicon created by
chemical etching of single-crystal silicon subjected to modification by laser light has been
investigated. Two bands were seen upon examination of the amplitude spectra: a band with a
maximum at a wavelength\¢,,=530 nm and a band with\ ,,,=420 nm and twice the

intensity of the first. The relaxation curves are characterized by two sets of tifre@x 108 s

and 2x1078 s<7,X2x10 * s in the spectral ranges 420—700 nm and 500—850 nm,
respectively. Upon increasing the energy density of the laser irradiationfr&thto ~40

J-cm~?, the intensity of the photoluminescence and the contribution of the fast component
increased as well. The difference in the photoluminescence spectra compared to the

spectra of layers of porous silicon obtained by electrochemical etching is attributable to a shift in
the distribution of nanocrystallite sizes toward smaller sizes, which leads to an increase in

the area of the Si/SiQsurface that separates the phases. Although our results can be explained
within the framework of a quantum-well model, we do not rule out the contribution of

local centers at the Si/Sjbhase boundary. The slow component of the relaxation is approximated
by a “stretched” exponential. It is assumed that the slow component is controlled by the

rate at which photocarriers leave the quantum-well nanocrystallites by tunneling through the Si/
SiO, barrier. © 1997 American Institute of PhysidsS1063-782@07)01712-7

INTRODUCTION cence spectra of porous silicon layers obtained by laser
modification of Si. Our goal is to analyze and compare the
The interest in porous silicon layers derives from thedistinctive features of our spectra with photoluminescence
observation of photoluminescence in the visible region of thespectra of porous silicon obtained by other technologies, and
spectrum coming from these filhand from recent reports to seek new arguments in favor of this or some other model
of the first successful attempts to create electroluminescemf porous silicon.
sources based on them. However, despite complex investiga-
tions carried out by many authors, it is not yet possible to
make any definitive assumptions about the nature of photd\-/IETHOD AND RESULTS OF EXPERIMENTS
luminescence in porous silicon, although many of the results  Single crystals ofp-type Si with resistivity p=10
suggest that a quantum-well model is correct. Q- cm were processed by pulses from a YAG laser operating
Traditionally, layers of porous silicon are obtained eitherin the cw regime(the laser wavelength was=1.06 um, the
by electrochemical or by chemicétlye) etching. There is energyE;= 0.3 J, and the pulse duratidr=2x10"* s).
interest in finding new methods of directed creation of po-The laser beam was focused by a SOK-1 optical block and
rous silicon layers with a specific topology using laser irra-was translated along the surface of the silicon film, thereby
diation. providing a prespecified power density and degree of block-
In the majority of papers to date, laser irradiation ofing of the laser spot. The samples were then processed in a
porous layers of Siis used to stimulate chemical etching otlye etch with composition HF:HNgH,0=1:3:5 for 3—10
single crystals of Si at the stage of void formatfband also  min at room temperature. The relaxation spectra of the pho-
to observe the effect of light-induced degradation of thetoluminescence were measured for excitation by a pulsed
photoluminescenc&™ At the same time, it is known that nitrogen laser LGI-21 X=0.34 um, t;=7x10° s,
the intensity of chemical etching processes depends consi@=2x10"° J) as part of a setup assembled around a
erably on the degree of defect content and the type of startinDFS-12 spectrometer, with the help of a cooled pulsed pho-
structure. In our previous pap&rwe proposed to use laser tomultiplier FEU-83 {=0.3-1.2um). The setup allowed
irradiation before dye etching in order to create layers ofus to record amplitude valug@n the peak-value detection
porous silicon with a nanocrystalline structure like thatregime and time-integrated values of the photoluminescence
shown in Figure 1. Our proposal was based on the idea thattensity (), to make stroboscopic recordings of the relax-
the etching efficiency should increase for those portions o&tion spectra in the photon-counting regime with a time reso-
the silicon layer with a high degree of disorder of the crystallution of 10 8 s, and to accumulate and process the informa-
lattice caused by an increased defect concentration. tion on a computer.
We have investigated the time-resolved photolumines-  Figure 1 shows spectra of the peak value of the photo-
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FIG. 2. Normalized decay of the slow component of the photoluminescence
] - ) from porous silicon layergdots and approximation of the experimental
FIG. 1. Photoluminescence spectra of porous silicon layers obtained byesults(solid curves by a “stretched” exponentia2) for various energies
laser modification1-3—amplitude,1’—3'—time-integrated photolumines- of the luminescence radiation.

cence spectra. The energy density for laser proces#iigJ- cm 2 was: 1,
1'—11.5;2, 2—20.0; 3, 3—33.5. In the inset we show the decay of the
photoluminesence at various wavelengths.
contrast to observations of photoluminescence spectra from

porous silicon layers obtained by electrochemical etching,

luminescent intensitycurves1—3) and its integration over which peak at ;=500 nm, the maximum of this band is
time (curves1’ —3') for various optical energy densiti®¥  shifted toward the short-wavelength region of the spectrum
from the YAG laser. It is clear that &4/ increases, the in- (Ama=420 nm, and the ratio of amplitudes of the intensi-
tensity of the peak-value photoluminescence spectrum with ties of the “blue” band and “red” band exceed those ob-
maximum at\ ,,,=420 nm increases along with its integral served in Ref. 13 by more than a factor of 2 for equal time
over time. In the longer-wavelength regignearA= 540 delays between the strobing pulse and the excitation pulse.
nm) a distortion of the amplitude spectrum is observed dueThis band, which is connected with transitions between lev-
to an increase in the relative contribution of the short-livedels with the highest energy and with relaxation times
component as the intensity of the laser processing increases, <20 ns, may be due to: geminal recombination of photo-
The relaxation spectra, as is clear from the insets in Fig. 1¢arriers with the characteristic time for dispersal along the
are characterized by two sections of the photoluminescendength of a Bohr radiu? radiative quasidirect transitions
decay curve with two sets of relaxation times—a rapid decayetween bulk quantum statéexcitonic recombination, and
(71<20 n9 and a slow decay20 ns<7,<200 ws). Al- radiative centers in siloxene, polysilahand silicon oxide?®
though both components are present over most of the spe@he fact that the amplitude of this band greatly exceeds that
tral range, the ratio of amplitudes of the two componentsf the red band, in contrast to the corresponding relation for
changes, starting with the vanishing of the slow componenphotoluminescence spectra from samples obtained by other
for wavelengths less than 510 nm and ending with the vantechnologied? we associate with intense laser-stimulated
ishing of the fast component for wavelengths greater thamgeneration of structural defects in the single-crystal Si in the
700 nm. Accordingly, the maximum in the photolumines- process of laser processilfyln fact, even at comparatively
cence spectrum shifts with time toward longer wavelengthsmnoderate  concentration levels of these defects
while the shape of the spectrum undergoes a time-dependefit0*® cm™3), the average distance between defects as poten-
transformation similar to that observed in Ref. 13. tial etch centers amounts toe 10 nm. Along with the de-

Typical relaxation curves for transient photolumines-crease in the etch time, this limits the maximum size of the
cence are shown in Fig. 2 for five wavelengths. It is clear thahanocrystallites, shifting the maximum of their size distribu-
the relaxation curves for photoluminescence cannot be ddion toward smaller sizes. In accordance with the quantum-
scribed by a single exponential dependence on tiroger  well model, this increases the energy dapbetween quan-
the entire spectral range. The relaxation times do not deperidm levels, shifting the blue band toward shorter
on the excitation intensity of the light from the nitrogen wavelengths. At the same time, as the concentration of small
laser anywhere within the entire range of nonstationary phoparticles increases the effective surface area of the porous
toluminescence spectra, at least within the liritsl-10 W.  layer increases, and consequently the concentration of pos-
sible radiative centers as well, for example, in the oXitl.
is reasonable to assume that in the band Wwijth,=420 nm
there is a parallel switching-on of two competing recombi-

1. Fast componentA noticeable feature of the peak- nation channels for our case: bimoleculgeminal recombi-
value photoluminescence spectra is a strong “blue” band. Imation, because it is excitonic according to theoretical

DISCUSSION OF RESULTS
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estimated? gives a considerably larger value for the relax-
ation time 7,>100 ng and monomoleculaffor example, 70
through centers in the oxiglddentification of these channels c
requires further investigation of nonstationary photolumines-
cence spectra with nanosecond and subnanosecond time,
resolution. 3.
It should be noted that a similar blue band was also ":i
observed in photoluminescence spectra of fragments of po-
rous silicon dispersed through a quartz substrate.
The fact that a fast component is present<<20 n9
over much of the spectral rangé20<\ <70 nn) indicates a

T

2 %pl. =A¢:p (-f/[a)
E,=027eV

1+ o

. ) . ] i ) 1 ] 1 il
rapid exchange of a sizable amount of photocarrier energy 15 17 1.9 2.1
(2.9-1.8=1.1 eV). This is most likely an indication of the E,ev

predominance of some recombination process that is com-

mon over this spectral range. The most probable mechanis@g. 3. spectral dependence of the average decay time of the slow compo-
would appear to be that of geminal recombination coupledent of the photoluminescence from porous silicon layers.

with the quantum-well model of Si nanocrystallites in the

form of segments of wires of varying cross sectiand ac-

- . l -
cordingly varyingEg).” This model assumes transport of nd holes? the three-level modéf and also a model devel-

photocariers along guantum fragments with subsequent ph%ped to describe the long-period relaxation of the photore-

toluminescence in the more long-wavelength portion of the nse in nonuniform barrier semiconductor structdy
spectrum. Excitation within the volume of one of these crys-.SlDO s€ onunto arner semiconductor structujese

tallites can provide photoluminescence at any Wavelengtwapﬁﬁgaglir'g (;u:_rtr:]aes_e. characterized by a spectral depen-
within the entire spectral range. In fact, transport of photo- verage IS 2 Y P P

carriers from the volume of a nanocrystal to its surfacedence that falls off with the photon energyat a rate close

should lead predominantly to nonradiative recombin&tion to exponential,
(which agrees with the smallness of the quantum efficiency  7,(E)~A exp(—E[eV]/0.27) 3
in porous silicon. In this case, the radiative recombination in . . . .
the volume of a nanocrystal of length 10 nm should occur" the range 1'47_2_'48 elFig. 3. Smce_the photolumm_es-_
within the transport timeau,<10" 22 s for photocarriers to cence k|net|_cs are independent of the |nt.enS|ty. of excitation
move along such a fragment the mean-free path in Si at over the entire spect‘fum uqdei observatlo_n, this fact argues
T=300 K isl, <150 nm); i.e., nearly instantaneously on the n favpr .°f5 a tgnnellng . mechan|§m for the
time scale of our observations. Under conditions of ballisticrecom_bmat'or}’ aF:cordlng to which 't? rate 1S controlled by
transport, a mechanism of recombination of photocarriers Eifamnellng of carriers through potential barriers formed by
u

distances of their dispersal along the length of a Bohr radi Yers O_f o>_<|de that coa_lt the surface of th_e crystgllltes._The
is the most likely mechanism, which is similar to that ob- recombination process itself can be associated with radiative

served in amorphous Si. The fast component of the photolut-_ranSitions of free electrons and holger ex_citqnic transi-
minescence is less likely to have such a wide spectrum in Honsl)l betweefn t?\u'k quar;tum Ief\f/_el_s, aniasgajmllght of the
model involving radiative centers in the oxide $j@r cen-  >M& niz_)sis o' the quantum efliclency;=so, 1N poroys
ters of molecular nature. silicon*>8 with nonradiative transitions at bulk centéps,
2. Slow componenfThe second set of time0 ns< surfaces? or at Si/SiQ interfaces?? In addition, tunneling

7,<200 us) is characterized by a relaxation that cannot beof carriers through oxide layers between neighboring crystal-

described by a single exponential, and is similar to that Oblltes is also quite probable. In the latter case, the resulting

served in samples obtained by other methods, e.g_r,ecomblnatlon rate will no longer be proportional to the sum

anodization'® Computer analysis of relaxation spectra mea-> probabilities  for the ~ recombination processes

sured in the photon counting regime over a range of mor 5= 1/7,+1/7,,, wherer, and 7, are lifetimes of carriers

than three orders of magnitude in intensity show that thé’vIth r_espect o radiative and nonrad|gt|ve recombl_natlon, re-
spectively. It can, however, be described by a series-parallel

spectra are well approximated by a “stretched” exponential, . N
b PP y P cheme that includes the transport and recombination chan-

which is used to describe disordered systems with a charac. Is with tain effective fi — MW h
teristic integration tim#® nels with a certain effective times ¢¢= 7n s, Where

Twn IS the tunneling time. In any case, the recombination will

1 T e 1 take place in regions separated from the region where the
oI (0) fo lp(t)dt=7oB8""T'(B7), (1) carriers appear by tunneling barriers. The dispersion of char-
P acteristic times, which determines the nonmonoenergetic na-
|p|(t)=|p|(0)exﬁ:—(t/7'o)ﬁ], (2) ture of the photoluminescence kinetics_ curves at a given
. _ _ wavelength\, can arise from a scatter in the thickness of
where g is the dispersion parameter. barriersx which determines their transparenty
Other approximations used previously to describe the ki-
netic_s of photolumin_escence spectfar example, models T=T, ex —(47r/h)J5(2m*AU)l/2dX* (4)
that include re-emissiofphoton transpoytof free electrons 0
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cal etching of Si, can be a useful alternative to methods that
use photoresist and ion implantation to obtain a given
figure?

This work was carried out with partial support by a grant
from the George Soros International Science Fund.
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Vibrational spectra of CuInS  ,,Se;(;_) solid solutions
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The reflection spectra in the infrared range and the optical Raman spectra are investigated in
single crystals of the ternary compounds Cuylrghd CulnSg and in Culng,Se ;) solid
solutions, all grown by the method of chemical transport reactions. The frequencies of the
optical modes in the given materials are determined, and the type of behavior of these modes in
the solid solutions are established. 1®97 American Institute of Physics.

[S1063-78267)01001-9

In addition to providing information about the phonon at room temperature. The optical Raman spectra were ex-
frequencies in solid solutions, the study of the vibrationalcited by an argon laser with=4880 A. The scattered light
spectra of these materials can also facilitate the identificatiowas analyzed by a DFS-24 dual monochromator and was
of the spectral bands of the constituent compounds forming eecorded by means of an PE79 photomultiplier operating
given solid solution. By investigating the vibrational spectrain the photon-counting mode. The spectral resolution was
of such materials it is possible to analyze how disorder ire—3 cni L.
them influences the phonon frequencies at the center of the The homogeneous single crystals investigated in this
Brillouin zone in contrast with the constituent substances. work were prepared by the method of chemical transport

It is a well-known fact that solid solutions can be clas-reactions according to the procedure described in Ref. 6.
sified as unimodal or bimodal according to the type of be-They were made in the form of wafers with an even mirror
havior of the optical modes® Among the unimodal type are surface corresponding to tfig12) plane. The composition of
solid solutions, for which the optical mode frequencies varythe grown crystals was determined by an x-ray technique
with the composition in the range extending from frequen-based on the satisfaction of Vegard’s law within error limits
cies typical of one of the constituent compounds to frequenef +1.0 mol.%. The homogeneity of the single crystal was
cies typical of another compound, while the mode intensitymonitored by microradiographic spectral probe analysis.
remains constant. The bimodal classification encompasses The IR reflection spectra of the ternary compounds
solid solutions, in which twice as many modes are observe¢ulnSg and Culn$, and of the CuIngSey (1) solid solu-
for all intermediate compositions as for the constituent comtions are shown in Fig. 1. Clearly, three reflection bands are
pounds, and the intensity of each mode is proportional to thepserved in the spectra measured infhec polarization for
mole fraction of the basic components. CulnS,, and they agree with previous reslfer this polar-

The objective of the present study is to determine thgzation. On the other hand, the reflection spectra for this
optical mode frequencies and to establish their type of becompound in what we denote as tBé#c polarization differ
havior in Culn,Se 15 . The indicated substances crystal- significantly from the spectra published in Ref. 7, which can
lize in_a chalcopyrite structure with space group of symmetrybe attributed to the following causes. A typical feature of the
D33(142m). Since the primitive cell of such a structure con- growth of crystals of the I-1ll-VI compounds by the method
tains two formula units, the number of vibrational modes atof chemical transport reactions is their preferential growth in
the center of the Brillouin zone, which determines the num-the [111] direction. This direction forms a 35.3° angle with
ber of degrees of freedom, is equal to ®efs. 4 and 5  the optical axis of the crystal, so that the optical axis forms
Here the optical modes in the infrarétR) region of the this angle with the natural face of the crys(dll?). This
spectrum and in the spectral range of the Raman efREl  causes théE|| ¢ polarization to be achieved partial($6%),
are classified as and it has been shoWrhat the strictE| ¢ polarization is
impossible in the given geometry. Consequently, the spectra

opt_
I'°P=1A,(RE)+ 2A,+ 3B;(RE) + 3B,(IR,RE) of this polarization can contain attenuated bands from the

+6E(IR,RE), E_L c polarization. TheE_L ¢ conditions, however, are satis-
fied 100%(Ref. 8.
and the acoustic modes are classified as The reflection spectra were processed by a combined
[*=B,+E. sequential analysiso-called DAKK) technique’ which has

lower systematic errors than either dispersion anal{i3#s)

The B, modes are polarizeli||c, and theE modes are po- or the Kramers—KronigKK) method used separately. It is

larizedE_L c. evident from Fig. 1 that, when sulfur atoms are replaced by
The vibrational spectra of CujgSe, (1) were investi-  selenium, the spectra of the solid solutions acquire a new

gated by IR and Raman spectroscopy, and the IR reflectioband (absent from the spectra of pure CujhSwhich we

spectra were recorded on a Perkin Elmer 180 spectrophotontabel with the number 4 foE L c and 5 forE| c. The pres-

eter in the frequency range 150—400 chin polarized light ence of bands 1 and 3 in tHg|c polarization is associated
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FIG. 1. Reflection spectra in the infrared range for the CuynS® Culng compounds and CulngSe;, solid solutions. The upper half of the figure
corresponds to light with polarizatidg L ¢, and the lower half t&|| c.

with the above-stated causes. As the selenium content of then escalating contribution to these vibrations from copper
solid solutions is increased, the intensity of band€4 €) cations. The remaining modes of the solid solutions for
and 5 EJlc) increase, while the intensities of the high- ELc (band 4 andE| ¢ (band 5 correspond to vibrations of
frequency bandgbands 1-3 forELc, bands 2 and 4 for the In—Se bond, since they do not occur in pure CupInS
E|c) decrease. The high-frequency bands do not occur in The foregoing considerations indicate that the vibra-
pure CulnSe (Fig. 1). The concentration dependence of thetional bands corresponding ®andV, modes exhibit a bi-
TO and LO photon frequencies for CulpSe;-,) are  modal behavior in that their intensities and frequency posi-
shown in Fig. 2, from which we infer that, as the seleniumtions both vary.
content of the solid solutions is increased, the frequencies of Figure 3 shows the Raman spectra for the ternary com-
bands 1-3 foE L ¢ and of bands 2 and 4 fdE| c vary from  pounds CulnSgand Culn$, and of certain solid solutions
the eigenfrequencies of Culp$o the frequencies of local CulnS,Se ;) . A distinguishing feature of these spectra is
vibrations of the sulfur atoms in CulngeOn the other hand, the coexistence of twd\; modes, which are pure anion
for bands 4 E_L c) and 5 ]| ¢) a transition is observed from modes and which correspond to vibrations of sulfur and se-
the gap mode frequency of selenium in Cun& the eigen- lenium atoms surrounded by motionless neighboring atoms.
frequencies of CulnSe Clearly, theA; mode corresponding to vibrations of sulfur
A comparison of the reflection spectra of atoms has the predominant intensity in solid solutions with
CulnS,Se ;) for the frequency positions of the bands x>0.5. The introduction of selenium atoms in Cujrt8oad-
with previously published datd leads to the conclusion that ens and lowers the intensity of this mode. In solid solutions
the modes of the solid solutions fBrL ¢ (bands 1 and)2and  with x<<0.5 theA; corresponding to vibrations of selenium
Ellc (bad 2 are determined by the vibrations of the In—S atoms is stronger. The frequency position of the band corre-
bond, because such bands are not observed in this frequensgonding to vibrations of sulfur atoms shifts slightly as the
range in CulnSg The low-frequency bands 3 féLcand 4 composition of the solid solution is varied. On the other
for E| c also correspond to vibrations of the In—S bond withhand, the position of the band corresponding to vibrations of
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FIG. 4. Concentration dependence of the phonon frequencies for
FIG. 3. Optical Raman spectra of the compounds Cujreel Culn$ and CuInS,Sey (1) solid solutions, determined from the spectra in Fig. 3.
CuInS,Se, ;- solid solutions.
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Charge instability effects in the system silicon carbide—insulator
V. A. Karachinov

Novgorod State University, 173003 Novgorod, Russia
(Submitted December 14, 1995; accepted for publication January 16) 1996
Fiz. Tekh. Poluprovodn3l, 53-55(January 1997

The influence of laser radiation on the electric strength and characteristics of the interface of the
system silicon carbide—insulator is investigated by nondestructive inspection according to

the noise characteristics and by means of the capacitance—voltage characteristics. It is found that
a laser beam can be used to control the fixed charge in the insulating layer and to modify

the distribution of the density of surface states. Possible mechanisms underlying the observed
effects are discussed. @997 American Institute of Physids$$1063-782607)01101-7

INTRODUCTION cm 2 and a dislocation densitiy=10°-10* cm 2. The

The laser irradiation of such well-studied semiconduc-deposition of the insulating films was preceded by chemical
tors as silicon, germanium, and gallium arsenide in theftching of the substrates in a KOH melt at a temperature
implementation of cuttingscribing operations, the anneal- T=490 °C for 20 min. Some of the substrates were further
ing of implanted layers, evaporation, etc., is known to be€tched in an argon plasma. o _
capable of producing various modifications of their crystal  1he SiC—insulator structures were irradiated with laser
structure as well as their electrical and optical propefifes. Pulses §=1.06um, 7=0.8 X 10"*s, pulse energy density
Laser technologies are especially valuable in application t&p=0-3-20 J/_Crﬁ)- ] ] i .
high-temperature semiconductors, including silicon carbide. ~ 1he electric strength of the insulating films was esti-

For example, studies associated with the influence of &atéd by nondestructive inspection from the noise
laser beam on layered structures, SiC—insulator structures ﬁparac_tenstu_:é.The properties of the SiC—insulator interface
particular, which not only have interesting properties but aréVere investigated on the basis of the high-frequency
also typical in the planar technology of semiconductor de-apacitance—voltage characterisfics.
vices, have important bearing on a number of engineering
applications® EXPERIMENTAL RESULTS AND DISCUSSION

Here we give the results of experimental investigations B forming th i d destructi
of the influence of millisecond laser pulses on the properties Yy performing theé measurements under nondestructive
of insulating films and interfaces in insulator—semiconductorcOndltlons we were.able_ to compare the glectnc strengths of
structures made fromH6SIC. the untreated and irradiated m_sulatlng films. The measure-
ments showed that the electric strength of nonirradiated
SiO,, films on SiC is one third the value for SjOfilms. This
fact is obviously attributable to defects of the initial structure

Silicon dioxide films of thicknessl~0.2 um were de- of the substrates and the presence of unbonded carbon at the
posited on th€0001)C face of silicon carbide substrates by SiC-SiQ; interface formed during the oxidation of silicon
the following methods: thermal oxidation of SiC in dry and carbide® The irradiation of the untreated insulator—silicon
wet oxygen Si@;; oxidation of silane with oxygen SiQ. carbide structures in the interval of pulse energies
Silicon nitride films of thicknessl~0.2 um were prepared ~(0.3—-7 J/cnt increased the electric strength of the
by the reactive cathode sputtering of silicon in a nitrogenSiO,;, SiO,s, and SiN, films. The dependence & on the
atmosphere. The substrates weke BiC single crystals with energy density in the pulse exhibits a complex behaifag.

a density of uncompensated dondig—N,=(1-3)x10'®  1). It can only be assumed that the increas€&ijnis associ-

EXPERIMENTAL PROCEDURE
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FIG. 1. Experimental graphs of the electric strength of insulating films vs laser energy d&psifier chemical+ ion-plasma(Ar) etching of the substrate;
2) after chemical etching of the substrate in a KOH meltS&C—-SiQ; ; b) SIiC—SiQg; ¢) SIC—SiN,.
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FIG. 2. Flat-band voltage of the systems SiC—$i@ laser energy density

(experimental
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range of laser energies. In the interviah=(3-9 Jlent,
however, the characteristic acquires a step, ari,at5.98
Jlent the path traversed around the hysteresis loop changes
(Fig. 3. In this case hysteresis is caused by the electrons
falling into traps situated in the oxide layer near the silicon
carbide surface, and beginning with enekgy= 6 Jlent, the
traversal of the hysteresis loop reverts to its original path,
and ion drift becomes predominant in the silicon dioxide
film.® The appearance of the step on the high-frequency
capacitance—voltage characteristic is obviously associated
with flaws in the crystal structure at the SiC—Sjnterface
under the influence of laser irradiation. This creates a distri-
bution of the density of surface states in the form of a mo-

ated mainly with variations in the properties of the interface.noenergic surface level. The presence of such a level alters
In particular, for SiQ, it can be attributed to a decrease in the dependence of the surface potential on the displacement

the concentration of nonuniformly distributed carbon as a/oltage of the SiC—Siq structure, and its shielding action
result of diffusion toward the surface, the formation of Si—Merely causes isolated segments of the capacitance—voltage
O-C bonds, and chemical reactions, which result in the syncharacteristic to shift relative to the initial characteristic. We

thesis of CO from C@accumulated during oxidation of the ¢an assume that we have a monoenergic surface level in the

interface’®

From all appearances, the decreasgdns explained by . N v
purely mechanical disturbances that set in at high pulse erf: IS Nss=2.5X 10" eV-cm 2

form of a trap, which exchanges charge with the SiC. Here

the maximum density of surface states, calculated from Ref.
2

ergy densities and by the nonuniform energy distribution in

the laser spot.

CONCLUSION

The results of our investigation of the characteristics of
the insulator—SiC interface suggest an apparent correlation 1. The system silicon carbide—insulator has been irradi-
between the variations &g and the charge state. In the caseated with a laser, producing significant structural changes
of SiC—SiQy structures, for example, beginning with ener- both in the insulating films and in the vicinity of the inter-
gies E,=4 Jient and higher, the flat-band voltage and, face.

hence, the fixed charge in the oxide decredsg. 2). It is

2. A laser beam can be used to control the fixed charge

important to note that the slope of the capacitance—voltagi the insulating layer and to alter the nature of the distribu-
characteristics vary only slightly over the entire investigatedion of surface states.
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Optical properties of quasiperiodic and aperiodic PbS—CdS superlattices
S. F. Musikhin, V. I. Il'in, O. V. Rabizo, L. G. Bakueva, and T. V. Yudintseva

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted February 26, 1996; accepted for publication February 28) 1996
Fiz. Tekh. Poluprovodr31, 56—62(January 1997

The transmission spectra of quasiperiodic Fibonacci superlattices and aperiodic Thue—Morse
superlattices of the system PbS—CdS at room temperature and at 77 K are investigated. The
superlattices are fabricated by pulsed laser-beam evaporation. The spectrum of optical

transitions of the aperiodic superlattice is much richer than implied by a calculation of the spectrum
of periodic superlattices. This is a consequence of the fractal structure of the energy

spectrum of the aperiodic superlattices. Self-similarity is observed in the energy spectra of
Thue—Morse lattices. €997 American Institute of Physids$$1063-7827)01201-5

1. INTRODUCTION 2. OBJECT OF INVESTIGATION

The capability of creating artificial media on the basis of The investigated superlattices were constructed from two

layered structures using materials endowed with extremel?tfr?;tukral eIe;r(l)e}r;ts: Isler?eaz[corﬂgls?d a Ie??hgullflde Iailgr’&.
diverse properties is a reality today. Of special interest arg! MNICKNESS and a fead suftlide fayer ot thickness ’

layered structures with quantum-well layers. Electronic Cir_elementB comprised a lead sulfide layer of thickness 40 A

. . o . and a cadmium sulfide layer of thickness 10 A. Elemets
cuitry components with distinctive new properties can be :
B were combined to form  structures

constructed on the basis of such quantum-well structures (%* — ABABAABABAABAABABAM conformity with a
superlattices. Intriguing attributes can be expected in strucl—:ibonacci number sequence azd T
tures composed of lead sulfide and cadmium sulfide layers. , g A A ABBAABABBIR accordance with a Thue—Morse

Lead sulfide is a photosensitive material with a narrow ban%equence. The structures were prepared by pulsed laser-beam
gap Ey=0.41 eV), a high static dielectric permittivity, and a \ 4c,um evaporatiod.

nonparabolic conduction band. Cadmium sulfide is a wide-

gap semiconductor;=2.4-2.6 eV that exhibits photosen-

sitivity and .piez_oelectric propgrties. The consolidatioq of 3 EXPERIMENTAL RESULTS AND DISCUSSION

these materials into a superlattice can lead to the creation of . _

a structure in which photostimulated nonequilibrium carriers ~ The spectra of the optical transmissiof the superlat-

and piezoelectric excitations closely interact with one anlices were investigated in the infrared, visible, and ultraviolet

other. regions at room temperature and at liquid-nitrogen tempera-
Here we report an investigation of the optical transmis-iure- In this article all the spectra are displayed with the

sion spectra of multilayer structures consisting of quantum@rdinate =T, which is proportional to the absorption coef-

size lead sulfide and cadmium sulfide layers, which are comicient. _ _

bined in such a way as to form two types of superlattice: a The one-to-one relation between the absorption spectra

Fibonacci quasiperiodic superlattice or a Thue—Morse supet"’—lnd thfsdepglty of states funcuo_n n ;upgrlattlces IS well
lattice known:*> Minibands are formed in periodic superlattices,
The quasiperiodic Fibonacci superlattice, which Isvyhereqs n aperlod|g superlattices levels common .to the en
. . . ) .. tire lattice coexist with energy levels associated with local-
grown in the pattern of a Fibonacci sequence, is classified as : . : .
. . . : . Ized states in solitary quantum wells and in groups of maxi-
intermediate between periodic and disordered media. Certain : .
. mally tight-coupled wells. The result is an energy spectrum
salient features of the energy spectrum of such structur

o er?aving a stepped character with several diffuse transitions
have already been studied in the example of GaAs—GaAlAg,m one step to another. The electron energy levels were
Fibonacci superlattices. o calculated in the Kronig-Penney model for isolated quantum
~The Thue—Morse superlattice is based on a SEQUENCE Wells separated by barriers. The previously dsmkrgy dia-
which each term is defined by the rul=T, ;+T,_;,  gram of a type-Il PbS—CdS superlattice with overlap of the
wherer enumerates the elements in the sequenceTdnd  Cds conduction bands and the PbS valence band at room
is the complement of the terif_;. For example, given two  temperature was employed in the present study. The distinc-
structural elementé andB of a Thue—Morse sequence, the tive features of the carrier energy spectrum show up in the
complement of elemerk is B (A" =B) and, conversely, the optical spectra and are a consequence of intraband and inter-
complement of elemer is A (B* =A). In the complement, band transitions in the superlattices.
which consists of several layers, the position of elenfeist The widths of the band gaps of the superlattice compo-
occupied byB, and vice versa. A Thue—Morse superlattice nents were measured at liquid-nitrogen temperature; the gap
constructed by this rule never repeats itself. Despite the apavidth decreases for lead sulfidg{=0.31 eV} and increases
riodicity, it is inherently self-similaf. for cadmium sulfide £4=2.5 eV).
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PbS of the lead sulfide layer of width 40 A is free. Accordingly,
& L’c1 interband transitions between free electron levels in the cad-
______ mium sulfide conduction band and filled levels in the lead
006) E==—=—4H £ sulfide valence bands are possible, along with intraband tran-
‘e E sitions between the first unfilled level in the valence band of
1 the lead sulfide layer of thickness 40 A and deeper filled
& - . - - . . -— levels in the valence bands of lead sulfide. Table | gives
calculated and experimental data on the possible energy tran-
sitions in the superlattices.
_________ H Figures 2—4 give the optical spectra of the Fibonacci and
z Thue—Morse superlattices at room temperature and at liquid-
nitrogen temperature in the IR region of the spectrum on
barium fluoride and glass substrates. An absorption peak ap-
pears in the IR range of the transmission spectrum for
—————————— Hy BaF, substrates at a temperature of 77 K, making it difficult
’ to analyze the transmission spectra of the superlattices. We
2 £ therefore constructed superlattices on glass and investigated
cds Y2 them in the same spectral range as the superlattices on a
BaF, substrate. Against the background of the transmission
. . spectrum in all the structures there is a stepped structure,
FIG. 1. Energy band diagram of a CdS—PbS superlattice at 77 K. The ' . . . .
numbers indicate the widths of the energy intervals in electron-volts. which characterizes the prominent features of the superlattice
and does not occur in the spectrum of the substrates. Typi-
cally, the spectrum of the Fibonacci superlattices is stepped,

If we assume, for examp|e’ that the discontinuity of theWhereaS the SpeCtra of the Thue—Morse Superlattices disclose
valence bands of the superlattice component& (=const)  absorption peaks in addition to the stépee, e.g., Fig. 2 for
remains constarit, then the partial overlap of the allowed €nergies of 0.389 eV and 0.434 gVlhe numbers in the
bands of the superlattice components is eliminated, and thiégures indicate transitions, whose order numbers coincide
band gaps overlafFig. 1). with those of the transitions in Table I.

Calculations show that the quantum well formed by the ~ The spectra for lattices constructed on Baftbstrates
conduction band of cadmium sulfide contains one quantuniFig. 2) have a distinct stepped profile. The greatest number
level E;=0.257 eV,which is not occupied by electrons. At of steps is observed in the spectra of the Thue—Morse super-
77 K, depending on the width of the barrier, whether a leadattices at room temperature. The experimentally determined
sulfide layer of thickness 20 A or 40 A, the quantum well for spectrum discloses a far greater number of steps for the
cadmium sulfide has four closely spaced quantum levels imThue—Morse superlattices than predicted by calculations for
the energy interval 0.171-0.183 eV. The hole quantum wellshe solitary quantum wellgsee Table )l These results are
formed by lead sulfide layers contain from five to ten quan-consistent with recent theoretical studies of the electron spec-
tum levels in the valence band for lead sulfide layers oftra of Thue—Morse superlatticé$;2 which show that in ape-
thickness 20 A and 40 A, respectively. riodic superlattices of the given form the spectra contain a

Investigations of the Hall effect on films of satellite greater number of energy steps than for periodic and quasi-
samples yield values of the concentration such that the Fernieriodic superlattices. As mentioned above, despite the
level at the given doping levels of the superlattice compo-<change in the shape of the spectrum, the elements of self-
nents is situated below the top of the cadmium sulfide vasimilarity or fragmentation are preserved in the Thue—Morse
lence band. In this case the fikdy level in the quantum well superlattices. This fact is revealed in the observation of two

PbS

0.37

2.5

TABLE |. Calculated and experimental data for the energy transitions in superlattices in the infrared region of
the spectrum.

Transition energy, eV
Experiment on super-

Transition Type of lattice¢BaF, substratg Experimental

No. transition Calculated Fibonacci Thue—Morse temperature, K
1 Hi-H; 0.148 0.150-0.236 0.144-0.164 300

2 H,—H, 0.206 0.150-0.236 0.198-0.216 300

3 Ha—H, 0.438 0.423-0.439 0.440 300

4 Hi-E; 0.476 0.445-0.487 0.459-0.473 300

1 Hi—H; 0.141 0.139-0.155 0.144-0.164 77

2 Hi-E; 0.486 0.478-0.483 0.482-0.496 77

Note: H, denotes the quantum levels in the valence band of a PbS layer of thicknesgHQishthe same in
a layer of thickness 20 A, ar, is the quantum level in the conduction band of CdS.
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'é’ 8ot ; FIG. 2. Absorption spectra in the IR re-
R 470 S8 gion for superlattices fabricated on a
- - BaF, substrate. aThue—Morse superlat-
g é tice at 300 K; b Fibonacci superlattice at
- 78r 165 300 K; o Thue—Morse superlattice at 77
i -« K. The transitions are numbered along the
A spectra in accordance with the order num-
7% 160 bers in Table I.
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72 ! ! ] 3 50
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narrow steps between two broader steps in the absorptisspectrum persisted at liquid-nitrogen temperature with a cer-
spectrd. tain energy shift of the broad steps. At higher energies in the
A lucid example of self-similarity is the absorption spec- IR range 0.280—0.500 eV the room-temperature spectrum
trum of a Fibonacci superlattice on a barium fluoride sub-comprises a sequence of steps of approximately identical
strate, shown in Fig. 2. Three broad steps are observed in theidth.
spectrum in the energy intervals 0.150-0.240, 0.340-0.395, Figures 3 and 4 show the absorption spectra in the IR
and 0.445-0.480 eV, etc. This arrangement of the steps irange for superlattices prepared on a glass substrate. A series
the spectrum exhibits the self-similarity of the energy specof prominent features associated with the grown structures is
trum and corroborates the existence of a bona fide Fibonacobserved in the superlattice spectra against the background
superlattice. of the substrate transmission spectrum. The energy positions
The spectrum of a Thue—Morse superlattice at roonof the majority of the steps for superlattices on Baihd
temperaturdFig. 2) consists almost entirely of energy steps. glass substrates practically coincide. In fact, the spectra of
Self-similarity elements can be seen in the low-energy rangéhe Fibonacci superlattices on glass also have a stepped pro-
in the interval 0.107-0.250 eV. For example, several narroviile. Lowering the temperature does not alter the general ap-
steps are interspersed between the broad steps 0.144-0.J@hrance of the spectrum. The analyzed part of the spectrum
eV, 0.205-0.220, and 0.255-0.280 eV. This pattern of thef a structure on a glass substrate is a fragment of the spec-
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95 495
%7 w1k
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2 90 495 2 " 1 2
3 2 »
s 3 g _. s S
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5 & e s $
~ _— ] ©
- 197 > 460 .~
80 N <z -
-89 ork 475
75 87 —70¢
70 L 1 1 A L 85 86 n 1 4 L 1 1 65
0.25 0.3 0.35 0.4 0.45 05 0.55 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
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FIG. 3. Absorption spectra at 300 K in the IR region for superlattices fab-FIG. 4. Absorption spectra at 77 K in the IR region for superlattices fabri-
ricated on a glass substrate. Thue—Morse superlattic) Fibonacci su-  cated on a glass substraig. Thue—Morse superlattic®) Fibonacci super-
perlattice. lattice.
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TABLE II. Calculated and experimental data for the energy transitions in

superlattices in the infrared region of the spectrum. 0.é75L 0.8
Transition energy, eV 0.8
Experiment on super- o7
Transition Type of lattice¢BaF, substratg “ " e
No. transition Calculated Fibonacci Thue—Morse § 075 E
3
1 Hg—H; 1.72 0.160 1.70-1.754 T o7 06 %
2 H,—E; 1.79 1.75-1.80 1.70-1.75 R -
3 H,—E, 1.84 1.86-1.89 1.85 - -
4 Ho—E; 1.92 1.86-1.89 1.85 665
5 Ho—H, 1.99 2.02 2.06 05
6 Hs—H, 2.01 2.02 2.06 0.6
7 Hg—E; 2.05 2.02 2.06
8 Hio—H1 2.25 2.30 2.28-2.32 o554 . L \ ; ) 1 0.4
9 HS_El 2.34 2.43 2.34-2.41 16 1.8 2.0 Z.ZE v 2.4 2.6 2.8 Jo
10 Hy—E; 2.58 2.58 2.58 i
1 Hg—H, 1.62 0.162 1.62 FIG. 6. Absorption spectra in the UV spectral region for Fibonacci super-
o H,—E 1.71-1.83 1.70-1.73 1.70 lattices fabricated on a glass ;ubstrajeeo K; b) 77 K. The transitions are
3 Ho—H, 1.87 1.86 1.83 numbered along the spectra in accordance with the order numbers in Table
& H,~E  1.76-188 1.86 1.85 .
5 Hg—E 1.96-2.08 1.97 1.97-2.00
6’ Hs—H, 2.00 1.97 1.97-2.00
7 Hi—H; 2.12 2.13 2.16-2.24 much smaller than in the analogous spectrum of the structure
g Ho—E 2.15-2.27 2.24 2.16-2.24  on a Bak substrate. An exception is the energy interval
9 Hs-E  224-227 2.24 230 0.475-0.525 eV, where the positions of the steps for both
10 Hi—E 2.58 2.58 2.50-2.53

types of substrates essentially coincide. The absorption peak
Note: Transitions 1-10 were observed at 300 K, and transitidrsl@ at  at an energy of 0.390 eV, which is observed in structures on
77 K. both glass and BaFsubstrates, can be explained on the as-
sumption that the superlattice exhibits a common energy
level situated 0.501 eV below the top of the lead sulfide
trum of the structure grown on a BgFand the general fea- yglence band. The absorption peak in the vicinity of 0.434
tures of the two spectra concur quite well. For example, stepgy js associated with an intrabaitb—H, transition in the
are observed in the energy intervals 0.340-370 eV, 0.429yajence band of a lead sulfide layer of thickness 40 A. The
0.440 eV, and 0.493-0.521 eV. An exception is the stefyresence of an absorption peak at energy 1.83 eV in the

0.269-0.300 eV, which splits into two narrow steps for aspectra is associated with a transition of the tyﬁeL? in
structure grown on a glass substrate. lead sulfide

Promir)ent features in the form'of steps and in the form Table 1l summarizes the calculated and experimental
of absorption peaks are observed in the spectra measuredc?&ta for energy transitions in the superlattices in the visible

r(l)om ten;)p?ra:ureror Thue—trl\]/lorse sllajperle;ttlcesh gfrovzn N &nd uv spectral ranges. The calculations were carried out in
glass substrate. However, the number of such Teatures (g approximation of two quantum wells. It is evident from
these data that good agreement is observed between theory

and experiment.

1.0 411
CONCLUSION
09 140 Laser-beam vacuum evaporation has been used to fabri-
2 2 cate two types of structures on barium fluoride and glass
5 E substrates: quasiperiodic superlattices fabricated in a Fi-
‘g',,., dos % bonacci sequence and aperiodic superlattices fabricated in a
< < Thue—Morse sequence. The coincidence of the positions of

the steps on an orienting substréBaF,) and on a nonori-
d0s enting amorphous substratglass does not have a decisive
influence on the growth of quantum-well structures fabri-
cated by pulsed laser-beam evaporation.
08 L . 1 ) I I 0.7 An investigation of the optical transmission spectra of
1.6 18 2.0 2z 24 2.6 28 30 . . . . .
£, eV the fabricated structures in the infrared, visible, and ultravio-
let ranges of the spectrum has shown that the spectra have a
FIG. 5. Absorption spectra in the UV spectral region for Thue—Morse su-Series of prominent featurgsteps and absorption pegks
perlattices fabricated on a glass substrat@0® K; b) 77 K. The transitions  ywhose presence, as we kné\ﬂ,evinces a stepped behavior
are numbered along the spectra in accordance with the order numbers B¥ the density of states function. This knowledge has enabled

Table II. . . . .
us to identify the synthesized structures as superlattices. The

1o
~3
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investigations have shown that the spectrum of the FibonacéiBeing deeper, the valence bands should be less prone to changes induced
superlattices exhibits a self-similarity effect inherent in qua- by temperature variations.
siperiodic structures.
It was found for the first time that self-similarity ele-
ments are also present in the spectra of periodic structures
constructed in accordance with a Thue—Morse sequencé,p. Munzar, L. Bocak, J. Humlicek, and K. Ploog, J. Phys. 6 4107
corroborating recent theoretical wotk. 2(D19|34>- 6. Gumbe. and M. Kolar. Phve. Revdf 1147(199
A calciton ofsuperlattice energy levels n the Kronig- 14818, & Cunbs, ad 1, kol Py, nevig Lirison,
Penney model for isolated quantum wells gives good agree-pojyprovodn27, 1868(1993 [Semiconductorg7, 1029(1993].
ment between theory and experiment. The results lead to thém. Herman,Semiconductor SuperlatticRussian translatignMir, Mos-
conclusion that the fabricated structures are quasiperiodic FiEZOV\‘;;lgsi?k- Two-Dimensional Electronic Systefiis Russiad, SPbGTU
b_onacu superlattices and aperiodic Thue—Morse superlat-sil Pétersbhrg1993. 4 ; '
tices. 6S. F. Musikhin, L. G. Bakueva, V. I. IIin, O. V. Rabizo, and L. V.
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Waveguide properties of gallium, aluminum, and indium nitride heterostructures
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The waveguide properties of double heterostructures constructed from nitrides of group-Ili
elements are investigated. It is established that a maximum 8-10% AIN is suffi@etimiting
the optical mode inside the active regian the solid solution of the wide-gap layer. The
influence of light absorption in the wide-gap layers on the threshold current density of
heterostructure lasers is taken into account. This form of light absorption is probably a
decisive factor for heterostructures utilizing llI-nitrides. A threshold current density at levels of
the order of 10 kA/crhis expected for lasers utilizing such structures. Because of strong

light absorption in the waveguide layer, the threshold current density for lasers with solitary
quantum wells cannot be expected to be any lower than that of conventional double-
heterostructure lasers. The threshold current density can be lowered to a few?kA/te case

of lasers with a large number of quantum wells. 1®97 American Institute of Physics.
[S1063-782607)01301-X

1. INTRODUCTION AND PRINCIPAL RESULTS carrier pump level is required to attain the same gains in the
active zone.
The nitrides of group-Ill element8ll-nitrides), specifi- However, these considerations are valid when light ab-

cally In, GaN, AIN, and their solid solutions are promising sorption does not take place in the passive wide-gap layers of
materials for the fabrication of short-wavelength laserthe structure. This is, in fact, the case for the majority of
diodes!* Recent advances in nitride technology have madelirect-band-gap materials characterized by sharp absorption
the construction of such diodes an entirely real possibilityedges. In particular, for the photon energy of a GaAs/
The fabrication of the world’s first injection laser utilizing AlGaAs laser, which corresponds to a shift of the order of
lll-nitrides was announced in January of 19@%ef. 3. The  40-meV into the red part of the spectrum from the width of
present-day theory of semiconductor injection lasers usinghe band gap, the absorption coefficient of GaA is approxi-
heterostructures is tailored to the properties of lll-arsenidesnately 10 cm?® (Ref. 4, and the absorption coefficient of
lll-antimonides, and llI-phosphides. For heterostructure la-AIGaAs solid solutions used as materials for wide-gap layers
sers utilizing these materials both theory and experimenis only a few reciprocal centimeters.
show that the threshold current density decreases regularly Existing data on the absorption coefficients of gallium
as the thickness of the active narrow-gap zone is decreaseghd aluminum nitridés’ show that the absorption spectra in
The phenomenon is very simple in essence: The thinner thihese materials have a low-energy “tail,” which leads to
zone, the fewer the carriers that need to be injected into it tappreciable absorption of the generated light in the wide-gap
induce population inversion. layers. For nitride materials the absorption coefficient at the

In the case of the simplest double heterostructidel)  emission wavelength of the laser is clearly of the order of
lasers, where the active zone serves in the additional capacify®> cm™!. The present study has shown that a consequence
of waveguide, the curve representing the threshold currerdf this figure is the fact that the curve of the threshold current
density as a function of the thickness of the active zone has density as a function of the thickness of the active zone has a
minimum. This is attributable to the fact that only the part of pronounced minimum for DH and — especially important —
the optical mode propagating through the active zone is amSCDH lasers made from IlI-nitrides.
plified, so that too much of a reduction in the thickness of the It is evident from Fig. 1 that allowance for strong ab-
active zone leads to extremely rapid degradation of opticasorption in the wide-gap claddings has the effect of shifting
mode confinement to the active zone and, as a consequendke optimum thickness of the active zone from a value of the
an increase in the current required to achieve lasing. order of 0.05um to values of the order of 0.2m. Here the

In double heterostructure lasers with separate mode corexpected threshold current density of the laser increases sev-
finement(SCDH lasersnonequilibrium carriers are confined eralfold, arriving at the level 10 kA/cfnFigure 1 shows the
within the active zone, whereas the optical field is confineddependence of the threshold current density on the thickness
within the relatively thick waveguide layer. In this case op-of the active zone for a DH laser with various wide-gap
tical confinement is not significantly diminished; hence theregions containing from 2% to 20% aluminum nitride and a
threshold current decreases monotonically with the thicknessarrow-gap region of pure gallium nitride. This dependence
of the active zone. This decrease is particularly noticeable ithas a minimum, which becomes lower as the wide-gap addi-
transition from lasers using a bulk material to lasers operattion of aluminum nitride is increased. This tendency reaches
ing on quantum wells or even quantum points, where a lowesaturation: Curves 3 and 4 in Fig. 1 scarcely differ from one
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d,)um. FIG. 3. Spectrum of the refractive index of GaN and various compositions
of AlGaN and InGaN solid solutions at room temperatdnel0% AIN, 0%
o InN; 2) 5% AIN, 0% InN; 3) 0% AIN, 0% InN; 4) 0% AIN, 5% InN;5) 0%
FIG. 1. Threshold current density, in laser double heterostructures of the AIN, 10% InN. 6) Experimental data from Ref. 6; the curves represent the
type GaN/AIGaN(A=370 nn) vs thickness of the active zoréfor four approximation proposed in the present article.

solid solution compositiongercentage AlNin the wide-gap layersl) 2%;
2) 5%; 3) 10%;4) 20%. The graphs represent the results of calculations with

(solid curve$ and without(dashed curvegegard for light absorption in the . .
wide-gap layers. thickness of the active zone but, conversely, to grow. The

optimum thickness of the active zone in this case is once
again approximately 0.2m. As a result, the minimum at-
another, even though curve 3 refers to a 10% content ofainable threshold current density is found at the level of the

aluminum nitride, and curve 4 to a 20% content. threshold current densities in ordinary DH lasers.
The nature of the dependence of the threshold current

density on the thickness of the active zone changes in the 1,cqry

case of a SCDH laser. This variation is shown in Fig. 2. It is

evident from the figure that in the range of the most signifi-  Here we consider planar heterostructures, for which the
cant practical thicknesses of the active zone the threshol@aN active zonéDH) or the GaN waveguide layer with an

current density is not observed to decrease with diminishinghGaN active zone in the cent¢éSCDH) is contained be-
tween two thick, wide-gap AlGaNcladding layers so that

the optical mode cannot penetrate the outer layers of the
structure. An end-fire laser geometry is assumed everywhere
in this case.
25t All the calculations for the modeled heterostructures
with a GaN active zone are carried out for a laser emission
i 3 wavelengthh=370 nm in accordance with existing data on
a0 stimulated emission in a GaN/AlGaN DH-(368 nm; Ref. §
at 300 K. The laser wavelengths for a SCDH with an
2 InGaN active zone corresponds to the composition of the
solid solution.
1 The distribution of the optical field in the structure
10t (transverse modeis determined from the standard wave
equation

E”(x) +k?[n?(x) — N?2]E(x) =0, (1)

M—""“"” wherex is the direction normal to the planes of the laydyss,
SEF& is the light wave vector in vacuurm(x) is the refractive

1 1 1 index, andN is an effective refractive index, which must be
0 0.05 0.10 0.15 0.20 determined for each mode separately. All the results are
given for the fundamental laser mode.
In solving the wave equation, we assume that the refrac-
FIG. 2. Threshold current densify, for a laser utilizing a double hetero- tive indices of the GaN and AlGalnGaN) solid solutions
structure with separate confinement of the type, B N/GaN/  correspond to those in Fig. 3, and that they do not depend on

Al Gay N (A=395 nm) vs thickness of the active zorkfor three thick- : :
nesses of the GaN waveguide laybr0.2 um: 2) 0.4 m: 3) 0.8 sem. The the temperature, the doping level, or the type of electrical

graphs represent the results of calculations Wstblid curve$ and without conductivity. In pl-otting the refractive-index spectra in .Fig-
(dashed curvesregard for light absorption in the wide-gap layers. 3, we have taken into account the dependence of the width of

52 Semiconductors 31 (1), January 1997 V. E. Bugrov and A. S. Zubrilov 52



the band gap of the AlGakRefs. 1 and Rand InGaN Ref. follows from Fig. 1 that for an AIN content in the claddings
7) solid solutions on the compositions of the solid solutions.greater than or of the order of 5% the optimum thickness of
The refractive indices of the materials used have valueghe active zone is approximately 0.15—Q2n.
as~10° cm ! (Refs. 1 and bat the given wavelengths, and Separately confined DH lasers are widely used. Lasers of
the values obtained for the gain in the active zone are mucthis configuration not only have far superior degradation
lower than the magnitude of the light wave vector 10°  characteristics and less beam divergence, but also, as men-
cm~1. Consequently, the imaginary parts of the refractivetioned, have lower current thresholds than conventional DH
indices ag(x)/2k do not have any appreciable influence onlasers. Two fundamentally different situations need to be dis-
the profiles of the intensity distribution of the field, and theytinguished in the case of SCDH lasers.
can be disregarded in solving the wave equation. 1. The active zone is not too thin and cannot be regarded

The required gain in the active zone to achieve lasing isis a quantum well. The threshold current densities in InGaN/
determined by the rate of losses that must be overcome in theaN/AlGaN SCDH lasers with this kind of active zone can
structure. The losses are made up of the losses in the emise determined from relatio(8) with the same values o8
sion of radiationa = (1/L)In(1/R), whereL is the length of andj, as in the case of GaN/AlGaN DH lasers. Calculations
the cavity, andR is the reflection coefficient of the mirror, without regard for absorption in the wide-gap layers show
plus the internal losses in the structurg, which cannot be that even when a SCDH of this type is used, the expected
determined by knowing only the parameters of the structurethreshold current density is lowered in comparison with con-
The internal losses can, for example, encompass losses @éntional DH laserge.g, by 1/2 to 1/3 for GaAs/AlGaAs DH
free carriers in the active zone or losses in the scattering ahseré). In nitride lasers, however, a GaN waveguide layer is
radiation by the heterointerfaces and scattering cerfters  highly absorbing. The absorption coefficient of GaN at the
homogeneitiels As mentioned above, the losses due to lightwavelengthh=395 nm(10% InN in the active zonds ap-
absorption in the passive layers;, must also be taken into proximately 800 cm* (Refs. 1 and & Such large light ab-
account in llI-nitrides. Once the above-described loss meChagorption raises the threshold gain_ Figure 2 shows the depen_
nisms have been taken into account, the expression for thgence of the threshold current density on the thickness of the
gain in the active zone at the lasing threshold assumes thg-tive zone for three nGay N/GaN/Aly ;Gay N DH lasers
form with GaN waveguide layers of thickness QuZn, 0.4 wm,

9= (LT (aj+ ay + T+ T ad), 2) an(ilO.S;Vtm. In the_(l:alculations it is assumfxi‘] thaf= 500

. ) cm -, ag =800 cm -, =0, anda =40 cni ~.

wherel',, and['; are the fractions of the optical mode asso-  The calculations show that the expected current densities
ciated with the waveguide and cladding layers, respectivelyi, SCDH lasers are approximately equal to those expected in
andI’ is the fraction of the optical mode associated with theqnventional DH lasers. Also shown for comparison in Fig. 2
active zone(the optical confinement factyr The standard e data from calculations of the threshold current density

relation for bulk materials fs without regard for the absorptionv(=0) in the waveguide
9=Blnom—io), (3) and adjacent layers. The strong influence of this absorption

. o _ on the expected value of the threshold current is clearly evi-
whereg andjg are constants, ang,,is the nominal current

. . o - ) ent
density required to maintain the existing rate of pumping of

a uniformly excited layer of thickness Am. For bulk GaN 2. Quite a different situation is encountered for SCDH
: lasers with one or several quantum wells. The dependence of
at 300 K we can sep=8.33 cm/kA andj,=22 kA/cn? d P

Ref If the iniecti Hici d the iniecti - the gain in the active zone on the current density through the
(Ref. 8. € Injection etnciency and the Injection Coetll- gy, oyyre differs from that used for bulk GaN. The scarcity of

l(:lent are ebqugl ]E.o u(;uty, the threshold current density of thefjata on this dependence for the quantum wells of InGaN/
aser can be defined as GaN makes it impossible to run detailed calculations on
jth=djnom=d(jo+9m/B), (4)  SCDH lasers with quantum wel(g.g., to calculate the influ-

. : : . . ence of the thickness of the active zone on the threshold
whered is a dimensionless quantity corresponding to the

thickness of the active zone in micrometers. current density .
The knowrl dependence of the gain on the current for

the quantum well of Ip,Gay gN/Al ,Gay gN with a thickness
of 50 A can presumably be used to estimate the expected
The most important parameter of a heterostructure in théhreshold current in these lasers and to compare with con-
design of injection lasers is the thickness of the active zoneventional DH lasers.
It has already been mentioned that the optimum thicknesses The calculations show that the optical confinement fac-
of the active zone differ significantly in lll-nitride and clas- tor in the case of an jnGa N/GaN/Al, ;Ga, JN SCDH la-
sical lll-arsenide, etc., lasers. Figure 1 illustrates the influser with a quantum well in the role of an active zone of
ence of the thickness of the active zone on the thresholthickness 50 A is approximately equal to 0.025 for optimum
current density for a GaN/AlGaN DH for various composi- thicknesses of the waveguide layer. If absorption in the pas-
tions of the solid solution in the claddings. In the calculationssive layers of the structure is ignored, this result means that a
it is assumed thaty, =40 cm ! (corresponding to a cavity gain of 200 cm® can be expected in the active zone at the
length of approximately 40@.m and a mirror reflection co- lasing threshold, along wittaccording to Ref. Pa threshold
efficient of the order of 0.2 ;=0, andaS=800 cni'®. It  current density of about 600 A/émThe inclusion of absorp-

3. DISCUSSION OF THE RESULTS
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tion produces dramatic changes in these values. Assumirig important in light of the fact that the difficulties associated
that «5=500 cm ! and «’=800 cm !, we obtain a thresh- with doping of the AlGaN layers are still encountered in
old gain in the active zone at the le@-3x10* cm . So  nitride technology.
far the literature does not offer any data on the expected
values of the threshold current density at such gains. Taking
into account the well-known phenomenon of gain saturation
as the current increases, we infer that the attainment of such
a high gain level at threshold current densities lower tharf. CONCLUSIONS
those needed to operate a conventional DH laser is clearly
impossible. 1. In the investigation of laser configurations utilizing

It appears most Certain that th|S Situation can be avoidegouble heterostructures and double heterostructures with
in the design of SCDH lasers by using structures with a larg&eparate confinement the threshold current densities are ex-
number of quantum wells. The fraction of the optical modePected to have levels of approximately 10 kAfcffor ideal
associated with the passive layers in these structures is muédser structures with 100% internal quantum efficiencies and
smaller, which means a reduction in the losses due to lighfection efficiencies
absorption in the wide-gap layers and, hence, lowering of the ~ 2- Th? low-energy “tails” in the absorption spectra of
threshold current density. Let us consider, for example, &h€ lll-nitrides clearly play a very important role in the de-
structure consisting of ten §nGa, JN/GaN quantum wells Sign of laser structures in that th_ey raise considerably t_he
50 A thick, contained between JaGa, N cladding layers. attz_;una_ble thr_eshold current_s. The influence of the absorpnon
The fraction of the optical mode dedicated to the active t@ils” is particularly strong in the case of SCDH lasers with
zones of this structure is approximately 0.3. Settingduantum wells, where a large fraction of the optical mode
a"=500 cnt and a, =40 cni't, we obtain a threshold propagat_es in the highly absorbing passive zones. .For.SCDH
gain in the active zones of the order of 1300 ¢mand, as a Iasgrs with single qu_antum wells the required gains in the
consequence, a threshold current density of approximatel ct|ye zone at the IaS|_ng t_hreshold_, calculated with a_llowance
5 kA/c?. Clearly, the expected threshold current density is’©" intérband absorption in the wide-gap layers adjacent to
half the value in conventional DH lasers. Further lowering oftN€ active zone, are ten or more times the gains calculated
the threshold current density can be expected when the ddithout absorption taken into account. _
gree of confinement of the light field in the active zone is 3. For lasers utilizing lll-nitride heterostructures with

increased and the thicknesses of the quantum wells are d&indle quantum wells, clearly, one cannot expect the thresh-
creased old current density to be lowered from that of conventional

By way of comparison we note that the first demon-PH lasers. The threshold current densities can be lowered to
strated laser using a Ill-nitride heterostrucfuas the active values of the order of a few kA/chin heterostructures with

large number of quantum wells.
zone had 26 I§:Ga N/Ingg:Gay o\ quantum wells of a ) . ) i
thickness 25 A and had a threshold current density of 4 4 For'a DH W'.th a GaN' active zone the optimum thick-
KA/Cm?. ness of this zone is appromma.tely 0.15-@uh.

An obvious feature common to all heterostructures made . 5. Because of the short emission wavelengths and appre-

from lll-nitrides is the very unfavorable configuration of the ::lable d'Splilr;'(l)n Olf t??h refr?jctlvef 'gd%o/m_ ”It'r?'mdel_ dDH
light field in lll-nitride layers in that the generated wave- asers, an evel of the order ot 6—1U% In the solid So-

guide mode is present, for the most part, in all layers. Théuthn _Of ks W|de_-gap layer is _defmltely sufficient for
achieving good optical mode confinement.

“leakage” of the mode beyond the active zone produces . .
strong absorption of the emitted radiation and a correspond- _The authors are gra?efu_l t0 0. V. Konstantinov for major
s : L . assistance in the investigation.
ing increase of the required gain in the active zone. Stronger
localization of the light field in the active zone is preferable
for IlI-nitride lasers.

In closing, we should mention one other important fea-

re of lll-nitride heterostr res. It is evident from Fig. 1

tE € % . ﬂt de e:ce r?St uctu es_ . tis fe hde It dg' |g 1. Strite and H. Morkoc, J. Vac. Sci. Technol.1B, 1237(1992.
that the Influence of the c_omposmon 0 t e_ f:a INg layerszy workoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns,
on the threshold current is no longer significant when the J. Appl. Phys76, 1363(1994.
claddings contain more than 10% AIN. Such a small contenth- NakamuralnterNet Communication Repofdanuary 15, 1996
of the wide-gap component in the solid solutions of the clad- E}egé %sts);g:kfgnfa'\"' B. Panishieterostructure LasefsAcademic
dings has not been sufficient in lasers utilizing arsenides, etcso ambacher, W. Rieger, and M. Stutzmann, Abstracts of Topical
Two factors account for the adequacy of such a low AIN Workshop on IV Nitrides TWN'95 F-5, Nagoya, Japati995.
level for achieving good optical confinement. First, the emis- °H- Amano, N. Watanabe, N. Koide, and I. Akasaki, Jpn. J. Appl. PBgs.

; _nitri ; . L1000 (1993.
sion \{vavelength of lll-nitride Iasgr; is shorter than in -2 Osamura, S. Naka, and Y. Murakami, J. Appl. Ph4&, 3432(1975.
arsenide lasers. Second, the llI-nitrides are characterized b¥y. Fang and S. L. Chuang, Appl. Phys. L&, 751(1995.

large dispersion of the refractive indékig. 3. It follows, °S. Kamiyama, M. Suzuki, T. Uenoyama, and Y. Ban,Abstracts of
therefore, that the required AIN content in the solid solution Topical Workshop on IHV Nitrides TWN'95 SP-5, Nagoya, Japan
of the wide-gap layers for good confinement of the optical (1999.

mode to the active zone should be relatively low. This resultrranslated by James S. Wood
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Photoluminescence of InSb quantum dots in GaAs and GaSb matrices

A. F. Tsatsul'nikov, N. N. Ledentsov, M. V. Maksimov, B. Ya. Mel'tser, P. V. Neklyudov,
S. V. Shaposhnikov, B. V. Volovik, I. L. Krestnikov, A. V. Sakharov, N. A. Bert,
P. S. Kop'ev, and Zh. I. Alferov

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

D. Bimberg

Institute fur Festkaperphysik, Technische UniversitBerlin, D-10623 Berlin, Germany
(Submitted February 27, 1996; accepted for publication March 2,)1996
Fiz. Tekh. Poluprovodr3l, 68—71(January 199y

The photoluminescent properties of quantum dots formed in the deposition of an InSb thin film
(1-3 monolayernson GaA$100) and GaSKLOO surface are investigated. The results

indicate the importance of As—Sb substitution reactions in the formation of quantum dots on a
GaAs surface. ©1997 American Institute of PhysidsS1063-782807)01401-4

The fabrication of optoelectronic light-emitting devices [ ~1-3 monolayersML)] on GaA$100) and GaSkL00
(LEDs) with emission wavelengths close to 1u3n and 1.5 surfaces by MBE. The width of the band gap for InSb
um is an important task in the physics of semiconductors i(E4~0.17 eV} is small in comparison with the width of the
view of the sharp reduction of the absorption coefficient inband gap for GaAsE,~1.42 eV} and GaSb Ey~0.72 eV).
optical fibers at these wavelengths. Adequate techniqudSven more important is the fact that the discontinuity in the
have not been developed to date for the preparation ofalence band for the InSh/GaAs heterojunction constitutes a
dislocation-free GaAs heterostructures capable of emittindgarge part of the total discontinuity of the bands, and this
radiation in the vicinity of 1.5um at a temperature of 300 K. fact, coupled with the large effective mass of a heavy hole,
This deficit is explained by the fact that materials with aradically increases the localization energy. On the other
narrow band gap such as, for example,l@a (AsP; hand, the lattice constant of INSka£6.4794 A is ~15%
and InGa,_,As have a lattice constant that differs substan-times greater than the lattice constant of Gaas-6.6533
tially from that of GaAs. This difference means that the layerA). Such a marked difference means that transformation of
of narrow-gap material deposited on GaAs must have a verthe surface with the formation of three-dimensio(2D) is-
small critical thickness, making it impossible to achieve alands must take place in the deposition of a very thid,
substantial shift of the photoluminescence line to the longML, InSb layer.
wavelength side of the absorption edge of GaAs, because of The investigated structures were grown by means of a
guantum size effects. The growth of layers with greater tharRiber 32 MBE apparatus on Ga@®¥0 and GaSHL00) sub-
critical thickness leads to the formation of misfit dislocationsstrates. For the structures grown on GaAs substrates InSh
and to catastrophic degradation of the optical properties. films of various thicknesses and a 200-A GaAs layer were

Major progress in the physics and technology of semi-deposited on a 1000-A GaAs layer. The structure was clad
conductors has been achieved lately through the creation amh both sides by &0-A Al Ga, 6As/20-A GaA3x10 su-
study of the properties of objects of limited dimension in all perlattice. The substrate temperature during growth of the
directions: quantum dots. One method for thesitu forma-  structure was 610 °C. The temperature was lowered to
tion of quantum dots is through the spontaneous transformat20 °C prior to the deposition of InSb and was raised back to
tion of an elastically stressed layer of one material grown or610 °C after deposition of the InSb film and 50-A GaAs. The
the surface of another material having a different latticeinSb growth rate was 18 A/min. The structures grown on
constant When the deposited layer has greater than criticalGaSb substrates consisted of the following sequence of lay-
thickness, it begins to fragment. The greatest progress hass: 0.3um GaSb, a five-period 55-A AISb/20-A GaSb su-
been achieved in the formation @h,GaAs quantum dots perlattice, 1000-A GaSb, an InSb film of various effective
on a GaA§100) surface. The resulting dislocation-free quan-thicknesses, 300-A GaSb, a superlattice analogous to the one
tum dots are distinguished by a high degree of dimensionadescribed above, and 20-A GaSb. The substrate temperature
homogeneity. This method can be used to obtain islands of was 500 °C; the temperature was lowered to 420 °C prior to
narrow-gap material in a wide-gap matrix material with adeposition of the dots and was maintained at that temperature
height much greater than the critical thickness, thereby lowuntil completion of the growth of the structure. The surface
ering the quantum-dot energy and shifting the photoluminestransformation process was monitored from the fast-electron
cence line to lower energies. The advantages of quantum-ddiffraction pattern. Photoluminescence was induced by Ar
lases — a high characteristic temperature and low thresholdquantum energy~2.56 eV, power~200 W/cnf) and a
current density — have been successfully exploited on theemiconductor lasefexcitation energy 1.55 eV, power
basis of structures with InAs quantum dots obtained by mo~60 Wi/cn?) and was detected by means of a Ge photodi-
lecular beam epitaxyMBE).2~* ode. It has been showithat the transformation of a GaSb

We have prepared and investigated the properties ofurface with the formation of quantum dots takes place in the
guantum dots formed in the deposition of an InSb thin filmdeposition of an InSb film having an effective thickness
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posed to an Sb flux for 10 s at various temperatutgs$50 °C;2) 470 °C;
3) 420 °C. Curve 4 corresponds to a sample in which a 10-s exposure to an
Sb flux was followed by the deposition of an InSb film of effective thickness
1.7 ML.
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Photor. energy , e¥ hole pairs in the InSb wetting layer. Raising the temperature

produces an increase in the thermal ejection of carriers from
FIG. 1. Photoluminescence spectra of structures with InSb layers of thickstates of the wetting layer and a decrease in the intensity of
ness 1.7 ML and 3 ML deposited on the surface of GaSh at temperatures ¢fe WL line.
7K@ and 4 K(®). An important problem encountered in the deposition of

InSb on a GaAs surface is the substitution of Sb atoms for

As atoms, which results in the formation of a GaSb thin film
~1.7-2.8 ML. According to the Stransky—Krastanov growthon the GaAs surface. Since the lattice constant of GaSh
model, quantum dots are formed on a thin filwetting (a=66.0959 A differs from that of GaAs by~7.8%, the
layen of InSh. Figure 1a shows the photoluminescence specsurface can acquire a long-wavelength undulation which ac-
tra of structures with effective thicknesses of the deposite@ounts for the partial stress relaxation. Moreover, after the
InSb film ~1.7 and~3 ML at T=77 K. For both structures deposition of~3 ML GaSb the GaSb layer begins to frag-
the formation of quantum dots was monitored by fast-ment into quantum drops. These phenomena can influence
electron diffraction. The deposition of1.7-ML InSb pro- the kinetics of the transformation process.
duces, in addition to the B line associated with the recombi- We have investigated the influence of the InSb deposi-
nation of nonequilibrium carriers in the GaSb region, ation conditions on the formation of quantum dots. We
strong QD line with maximum at-0.75 eV due to carrier know?’ that a GaSb layer of thicknessl ML is formed on
recombination through the quantum dots. The fringe width ighe surface of GaAs exposed for 10 s to a flux of Sb atoms at
~25 meV. An increase in the thickness of the InSb causea temperature-470 °C. Figure 2 shows the spectra of struc-
the QD line to shift in the long-wavelength direction to tures in which growth has been halted fel0 s while ex-
~0.73 eV and to broaden to 40 meV. This behavior of the posed to a flux of Sb atoms at various substrate temperatures.
photoluminescence is attributable to an increase in the dit is evident from the figure that raising the temperature
mensions of the newly formed quantum dots and an increasghifts the photoluminescence line into the high-energy range
in the size dispersion. Figure 1b shows the photoluminesuntil it vanishes at a temperatures550 °C, probably because
cence spectra of these structure3 a5 K. It is evident from  of the decrease in the thickness of the GaSb layer. Compar-
the figure that lowering the temperature causes the spectrumg the position of the maximum of the line with previous
of a sample with 3-ML InSb to acquire a strong WL line results’ we conclude that exposure &t=420 °C results in
with maximum at~0.78 eV. The appearance of this fringe is the formation of a GaSb layer of thickness3 ML, while
most likely associated with the recombination of electron—exposure aflf =470 °C produces a layer of thicknessl
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FIG. 3. Photoluminescence spectra of structures grown on GaAs with effec-
tive thicknesses of the InSb layer 0.8 ML, 1.7 ML, and 2.5 ML at tempera-FIG. 4. TEM photomicrograph&op view) of islands for a structure with 1.7

tures of 77 K(a) and 300 K(b). ML InSb on a GaAs surface.

ML, which indicates that arsenic atoms are being rapidlydreater than-1.7 ML on GaAs and GaSb surfaces is accom-

replaced by antimony atoms at low growth temperaturesPa”iEd by its spontaneous transforma@ion into quantum dots.
Figure 2 also shows the photoluminescence spectrum of &he results of the study reveal the importance of As—Sb
structure in which an InSb layer of thickness 1.7 ML was Substitution reactions in the formation of islands.

deposited after 10-s exposure to an Sb fluxTat420 °C.

Th_IS pr_o<_:ess broadened the ph_OtOIL_jmmescence line andP. M. Petroff and S. P. DenBaars, Superlattices Micrdsir.15 (1994).
shifted it in the long-wavelength direction. 2N. Kirstaedter, N. N. Ledentsov, M. Grundmann, D. Bimberg, V. M.

Figure 3a shows the photoluminescence spectra of struc-Ustinov, S. S. Ruvimov, M. V. Maximov, P. S. Kop'ev, Zh. |. Alferov,
tures with various thicknesses of the deposited InSb film at ﬁfg‘(’;‘ggyp' Wermer, U. Gosele, and J. Heydenreich, Electron. 3gtt.

T=77 K. In the deposition 0f-0.8 ML InSb a narrow line sz | afferov, N. A. Bert, A. F. Egorov, A. E. Zhukov, P. S. Kop'ev,
with maximum at~1.415 eV and width~15 meV is ob- A. O. Kosogov, I. L. Krestnikov, N. N. Ledentsov, A. V. Lunev, M. V.

Served in the Spectrum_ An increase in the quantity of mate- Maksimov, A. V. Sakhe_lrov, V. M: Ustinov, A. F. Tsatsul'nikov, Yu. M.
Shernyakov, and D. Bimberg, Fiz. Tekh. Poluprovo80, 351 (1996

rial d.eposn.ed causes the energy of the maximum of the line [Semiconductor0, 194 (1996].
to shift far into the long-wavelength range and to broaden to4zh |, Afferov, N. Yu. Gordeev, S. V. Ztsev, P. S. Kop'ev, I. V. Koch-
~75 meV. This fact is consistent with fast-electron diffrac- nev, V. V. Komin, I. L. Krestnikov, N. N. Ledentsov, A. V. Lunev, M. V.

tion data, illustrating the broadening of the diffraction orders Maksimov, S. S. Ruvimov, A. V. Sakharov, A. F. Tsatsulnikov, Yu. M.
Shernyakov, and D. Bimberg, Fiz. Tekh. Poluprovo80, 357 (1996

as ewdgnce of morphological transformation of.the InSp [Semiconductor80, 197 (1996,
film. Raising the temperature to 300 K causes the line to shiftsn. Bertu, 0. Brandt, M. Wessermcier, and K. Ploog, Appl. Phys. I68t.

to longer wavelengths and to broadgtg. 3 b. 31(1996.

Figure 4 shows a picture obtained with a transmissions':- Hatami, N. N. Ledentsov, M. Grundmann, J. Bohrer, F. Heinrichsdorff,
M. Beer, D. Bimberg, S. S. Ruvimov, P. Werner, U. Gosele, J. Heyden-

electron m_'F:rOSCODQOp Vle\’\b of t_he S_urface of GaAs a_ﬁer reich, U. Richter, S. V. Ivanov, B. Ya. Meltser, P. S. Kop’ev, and Zh. I.
the deposition of 1 ML InSb. It is evident from the micro-  Alferov, Appl. Phys. Lett67, 656 (1995.
graph that surface transformation has taken place in thigN. N. Ledentsov, J. Bohrer, M. Beer, F. Heinrichsdorff, M. Grundmann,

structure with the formation of islands. These islands have D- Bimberg, S. V. Ivanov, B. Ya. Meltser, I. N. Yassievich, N. N. Faleev,
S. V. Shaposhnikov, P. S. Kop’ev, and Zh. I. Alferov, Phys. Re\62B

typical lateral dimensions-200 A. 14058(1995.
Consequently, the reported investigations have estab-
lished that the deposition of an InSb thin film of thicknessTranslated by James S. Wood
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Investigation of the structure of the edge of the valence band of Cd 1-xMn, S crystals on
the basis of magnetooptical measurements

V. G. Abramishvili, A. V. Komarov, and S. M. Ryabchenko

Institute of Physics, National Academy of Sciences of Ukraine, 252650 Kiev, Ukraine

Yu. G. Semenov

Institute of Semiconductor Physics, National Academy of Sciences of Ukraine, 252650 Kiev, Ukraine
(Submitted February 29, 1996; accepted for publication March 6,)1996
Fiz. Tekh. Poluprovodr31, 72—-77(January 199y

The results of magnetooptical studies are reported fqr_@dn,S crystals with concentrations of
the magnetic component; =0.0056, andk,=0.0013,x,=0.0002 atT=2 K in a magnetic

field H<3.5 T for HL c andH| c, wherec is the hexagonal axis of the crystal. The first reliable
confirmation of spin splitting of the exciton reflection spectra of Bhexciton transition is
successfully obtained as a result of working intaun ¢ experimental geometry. The values of the
crystal-field and spin—orbit interaction parametarsA,,A; and the exchange constaid{s

andJ,, of Cd, _,Mn,S crystals for achieving the best description of the experimental results in the
mean exchange field approximation are found on the basis of the data obtairiéd ¢or

and forH||c. An analysis shows that the main qualitative features of the observed reflection spectra
for the entire series of investigated £dMn,S crystals can be described only if the

condition (A;—A,)<0 is satisfied. ©1997 American Institute of Physics.
[S1063-78287)01501-9

INTRODUCTION In the wake of experimentsto study the influence of
external strains on the positions of the exciton spectra in CdS
Investigations of giant spin splittings of the exciton re- and their interpretation on the basis of the Birman's scheme,
flection spectra in Cd ,Mn,S crystals have revealk® a  most researchers began to express a preference for this
number of distinctive features of the giant spin splittings ofscheme of the origin of the valence subbands in &4%.
this compound in contrast with other!AMn,B"' com- The group ofA, B, andC levels is described in the basis
pounds. The most widely discussed topic is the dependenasf the wave functionsX, Y, andZ for valence electrons by
of the exchange interactior21 constant &f carriers of the the Hamiltonian(see, e.g., Ref. 10
. i
\rﬁlt(iacnicoents))a(lrzclgr;of.le;-W|th Mn=" ions on the content of mag H =A1L§+ 2AL,S,+285(L,S+L,S,), e
On the other hand, beginning with the earliestwherelL andS are the orbital momentumL&1) and spin
experiments;? difficulties were noted in attempting to de- (S=1/2) operators, respectivelyy is the crystal field pa-
scribe simultaneously the magnetic field splittings of fie rametersA, and A; are the anisotropic spin—orbit interac-
and B exciton reflection bands when using the notions gention parameters, and tieaxis coincides with the hexagonal
erally accepted by most researchers as to the parameters ®hxis of the crystal.
the crystal field and spin—orbit interaction, which form the The solution of the Hamiltoniafil) for statesB andC in
structure of the edge of the valence band of CdS crystals. the basis functions correspondingltg andI'; is written in
Since the publication of the papers of Birmi@nd Tho-  the form

mas and Hopfielda keen debate has been waged regarding . L .
the genesis of thé, B, andC subbands for CdS, which are [B)=N(1+£0)/2|T5)+ (1~ &0)/2TT),

ordered according to decreasing energy and which corre- Ve (A= e 2T5 + (1t e/2T: 2
spond to symmetrieE o, I';, and[';, respectively. It is ob- [C7)==NA=&)/2Ts)+ V(L + &)/ ), @

vious (see Fig. 33 in Bir and Pik8sthat thel'y subband and where in the notation of the functior&and C the symbols
one of thel'; subbands originate from spin—orbit splitting of I's andI’; refer to the description of the orbital parts of the
theT'5 band, while the othel ; subband originates from the corresponding functions, and the symbaisrefer to the de-
I'; subband split off by the crystal field. It has also beenscription of the twofoldspin) degeneracy of the correspond-
argued which of the subbanésor C is identified with these ing states.

two I'; subbands of different origins. In the case of CdSe, for  The quantity§, is related to the parametetrs;, A,,
example, theA and C subbands are associated with spin—andAj:

orbit splitting ofI'5, and theB subband witH";. This kind of £0=(A1— Ao 3)
scheme has been proposed for CdS by Thomas and Hopfield °° *~1 —27%0
(TH schemé’ Birmarf has proposed a scheme whereby thewherewy=/(A;—A,)%+ 8A32.

B subband is identified witH' s, and theC subband with It is evident that stateB andC are a mixture of"5 and

I'; (B scheme I';. As to which scheme each should be identified with re-
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duces to estimating the sign oA{—A,). Any experimen-
tally determined value op=(E,—Eg)/(En—Ec), where
Eap.c are the energies of tops of the corresponding sub-
bands, corresponds to two different values of
g=(A1—A5)/(A+A5), even in the approximation
A,# A3. The problem is more complex yet fAr, # As.

Experiments aimed at the influence of external strains on
the A, B, and C exciton positiongRef. 9 do not provide a
gualitative answer as to the sign oA{—A,), and their
guantitative interpretation could lead to a reliable conclusion
in this regard only if the deformation potential constants are
known with sufficient accuracy. In view of the limited accu-
racy (+20%) with which these constants are known, the . ] 1 i y 2 n
possibility of ambiguity in the choice of sign forr\— A ;) 3.52 2.54 2.56 2.58
persists. E,e¥

Here we report measurements of the magnetic field split-
tings of the exciton reflection spectra in £gMn,S crystals E'f-c ; TReé"if“f”S)SpHng}’? L” ;‘ deg"onxk% g_rYlStg'n‘:‘gg‘sﬁlr;?{gggﬁ:‘i;]e
with significantly different concentrations of Mn ions, wher_e.polarization E\|é|\£, K, E’HH’; é, 4 Elc kHI—i, I’ELH; 5 Elc kLH,
we have attempted to surmount the above-mentioned diffig|.
culties of interpreting the magnetic field splittings ofBa
exciton by performing measurements not only with the mag-

netic field orientatiorH||c, but also, for the first time, with __. L . .
Hlc tained for the samples witk= x4 ,X, for various fixed values
i of 0<H=3.5 T. The positions of the inflection points of the

It will be shown below that an analysis of the reported ~_ . o e
. : ...exciton reflection lines were used to plot the magnetic field
experiments favors the TH scheme associated with

(A;—A,)<0 for the investigated Gd ,Mn,S crystals. We dependences of the energies and splittings of the exciton

ha\l/e oétained data on the behavior%{ XA andA. as bands. The magnetic field dependences of the spectra for
I} 21 3 .

functions ofx. At the same time, we have obtained an unex-H!C were recorded .analogously .for Fhe Samples .W'th
ected result for a crystal with minimal concentratig X=Xy,Xp, except that circularly polarized light with polariza-

P y N tions o and o~ were used fok|H. For the sample with

grown from the vapor phase. We have found the magnetlc):(:X the magnetic field was found to have an appreciable

field splittings in it to be anomalously small, contradicting 3 g bp

: . . influence only in theA exciton band. These spectra were
the previously establish&d? trend of|J,,| to increase as the g : .
Mn concentration of the solid mixture is lowered. processed to incorporate the recommendations of Dmitrenko

et al’® The measurements with=x; were carried out only
for Hjc.
EXPERIMENTAL The reflection lines in th€ exciton region were deter-
mined for all the investigated crystals, making it possible to
The light reflection spectra in th&, B, and C exciton  find Ey— Ec andEg— E for them. On the other hand, mag-
regions of Cd_,Mn,S crystals with Mn contents netic field splittings for theC exciton could not be observed
X;=0.0056,x,=0.0013, andx;=0.0002 were investigated against the background linewidth. The valuesgf- E for
at the temperaturd=2 K in magnetic fieldsH<3.5 T for = H=0 were then taken into account by fitting the experiment
H|lc and HLc. The values ofx were measured by x-ray to the calculations. These values were equal to 67 meV, 60
microscopic analysis and were additionally verified from themeV, and 60 meV fox=x;,X,,X3, respectively. The results
comparative total intensities of the electron spin resonancef the measurements for, andx, with H|jc andH L c were
(ESR spectra of the MA" ions. The crystals with coprocessed according to equations in Refs. 10, 11, and 14
X=X1,X, were grown from the melt by the Bridgman describing the splittings oA andB excitons as a function of
method at the Institute of Solid State Physics of the Russiathe exchange field§, andG, acting on the electron and the
Academy of Sciences in Chernogolovka, and the crystal witthole:
X=Xz was grown from the vapor phase at the Institute of
Semiconductor Physics of the National Academy of Sciences Gei) = Je(nX(Sy)- )
of Ukraine in Kiev. The optical measurements were per-Here(S,) is the thermodynamic average of the projection of
formed on a DFS-12 double grid spectrophotometer with ahe spin of M#* ions onto thez axis, which coincides with
linear dispersion of 5 A/mm. the direction of the external magnetic fiditt J,, is the ex-
Figure 1 shows examples &f and B exciton reflection change interaction constant between the electron and Mn
spectra for the sample with=x; at H=0 (curves 1 and 3 ions, andJ;, is the same between the hole and Mn ions. The
for polarizationsE|c and EL ¢, respectively and in a field quantity(S,) is related toH and T by the Brillouin function
H=3 T perpendicular to the crystalaxis (HLc); curve 2  for S=5/2. Only for the concentratiorn=x; was the direct
corresponds tcE|c, k|H, ELH, curve 4 toELc, k|H, action of the magnetic field on the electron and hole spins at
ELH, and curve 5t 1 c, kL H, E|H. HereE andk denote  all significant against the background of the exchange fields.
the electric and wave vectors of the light wave. To describe it, we used the difference between the electron

R, ard. units

TV Trrrytrryrroirt—Trrri

Recorded spectra similar to those shown here were ob-
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FIG. 2. Energies of théd and B exciton spin components vs exchange
interaction paramete,, in a Cd_,Mn,S crystal with x,=0.0056 for
HLlc at T=2 K. The curves represent the results of calculations with the
fitting parameters given in Table I, and the point symbols represent the
experimental data: 144 transitions resolved in the polarization
Elc, k|H, ELH; O) experimental data for this polarization; 1, 2, 6, 8,
O) Elc, k|H, ELH; 3,4,5,7,A) ELc, kLH, E|H.

and holeg factors from Ref. 15:§.—g,,) =0.63. The follow-

ing parameters were chosen to achieve the best match be
tween the calculated and experimental datg=J,/J,,
Aq,A,,A;. Moreover, an attempt was made to include the
anisotropy of the exchange interaction of holes with Mn ions
in much the same way as in Ref(fr H_L c). It is important

to note that large experimental errors and large widths of the
exciton reflection lines limited the possibility of optimal se-
lection. ForH L c the closely spaced lines predicted by the
calculations to be resolvable in the same polarization were 6. . meV

generally unresolved experimentally, and for comparison h?

with experiment the calculated transition probabilities in dif-

ferent, simultaneously resolved polarizations were taken int&!G. 3. Energies of the\ and B exciton spin components vs exchange

account, along with the widths of the observed COmbmednteraction paramete®,, for H||c at T=2 K in Cd;_,Mn,S crystals with: a
reflection lines X, =0.0056; b x,=0.0013. The curves represent the results of calculations

. . . . with the fitting parameters given in Table |, and the point symbols represent
|t IS eSSGI’]tIa| tO nOte that the pOSItIOﬂ Of tB%XC”:On the experimenta| data: D) o po|arizati0n EL H)‘ 2' .) 0—Jr po|ariza_

reflection line forH =0 differs by 0.8 meV in the polariza- tion (ELH); 3, 0) = polarization €|[H).

tions E||c andE_L c. This difference is not described by the

model used for the calculations. It could be associated with

electron—hole exchange interaction within the excftdh, 7, these curves having initially been matched with the ob-

which we have ignored to simplify the problem. It must alsoserved splittings of thé exciton reflection line foH||c in

be noted that the indicated anomalies have resulted in leshe corresponding crystal, followed by variation of the pa-

than full correspondence between the experimental and catametersA,, A,, andA3. Experiment the optimal graphs of

culated results, creating instead a conflict in the comparisothese dependences from the standpoint of matching the cal-

of the calculations with the experiment within the existing culations with are shown in Figs. 2 and 3. The values of the

error limits. parameters corresponding to the calculated curves in Figs. 2
The parametersy=3DJ,/J.,A;1,A,,A3 were chosen and 3 are given in Table |. The parametdrg A,, andA;

by fitting the measured magnetic field dependences of thevere also chosen with due regard for the requirement that the

positions of the inflection points of the exciton reflection C exciton position be described correctly fdr=0. It is im-

spectra to the calculated curves. As a matter of conveniengaortant to note that the strongest qualitative argument in sup-

the magnetic field dependences have been transformed inpmrt of assigning values oh;<<A, are the results on the

dependences ofs;, with selective fitting of the parameter splitting of theB exciton in the geometri||c (Fig. 3); spe-
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TABLE |. Band parameters and exchange constants aof (Mdn,S, ob- meV) of the crystal field constantA; in the interval
tained by_nume_rical fi_tting of the ca_llculated e_nergies and experimentall}s(3<x<xz. Here the composition witR, corresponds to the
observed inflection points of the exciton reflection spectra. value of A, that should be chosen for pure CdS in the TH
X A, meV Ay, meV Ay meV  J,, eV Je, &V scheme, whereas for the crystal with- x; the value ofA;

" o increases, as in a crystal wik=0.014(Ref. 4. This type of
il 8‘88?2 2:1 ggfg ;iﬁ _24‘%2:(;)'32 géi 8'82 dependence could be a consequence of carrier—ion exchange
xz 00002 162 25+2  21+1 —07+03 02002 interaction of a biquadratic-spin magnetic ion and the effec-
tive hole spin when included in higher perturbation ordérs.
On the other hand, constant growth &f with increasing
concentratiorx is not observed within the framework of our
cifically: 1) observed in the crystals witk=x,,X,, the ab-  gata, making it difficult to apply the theory of Ref 16 directly
sence of any visible splitting between the components g the given results.
ando; 2) a shift of one observed-component in the crys- The exchange interaction constdptgiven in Table | for
tal with x=x; such as to become external relative to thex=y, exhibits good agreement with previously published
unsplite™ ando~; 3) relative positioning of the components yajyes for this compositidri>1* for x=x, the constant is
o’ ando~ as observed in Ref. 4 for=0.014, where the more accurate than in Refs. 1, 3, and 5. Here the tendency for
energy of the component” is lower than that or™. This 3, 0 increase as is lowered, which was noted in Ref. 3 and
distinctive feature of thé exciton spin splittings in a mag- sypsequently interpreted theoretically in Ref. 18, is corrobo-
netic field can occur only when the sign of the differencerateq for the two given concentrations. An unexpected result

satisfies the conditiod; —A,<0. for X is the fact that the value d, does not increase, but is
actually much lower than in crystals with=x,,x3. This
DISCUSSION OF THE RESULTS violates the previously established trend in the dependence

of Jy, on x; however, investigations for such a low concen-
trationx asxz have not been carried out before. We note that
a dependencéd,(x) somewhat different from that established

previously for Cd_,Mn,S has also been recorded in another
sulfide compound Zn ,Mn,S (Ref. 19. In Ref. 19J,, was

these parameters of the valence band of GMIn,S crystals observed to increase in the interval of concentrations
" X x=0.001-0.01. The explanation of the new features ob-

from those used in the literature, it is natural to inquire intoserved in the dependende=J,(x) for the casex=x; ma
the possibility of using our band parameters to describé P &=n =X may

. o e well require further modification of the theol} An alterna-
experimentS on uniaxial strains in CdS. We have analyzedtive ossibility is the persistence of special aspects of the
this question on the basis of data for the crystal with P y b P P

x=x. For this purpose we have followed a procedure fordop|ng of the crystal with Mn ions in growth from the vapor

numerical diagonalization of the strain matrix, similar to thatphase‘
in Ref. 9. As a result, using the values®f, A,, andA; for
x=Xxz from Table I, we have succeeded in completely de-coNcLUSIONS

scribing theA and B exciton energy shifts for deformations
applied in all the directions used in Ref. 9, and the descrip- e have found that th& and C valence subbands of a

tion with these parameters is as good as for those used fidi-xMn,S crystal with all the investigated concentrations
Ref. 9, because of the insignificant variations of the defor-2ré formed from thé's as a result of its spin—orbit splitting,
mation potential constants. The necessary values of the d&S Postulated in the Thomas—Hopfield band genesis s_cﬁeme.
formation potential constan®? to achieve such agreement SiNce as the optical properties of CdS are described in most
are given in Table II. Also shown for comparison in the tablePaP€rs on the,ba3|s of the set of paramefersorresponding
are the corresponding values @f from Ref. 9. Clearly, the to the Birman's schem®the interpretation of several previ-

two sets of values are acceptably close to one another withiftS résults might have to be reexamined. _
admissible error limits for these constants. We have obtained data on the variation of the behavior

According to the data in Table |, the valence band pa-Of_|Jh(X)| in the range of extremely low concentrationsin
rametersA,; for Cd,_,Mn,S crystals are also observed to this range we have discovered a strong dependence o_f the
depend on the content of the magnetic componerihis crystal field parametek; on x. To make use of the theoreti-

effect is most conspicuous in the rather abrupt incrébgé cal models, therefore, it is important to study these phenom-
ena further in the interval of concentrations of the magnetic

component 0.0002x<0.0015.
TABLE Il. Deformation potential parameters obtained by numerical fitting The authors are grateful to S. |. Gubarev for furnishing
to data in Ref. 9 according to the energy shifts of the exciton reflectionthe crystal withx,; andx, and to G. S. Pekar’ for the crystal
spectra. grown with x;.

Table | gives the parameters of the valence band
A,, andA; that best describe the splittings betweenAh8,
andC components of the exciton spectrumtbt0 and give
the necessary correspondence of experimektaidB exci-
ton splittings in a magnetic field. In view of the deviation of

i 1 2 3 4 5 6
Cr, ev —27 -338 -11 2.6 -13 1.2 1S. I. Gubarev, Zh. Esp. Teor. Fiz80, 1174(1981) [Sov. Phys. JETBS3,
Ci, ev —-2.8 —4.5 -1.3 2.9 =15 1.2 601 (1981].
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Analysis of the temporal instability of the parameters of an insulator/lll-V compound by
the isothermal capacitance relaxation method

L. S. Berman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 14, 1995; accepted for publication March 12,)1996
Fiz. Tekh. Poluprovodr3l, 78—82(January 199y

Existing diagnostic techniques used to evaluate the temporal instability of the parameters of a
semiconductor—insulator interface with deep-level centers are analyzed. A method is

proposed for evaluating temporal instability according to the long-term isothermal transient
behavior of the capacitance of a metal—insulator—semiconductor structure. The energy spectrum of
the effective density of surface states is determinechftype InP—-SiQ—Al structures

prepared by chemical vapor deposition. The variation of the capacitance during long-term
isothermal relaxation provides a criterion of temporal instability of a semiconductor—insulator
interface. ©1997 American Institute of Physid$S1063-782607)01601-3

INTRODUCTION the order of several tens of angstroms near the insulator—
semiconductor interface and a fragmented layer near the

The foremost unsolved problem in the physics of . i . . .
insulator/ll—V compound interface structures is the tem 0_metal—lnsulator interface. Upon integration of the Poisson

: - P P equation the space charge density in the insulator is multi-
ral instability of the interface parameters.

A unified procedure for evaluating the temporal instabil-p”ed by the distance from the charge to the electrode on the

. . . : iasulator. Consequently, if the densities of DL centers in the

ity of the mterfage does not eX|§t at present. Est|m§1tes base[wo both layers are of the same order of magnitude, then the

22mit:oen dﬁiﬁ)imgcgreprfg‘g?eeg 03; zstimgzls_g::é%t%;second layer exerts a much weaker influence than the first on
b the capacitance of the MIS structure. We shall consider only

the drift current of an MIS transistor, because the fabricatioqhe first fragmented layer and ignore the influence of the

of an MIS structure requires fewer auxiliary technological d h . f the MI W
operations affecting the interface parameters; moreover thSecon on the capa(_:ltance of the MIS structure. € assume
P ' ' Rat the DL centers in the fragmented layer of the insulator

e e o o eexcrange charge carersony wih e srface of h sei
practice' to characterize the insta’bility of thé interface by theCondUCtor by tunpelmg but not by tgnnelmg betvyeen DL

. . . centers. For definiteness the calculations are carried out for
width of the hysteresis loop of the capacr[ance—voltagen_t e semiconductors
(C-V) characteristic and/or the flat-band voltage ghift yp '
AV, and also by deep-level transient spectrosdapyTS)
signals*=®

However, the behavior of th€-V characteristic de- (B) Basic Equations

pends significantly on the measurement technique, i.e., the We specify long-term holding of the MIS structure at

initiql filling of surface states anq deep-leVélL) cc_anters in V=V, (Fig. 13 for a time exceeding the subsequent time to
the insulator, the voltage amplitude, and the direction anqneasure the transient process by more than an order of mag-
rate of change of the voltagsee, e.g., Ref.)7The results of nitude. Surface states with energiEs<F, are filled with

DLTS measurements depend on the initial filling of the DL g|0crons, which tunnel from the surface states into the depth
centers. If the period and duration of the filling pulses areyt the insulator with a time constamt , which is determined
shorter than or commensurate with the carrier tunneling timefrom the approximate equatith

the initial filling of the DL centers is ambiguous.
A more reliable approach is to analyze the temporal in- 1=« ‘exd z(bd)¥?], )

stability of the interface by the method of long-term isother- . . . . .

mal relaxation of the capacitance after switching of the MiSWherezis the tunneling depttin angstroms bis the ratio of

structure, for example, from enrichment to depletiafter the effective mass of an elgctron in the msul_ator to 'Fhfe free-

prolonged holding in the enrichment mod&Ve propose to electron mass® is t_he height of the potentlal barr_mﬁm

carry out such an analysis in the present article. electron-volt, ande« is the preexponential factqr, which de-
pends ond andz and on the parameters of the insulateee
Fig. 4 in Ref. 6.

THEORY During the holding period a¥=V,, the DL centers in

the insulator with energieB<F,, are filled with electrons in

A) Statement of the Problem
) the layer 0z;.

The thickness of the insulatal exceeds a few hundred The following relation holds a¥/=V;:
angstroms, and tunneling clear through the insulator can be .
disregarded. There is a fragmented layer with a thickness of V1~ Vbi=¥s1—Ci [Qsc1+ Qssa + Qiertl, 2
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the electrons then experience thermionic emission from the
surface states into the conduction band. The layer from
which the electrons arrive is marked with horizontal stria-
tions in Fig. 1b.

F The following relation holds a¥V=V,:

£ Vo= Vpi= V5~ C [ Qseot Qs+ AQsst Qier

+ AQjertls (4)

b n whereA Qg is the charge variation of the surface states and
DL centers in thed layer after switching; from now on we
s regard these two interacting charges as a single charge of DL
z(t)  z(8) centers with a number density ; AQ; . is the charge varia-
z 2, 0 tion in the insulator in strong field&@valanche injection or
the Fowler—Nordheim effect The rest of the notation has
the same significance as i2), and the subscript 2 corre-
sponds tovV=V,.
After W, is increaseddiminishing band bendingo a
\ certain value¥?y,, the chargeA Qi does not change. We
(&) assume that after switching from; to V, the inequality
V,>T%, holds during the entire transient process, so that
—1 _F AQ;qs can be disregarded.

s

¥, F«»”'

~ )
<
a

K

IPs2

E(t)
&, (C) Solution

Subtracting Eq(4) from (2), we obtain
Vi=Vo=¥~¥5»—C Qs Qse—AQsd. (5

FIG. 1. Filling of surface states and deep-level centers with electrons in & We specifyV, in such a way as to satisfy t_he inequality
insulator. & In enrichmentV=V,; b) in depletion,V=V,. HereF, isthe = Cg4>Csq, WhereCy, andCgy are the capacitance of the

Fermi level in the semiconductdE, is the electron energ¥, is the energy  space charge region and the capacitance of the surface states,
of the lower edge o_f the conduction band, dfd is the value of; on the respectively; atV=V11), this inequality can be satisfied in
surface of the semiconductor. .

the enrichment mode. We then have

Csa=[C(V)*=Ci 17, 6)
whereV,; —Vy, is the difference between the work functions ynere C(V,) is the capacitance of the MIS structure at

of the metal and the semiconductqris the electron charge, V=V,. The capacitanc€., can be calculated fror6) us-

.\Ifsl is the su.rface potentigCi is the capacitance.of the ing the known values o€(V,) andC;. SinceCy. and Qs
insulator,Qs is the charge in the space charge region of theyre known functions off ¢ (Refs. 9 and 10 ¥; and Qgy
semiconductorQg is the charge of the surface states and.5n pe calculated from the known value®f,;.

E(0)

I_DL centers in thed Iaygr of th_e insulatorQ; e« is_ the effec- b) We specifyV, in such a way as to satisfy the inequal-
tive (averagedl charge in the insulator, determined from the ity W, <W,.,, whereW, is determined from the condition
expression
_s 2mfrn(Vee) = 1, (7)
Qierr=(d— 5)71f0 Xp(X)dXx, (3 in which 7,(¥ ) is the time of thermionic emission from

the levelE=F, whenV¥ ;=% ; in other words, the rf ca-
é is the thickness of the lay€of the order of several tens of pacitance is measured &=V, (see also Ref. )1 Now
angstrompin which charge carriers are exchanged betweerC.4,Qsq, andV¥; can be calculated as in casg a
the insulator and the semiconductor during the measurement, Let us assume that the inequaliy,, <V holds after
p is the space charge density, and the coordimaemea-  switching. We also assume that the MIS structure stays in the
sured from the metdthe capacitances and charges are giverdepletion mode(without forming an inversion laygr At
per unit area V=V, the values ofC,,Qs, and¥, can then be calcu-

At t=0, we switch the structure frorw; to V, (from lated as fov=Vy, i.e., from the experimental values of the
enrichment to depletion; see Fig). Switching is followed measured capacitance. Consequemti).(t) can be deter-
by the thermionic emission of electrons from surface statemined from(5).
into the conduction band with a time constagpt, which is We now examine limiting cases.
determined from standard relatioh¥ After thermionic a) The inequalityr;< 1, is satisfied fors of the order of
emission from surface states with energles E(&) elec- a few angstroms. Methods for determining the energy spec-
trons tunnel their way to these surface states from DL centersum of the surface stateN (E) in this case have been
in the insulator with a time constam{ determined fron{1);  developed in detaf:!%*?
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b) 7> 7,. In this case the tunneling depthis calcu- The dependence &f;(0)z* on E can also be determined
lated from (1) over the entire energy interval by switching fromV, to various values o¥/,; this switching
E(0)<E<E,, whereE,=F, for V=V, andE(0)=F, for  technique can be used to determMg0)z* in different en-
V=V, att=0. From now on we restrict the discussion to ergy intervals but within one time interval, i.e., for identical

case . values ofz*. ComparingN;(0)z* in the intervals¥ ¢ —
We consider two methods for the analysis of the tran-p ,(0) and¥ -V ,(0)+ AV, we determine\,(0)z* in
sient processes. a narrow energy intervad V' ,. After a series of switchings

1) Constant capacitance methoAfter switching, the e find the dependence &f,(0)z* on E.
voltageV,(t) is varied in such a way as to keep the capaci-  2) Constant voltage method\fter switching, we have
tance of the structure constant, i.e., we hdug=constand v,=const; ¥,,Q.,, and AQ,. are time-dependent. The
Qsc2=const; AQq(t) is determined from(5) according to  tunneling of electrons from the insulator into surface states

the experimental dependenug(t). and their thermionic emission into the conduction band re-
On the other handAQs((t) is calculated from the ex- duce band bending and increase the capacitance of the struc-
pression ture, and levels with energids(0)<<E<F,, are again filled
2LE) (Ey with electrons(this layer is marked by vertical striations in
q AQ.(t)= Jo JE(O)Nt(E,y)dEdy, (8)  Fig. 1b. We assume that fdE<F, all DL centers in the 0z

layer are filled with electrons; this assumption is justified by
whereE, andE(0) are determined from the expressions the logarithmic dependence nbn 7. Now N;(0)z* can be
E.. E,=E.F,—qW¥ ©) calculated in the intervalV -V .,(t) from Eqg. (13) with
es mlmme T st ¥ ,(0), replaced by¥ ,(t). The dependence of,(0)z* on
E.s— E(0)=E.—F,—q¥4(0) (10 E can be determined as in the constant capacitance method.

(see Fig. 1 From Eqs.(9) and(10) we deduce the relation

Ei—E(0)=a[¥s=¥(0)], (11 Samples were prepared fromInP(111), Ny=2X 10
whereWV ,(0) is the value of¥, att=0. cm 3. A SiO, layer was formed by chemical vapor deposi-
For n-n-type InP/SiQ and n-n-type Si/SiQ structures tion at 350 °C. An Al film was deposited on the Si®@y
we haved~3 eV. For®~3 eV andE; — E(0) of the order vacuum evaporation at room temperature. An ohmic contact
of several tens of electron-volts we can ignore the depento the InP was created by depositing AGe according to
dence ozon E; in addition, we can seb=constin the layer standard technology.

EXPERIMENTAL

6<d. We therefore assume from now on thatoes not Measurement results The current densityl was
depend orE. <1072 A/lem? as the voltage was varied from3 V to +3

We now consider the special case wh&NgE,z) de- V. The isothermal capacitance relaxation was measured on
creases into the depth of the insulator as an apparatus described in Ref. 13. The constant voltage

_ method was used, as it permits the measurement of faster
Ni(E,2)=Ni(E, 0)exp(— B2), (12 transient processes than the constant capacitance method. Af-

and 8 does not depend oB. Expression(8) is then trans- ter the samples were switched from enrichment to the bound-

formed to ary between depletion and mild inversion, the relative incre-
4~ AQu(1) = 2 Ny(0)[ E;— E(0)]= 2 N(0)q[ W, 2127(t:cjéh§5<i%pggltance in the time interval 0.1-1300 s was

-V¥,(0)], (13 The value ofN;(0)z* and the dependence &f(0)z*

on E were determined by switching froM, to various val-

ues ofV,. The dependence f,(0)z* onE is shown in Fig.

2; at the minimunN,(0)z%,,=5%10"* cm™2.ev 1. In the

interval E.=—(0.28-0.80 eV we have N,(0)z*=2.4

X 10'? cm™2-eV ™! for this sample.

—_ 1—exd —pBz(v)] (14) We have also compared the width of the hysteresis loop

B ’ with the amplitude of the long-term isothermal capacitance

relaxation for ourn-n-type InP—SiQ—Al samples and for

control samples afi-n-type Si on low-temperature SjOThe

experimental results show that no detectable correlation ex-

ists between these quantities.

where

_ E;
N(O)[E;—E(0)]= L(O)Nt(E,O)d E,

N(0) is the average value df;(0) in the interval¥y —
¥,(0), N;(0)z* is the average value of the effective den-
sity of surface states in the intervélg;—¥,(0), andz* is
the effective thickness of the fragmented lajnis concept
is useful in situations where the decreasd&lpfnto the depth
of the insulator is not described by expressi@8)].
Consequently, having determinekiQs from (5), we It follows from the analysis above that the energy spec-
then use(13) to calculate the average value of the effectivetrum of the effective density of surface states can be deter-
density of surface states in the intervlll;;—V',(0). The  mined by switching the MIS structure from enrichment to
long-term variation of the chargeQ. is also a criterion of depletion or from depletion to stronger depletion according
the temporal stability of the interface. to one of two methods:

CONCLUSION
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13 Engineering Policy of the Russian Federation, and the Rus-
07+ sian Fund for Fundamental Reseat@rant No. NU230D

YIn the stated problem the capacitance of the surface states is the capaci-
tance of those DL centers on and in the vicinity of the surface whose filling
can keep pace with an alternating voltage with the frequency at which the
capacitance is measured.
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the capacitance in a given time interval after the indicated Egggmasak' M. Yoshida, and T. Sugano, Jpn. J. Appl. Pl 113

switching. 13) | s, Berman, A. D. Remenyuk, and M. G. Tolstobrov, FTI Preprint No.
The author is grateful to L. E. Klyachkin for preparing 974[in Russiad, A. F. loffe Physicotechnical Institute, Academy of Sci-

the samples and to N. M. Shmidt for valuable discussions. ences of the USSR, Leningrad9gs, p. 25.
This work has received financial support from the Inter-
national Science Foundation, the Ministry of Science andrranslated by James S. Wood

N, (0)2*, cm Zev
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Depth distribution of deep-level centers in silicon dioxide near an interface with indium
phosphide
L. S. Berman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 29, 1995; accepted for publication March 12,)1996
Fiz. Tekh. Poluprovodn31, 83—84(January 199y

The constant capacitance method with measurement of the voltage—time dependence over a long
period of time is used to determine the profile of the density of deep-level centers in an

insulator at an interface with a semiconductor. The distribution of deep-level centers in silicon
dioxide near an interface with indium phosphide is measured. It is shown that the density

of deep-level centers does not depend on the coordinate at distances in the interval 22—27 A from
the interface. ©1997 American Institute of Physid$$1063-78207)01701-§

The long-term temporal instability of an insulator/lll-V AQ, of DL centers near the interface is described by the
compound interface presents a major obstacle to the utilizaexpression
tion of such structures. The instability is caused by the pres- ey N
ence of deep-levelDL) centers near the interface and their AQ)=aN(0)AEZ", o @)
distribution with depth in the insulatd¥,(z). wherez* = [§f(y)dy, q is the electron charged\,(0) is the
This distribution can be estimated qualitatively from the average value oN,(0) in the energy intervalE, andz is
dependence of the flat-band voltage shift on the time that thghe tunneling depth after a tinte The intervalAE is speci-
metal—insulator—semiconductgMIS) structure is held in  fied by the choice of switching regime. The function
the enrichme!'lt modeWhen deep—leyel transi.ent spectros- AQ,(t) is determined by processing experimental results.
copy (DLTS) is used and tunneling is taken into accotint,  Differentiating Eq.(1) with respect to the time, we ob-
the depth resolution is limited by the duration or the periodtain
(or both of the filling pulses. q q
In the present article the constant capacitance méthod = (A )= qN(0)AEf(2) = )
is used to determindl,(z), with the time dependence of the dt dt
voltage measured over a long period of time with & ViewThe functionz(t) and its derivativedz/dt are calculated ac-
toward enhancing the depth resolution. The theory of thording to the theory in Refs. 2 and 6. The profile of the
method is given in Ref. 5. The initial carrier population of gensity of DL centers is then determined from the expression
the DL centers is set by holding the MIS structure for a long
time in, say, the enrichment mode so that the holding time is N(O)F(2) = d(AQy)/dt 3
much longer than the subsequent measurement time. At gAEdZdt”
t=0 the MIS structure is switched from enrichment to deple'Samples were prepared from-InP(111), Ny=2x 106
tion. We write the functl_on Ni(2) N the form cm 3. A SiO, layer was applied by chemical vapor deposi-
N:(z) =N;(0)f(z), whereN,(0) is the density of DL centers tion at T=350 °C
at the interface, andis the distance from the interface. We The measuréments were performed on an apparatus de-
assume thaf(z) does not depend on the enerBy For a  goijha in Ref. 7 aT~300 K. The capacitance of the sample
potential barrier having a height of several electron-volts an‘ivas held constant by means of a negative feedback circuit;

a harrow energy |nt.erv.al we can assume thdbes .not de- the output voltage of the phase detector of an MTsE-12 AM
pend onE. After switching, therefore, the charge increment
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FIG. 1. Density of deep-level centers vs the depth coordinate. FIG. 2. Effective density of surface states vs time.
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The author is indebted to L. E. Klyachin for preparing 974[in Russian, A. F. loffe Physicotechnical Institute, Academy of Sci-
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Electron-phonon scattering engineering
J. Pozela, V. Juciene, A. Namajunas, and K. Pozela

Semiconductor Physics Institute, Vilnius, Lithuania
(Received May 20, 1996; accepted for publication May 21, 1996
Fiz. Tekh. Poluprovodr31, 85-88(January 1997

We present calculations which show that independent quantization of electrons and phonons
allows the intra- and intersubband electron-phonon scattering rate in two-dimensional structures to
be changed. It is considered how the design of multi-heterostructure quanturfQwéll

changes the electron mobility and population of subbands in the QW. It was shown that the
insertion of the phonon walla few AlAs monolayersinto an AlAs/GaAs/AlAs double

heterostructure allows the electron mobility in the QW to be enhanced and electron intersubband
population to be inverted. €997 American Institute of Physid$1063-782607)01801-3

INTRODUCTION is the electron-phonon coupling coefficient,

In pure GaAs electron scattering by optical phonons is a .
dominating scattering mechanism. The electron-optical pho- anf Pe Pepqndz, (©)
. . - . L
non scattering limits the electron mobility and determines the
intersubband population of optically excitddr injected L is the width of the electron QWy,=q,+q, is the emitted

electrons. A method for changing the electron-optical phoor absorbed phonon wave vector in the plane of the hetero-
non scattering rate in a two-dimensionfdD) structure was structure
recently proposed by Pelal? According to this method, an

insertion of a phonon wallPh-wall) (a few AlAs monolay- q,= VK2 + k§—2kk0 cos0, 4
ers into an AlAs/GaAs/AlAs QW is a good tool for chang- =~ —— = . )
ing the electron-phonon scattering ratén this paper we Ko= VkZ—ka, kn=V(2m/A?)hw,, andfio, is the energy of
consider an enhancement of electron mobility by inserting 41€Nth mode phonon. The-components of the electron and
Phwall into a rectangular QW and the possibility of invert- Phonon wave functionsg, and¢,,, and the dielectric func-
ing the intersubband population of optically excited electrond!on &, are determme_d by the s'Fructure_ of the heterosystem.
in the QW with aPh-wall. The large increase in the electron-  1he total scattering raté/,, is considered as a sum of
optical phonon scattering rate in a MODFET channel by in-tN€ scattering rates of eachiphonon mode:
serting aPhwall is also considered.

W= Wi -
Electron mobility enhancement in GaAs QW with an 1 ; Hn ®

inserted AlAs Ph-wall
L We use the slab model for confined phonon modes. We can
The division of a QW by @Phwall changes the frequen- therefore write the-component of the confined phonon po-

cles of phonon modes, the electron-phonon coupling, and th1’°t=3ntial wave function in the phonon well fae=0 as follows:
shape of confined electron and phonon wavefunctions. As a

result, the electron-optical phonon scattering rate and the 2 d

electron mobility change significantly> We performed the Pq \/: sin| g, z— 2 ) )

electron-optical phonon scattering rate calculations in an " )
AlAs/GaAs/AlAs QW with a GaAsPhwall inserted at the 2

center of the QW(Fig. 1). g,=n =" n=12,...,

The electron-phonon scattering rate is treated within the
dielectric continuum approach. Assuming that the onewhered,=(L—d)/2 is the confined phonon QW width, and
phonon process is the only process, the rate of the intrasulo- is the AlAs Ph Phwall thickness(Fig. 1). The interface
band (1—1) scattering of an electron with the initial wave (IF) phonon wave functions in the double heterostructure
vectork by nth mode phonon emission or absorption in thewith the AlAs Ph-wall centered az=0 can be written for

heterostructure quantized in thedirection is given by > z=0 in the form
e’m (2= ( 1 1) 1G,|? coshq,z)
W kz—fCNJr—i— de, (1 _g foshair)
11n( ) 7Tﬁ3 o n qn 272 Zq% ( ) Pq1 B COS}‘(q”d/Z) Z<d/2,
wheree andm are the electron charge and effective mass, Ga=B-e W92 dpczol 2,

is Planck’'s constantNg, is the number ofnth mode
phonons, the “+” sign represents emission, the—"" de-
notes absorption,

)1 pg=B-e W2 7z<1 /2, (7)

¢q25=B- eta(@z=L2) drp<z<L/2,

B dep

cn—(% @

whereB is the normalization coefficient.
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FIG. 2. The rate of intrasubband electron scattekiig by phonon emis-
sion in a AlAs/GaAs/AlAs QW of thicknesk without (curve 2) and with
(curvel) the AlAs Ph-wall (d=5 A). Electron energf.=1.4%w,,, T=300

K.
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FIG. 1. a—The double AlAs/GaAs/AlAs heterojunction QW which contains Peo=A ———— di2=sz<L/2,
the AlAs Phwall at the center of the structure. The wave functions of cogk,d/2+ ¢p)
interface, ¢, and confinede., phonon modes are shown schematically.
b—The numerically calculated electron wave function in the AlAs/GaAs/ . cog k2|—/2+ <Po) —ky(z—L/2) -
AlAs QW with a AlAs Ph-wall of thicknessd=5 A (curvel). The electron Pe3™ COS(k di2—+ ® ) e z=L/2, (11)
wavefunction in the structure without tihwall is shown for comparison 2 0
(curve2). where A is the normalization coefficient, k;=k,

J(Uo/E})—1, k= (2m/A?%)E,, the AlAs/GaAs hetero-
junction height isU,=0.5 eV, andE; is the lower subband
We have assumed that in the regidle<z<L/2 the IF  €N€rgy- Using the boundary conditions ipg and their de-
phonon wave functions consist of two independent branche%vat'vgshWehObtam the equations for the subband energy
©,1 and g,5, Which have different phonon frequencies and do—1 and the phaseo

not interact with each otheFig. 1). Ky ky e kd—1 -
On the basis of this assumption the dielectric function arctal K, —arcta K, e 951 =k, 5 (12
determined from the boundary conditions for the wave func-
tion and their derivatives is different for the,; and ¢, k) L
branches of IF phonons: arcta K, =k2 5+ ¢o. (3
ex=6, tanh(q,d/2) +£,=0, @y branch mode, (8) It is wprth n(_)ting that di_vision of the GaAs QW by the
AlAs barrier at its center simultaneously changes the sub-
£0=81+8,=0, @qq branch mode, (9) band energyE, in both parts of the QW. Fod—>.0 and
Uy— the electron envelope function in the QW is
where >
» Pe= \[f cogk,z), k,=m/L.
_ W W) (10)
£1(2)~ #=1(2) wi—wiy,) The numerically calculated electron wave functions in

the GaAs QW, divided by the AlA®hwall, are shown in

The Indexes @) stand for AlAs(GaA9, w, andwy are the  Fig. 1b.
longitudinal and transverse phonon frequencies, respectively, Figure 2 shows the calculated rates of the scattering of
and e, is the high-frequency dielectric constant. The fre-electrons with an energy of %é, , by the emission of all
guencies of phonon modes are obtained from the dispersiamptical phonon modes in the AlAs/GaAs/AlAs QW with and
relatione=0. Note that the frequencies and the coupling co-without the inserted AIA$h-wall. We see that the insertion
efficients C,(w) [EQ. (2)] for the ¢q,; and ¢,3 IF phonon  of thePh-wall decreases the total intrasubband scattering rate
modes are different. by more than a factor of 1.5 in a wide range of the QW

The z-component of the lower subband electron enve-widths. This decrease is greater than that obtained in the case
lope function can be approximated by the functidifisr  of an idealized QW.In a pure GaAs in a wide temperature
z=0) range (100—-400 K electron scattering by polar optical
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phonons is a dominant mechanism that determines the eleao the electron QW splits the first subband level into two
tron mobility. Since the ratio of the phonon scattering ratessublevels. Note that the electron wave functions of these sub-
in the GaAs QW with and without theh-wall depends only levels have the same symmetry, and that the scattering rate
slightly on the scattered electron energy, we can assume thbetween the sublevels increases. In the QW wihhavall

the electron mobility changes proportionally to the scatteringhe split levels become the lower two levels in the three-level
rate change. This means that in a pure GaAs QW with daser model. The increase &Y,, in this case creates the
Ph-wall the electron mobility increases by more than a factorpopulation inversion between the third level and the new,
of 1.5 and can reach 1.2%V-s) at T=300 K. second subband level.

The insertion of thePh-wall into the QW changes the
subband energies and, according to Ekp), the intersub-

In recently demonstrated intersubband lasers the corband scattering rate. The intersubband scattering rate in-
fined electron-phonon scattering is used to achieve the popireases when the energy difference between the subbands
lation inversion. In a three-subband-level laser the invertediecreases. The population inversion between the third and
population of electrons, which are photoexcited from the firsthe second subband levels can occur when
level to the third, is achieved when the rate of the nonradiaE,— E,>E,—E,. Especially great is the increase of the in-
tive electron transition by phonon emission from the thirdtersubband scattering rate when the energy difference be-
level to the secon@WVs,) is much less than the transition rate tween the subbands is equal to the emitted phonon energy
from the second level to the firéW,,). The population in-  (W,;— atE;— E;—%w,—0). The resonance phonon scatter-
version take place when ing is used in many papers in order to obtain population

inversion in intersubband lasefsee, for example, Ref))6

W3, The insertion of thePh-wall at the boundary of MOD-

1- Wy ™ W3<Wp;. (14 FET channeltriangular QW separately shifts up the energy
levels of subbands with higher quantum numbers. The reso-
o S . nance optical phonon scattering arises under the conditions
In order to maximize the population inversion we need :

o -~ o where the energy difference between the lower subband and
to minimize the nonradiative transitions between the uppe[ . . .

e . he shifted subban@vith the same wave function symmekry
levels (W;,) and to maximize the transition between the. . )
is equal to the emitted optical phonon energy. As a result, the
lower levels(W,,). o S
] . . . electron mobility in the MODFET channel decreases signifi-
Let us consider how the insertion of tRdwall into an

electron QW allows us to attain intersubband population in_cantly.

version. For simplicity we shall consider the intersubband
electron transition by emission of IF phonon only. This is a
reasonable approximation in the QW with a width less than
100 A, where the electron-IF phonon scattering rate is domiSONCLUSIONS
nating.

We can write the intersubband scattering Méte in an
approximate form as follows:

Intersubband scattering in a QW with a  Ph-wall

An=nz—ny~

The insertion of the?h-wall into the QW is a good tool
for the electron-phonon scattering engineering. The insertion
of the AlAs Ph-wall into the center of rectangular GaAs QW
enhances the electron mobility 1.5 times. The insertion of the
|Gif| Phwall at the boundary of the MODFET channel decreases
\/Tf_h%' (19 the electron mobility. The insertion of tHeh-wall into the
s QW changes the intersubband scattering rate because of the
whereEg; andEg; are the initial and final subband energies,Change n symmetry of the s_ubband electron wave functions
. . . and the intersubband energies. Both mechanisms can create
hwy is the IF optical phonon energy, ai; is the overlap L .
. S . o . population inversion.
integral (3). The electron kinetic energy in the initial state is . . .
This work was supported by Human Capital and Mobil-
assumed to be zero. . .
. . . . . ity Programme of the EQproject contract ERBCIPDCT
The intersubband transition rate is sensitive to the dESIgB . ) .
40007 and Grant 5/94 from the Lithuanian State Sciences
of a heterostructure because of the dependence of electrgn . ;
: . nd Studies Foundation.
and phonon wave function overlap integrals and the subband
energies on the heterostructure parameters.
We shall consider the electron population in the first
three subband levels. First of all, we shall determine how the

. . o
design of the electron and phonon wave function overlap 2: PO®la, V. JucieneV. JuciengFiz. Tekh. Poluprovodr9, 459(1993
9 P P [Semiconductor®9, 236 (1995].

integrals allows us to obtain populauon inversion. In & smgle 23 Poela, V. JucieneK. Pozla, Semicond. Sci. Techndlo, 1076(1995.
QW the electron wave functions are symmetric in the first3J. poela, V. JuciengK. Pozla, Semicond. Sci. Techndl0, 1555(1995.
and third levels and asymmetric in the second level. BecauséN- Mori, T. Ando, Phys. Rev. BI0, 6175(1989.

; ; . P. Bordone, P. Lugli, Phys. Rev. &9, 8178(1994).
of this circumstance, the rate of th&,—E; transition by SE 1. Julien. A Sg‘ar J?’Wang Y Leéuno‘g Electron. L2t 838

Wis~Woi¢

emission of symmetric IF phonons is very low. (1995.
In order to obtain the inversion population we need topypiished in English in the original Russian journal. Edited by S.J. Amor-
maximize theE,—E; transition. The insertion of theh-wall etty.
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Monte Carlo simulation of the low-temperature mobility of two-dimensional electrons in
a silicon inversion layer

V. M. Borzdov and T. A. Petrovich

Belarus State University, 220050 Minsk, Belarus
(Submitted December 19, 1995; accepted for publication March 23,)1996

Fiz. Tekh. Poluprovodn31, 89-92(January 199y

The transport of two-dimensional electrons in a silicon inversion layer is determined by Monte
Carlo simulation in the temperature range 4.2—40 K, where the electrical quantum limit

occurs and only the lowest subband is populated. Two scattering mechanisms are taken into
account: scattering by distant ionized impurities and scattering by surface roughness elements,
along with their dependence on the polarizability of the two-dimensional electron gas. The
mobility and coefficient of warm electrons in weak electric fields are calculated. The data are
compared with previously published results. 1®97 American Institute of Physics.
[S1063-78267)01901-1

The characteristics of the transfer of two-dimensionala bottom energy equal t8, (Refs. 1 and 18
(2D) electrons in a silicon inversion layer at temperatures  The mobility u is calculated according to an expression
and concentrations such that the electric quantum limit idased on the assumption of a linear relation between the
valid, where only the lowest energy subband is populatedaverage electron drift velocityy and the strengtl of the
have been studied long and diligentlyin view of the longitudinal electric field in the chann&:*%In this case the
widespread application of silicom-channel metal-oxide- average mobilityw can be calculated from the equation
semiconductor(MOS) field-effect transistors in integrated
electronics, these studies are of great theoretical and practical — Vd e3ti(Kyi— Kyi)
importance. It is a well-known fatthat the principal mecha- K= E W @
nism underlying the scattering of inversion layer electrons at
low temperatures, in cases where electron—electron scattevheree is the electron charge; is the time of theith free
ing can be neglectetis scattering by ionized impurities and transit of an electronk,; andk; are the projections of the
surface roughness. The rigorous calculation of the kineti@D electron wave vector onto the field directianat the
properties of the 2D electron gas in this case requires thdieginning and end of the given free transit, respectively. We
screening of the scattering potential be taken intoalso assume that the constant-energy contour formed by the
account*~1° For example, it has been shown analytically projections of twofold-degenerate silicon valleys onto the
that the low-temperature dependence of the screening caus@®0 plane is a circle, whereupon we interpret the effective
the conductivity of the 2D electron gas to decrease linearlynass of an electron in its 2D motion in the plane as the mass
with increasing temperature. m*=m} =0.19 my, wheremy is the transverse effective
Of unquestionable interest in this regard is the Monteelectron mass in bulk silicon, anehy is the free-electron
Carlo numerical method as a means of calculating the kinetimass.
parameters characterizing electron transfer in the inversion The simulation algorithm includes all the basic steps
layer at low temperatures; it affords a powerful tool for thetypical of the single-frequency Monte Carlo method in bulk
investigation of kinetic effects in semiconductors and semisemiconductors. In the ensuing discussion we shall indicate
conducting structures. To the best of our knowledge, how- only the following salient characteristics of the method used
ever, this simulation method has never been employed for & our work.
degenerate electron gas in the electric quantum limit, despite First of all, the accuracy of the Monte Carlo method is
the fair abundance of papers published for the range of temknown to deteriorate in weak electric fieltfst® because the
peratures and electric fields wherein not only the lowest, buglectron drift velocity becomes small in comparison with the
also higher subbands are populated. Noteworthy amonglectron thermal velocity. For this reason, a simulated
these publications are Refs. 12—14, along with several recesample of sufficient volume must be chosen if data are to be
papers®1’in which the heating of 2D electrons is simulated obtained with acceptable accuracy. Estimate have shown that
with allowance for their transition to the 3D state. good convergence and the required accuracy of the results in
Here we give the results of single-frequency Monteour case are attained for a sample size of at leasil®
Carlo computations of the dependence of the mobility of 2Dcollisions. Second, since the electron gas is degenerate in the
electrons in the inversion layer of silicon with surface orien-investigated range of temperatures and concentratitine,
tation (100 on their number densitis and the temperature Pauli principle must be taken into account in statistical sam-
T. We also estimate the warm-electron coeffici@rin weak  pling of the postscattering electron energy states; this is ac-
warming fields in the range of electric field strengthfrom complished by incorporating into the general simulation al-
10 V/m to 100 V/m. In the simulation we assume that allgorithm a procedure propos@d for degenerate semi-
conduction electrons are situated in the lowest subband withonductors.
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According to Refs. 1,3, and 7, the intensity;(k) of
scattering by distant ionized impurities is calculated from the
equation

m*Ni 2m
Wi(k)= 477713]

e2 2

(esctT &0x)E0€(Q,T,Ny) 3

T T Ty

Imin

+5 F (2

T
~N

X

where g=2ksin(d/2), k is the modulus of the 2D electron
wave vector, is the scattering anglej i, is its minimum
value, N; is the density of ionized impurities per unit vol- 5
ume,# is the reduced Planck’s constaat. ande,, are the
dielectric constants of the semiconductor and the oxide, re-
spectively,b is a parameter of the Fang—Howard variational i Ly
wave functior?® and e(q,T,N,) is the dielectric function. 292,73 0% T
The parameterb is' b=(12m}e>N*/e k%)% where ¥, m3
m; is the effective mass of an electron in the direction per-
pendicular to the surface, ard* = Ndepl+ (11/32Ng, and FIG. 1. Mobility u vs surface densiti{; of electrons in the inversion layer
Ndepl is the surface charge density in the depletion layer. at the tempera.tur§=4.2 K_. 1) Monte Ca_rlo res,ultsE=10 V/m;_2) results
. . . from Ref. 23; 3) according to Matthiessen’s rule. Herle=1.5 nm,

The dependence of the dielectric function on the paramy _ 5, nm, N=3.5xX10% M3, e,=117, ep=4.1, and Nggy
etersq, T, andNg in the linear approximation can be written =1.92x10! m2.
as follows on the basis of Refs. 1 and 5:

,z,m'/%s
Iad
o
A LI l"r

e2
e(q,t,Ng) =1+ F(q,Ng)P(g,T,Ng), (3) nisms as in the present study, but without regard for the
A(2scte0x) €0 temperature dependence of the polarizability of the 2D elec-
where F(q,Ng) is the form factor, which is given by the tron gas. . .
equation To find the instantaneous values 6f which must be
chosen at random according to the specified angular distri-
1 €ox q| 3 q q\? bution
F(q,Ng)=—=|1+—]| 1+ = 8+9-+3|
16 Esc b b b o(9ds (1+q/b)76 4
1 €ox q)~° (%) qsez(qiT:Ns) ’
+ol1-—[1+=] , 4 , )
2 €sc b we use the sampling method in Ref. 11.

According to Refs. 1, 3, and 7, the intensity of scattering

and P(q,T,N;) is the polarizability of the 2D electron gas’rdby surface roughness is calculated from the equation

whose temperature dependence is given in Ref. 22. Acco

ing to this paper, in the electric quantum limit at sufficiently Werdk) = m*A%L? (27 T'%(q,Ns) B q°L? 49
low temperatures, when the chemical potential can be re- sek)= 20% Jo e(q,T,Ng) ex 4 ’
garded as equal to the Fermi enefdy’'° P(q,T,Ny) is (6)

written in the form whereA is the average height of the roughness elemérnits,

% P(q,0E)Ed the average distance between them, andjfoe>1 the func-
= Y H -3
P(a,T.Ns) fo AkTcosh(E.—E)akgT]’ @ tonT(aNyis
e’ (N
where P(q,0E) is the polarizability at the temperature I'(Ng)=—— 7S+Ndep|)- )
T=0, E is the electron energkg is the Boltzmann constant, scv0
andEg is the Fermi energyEg= 74 2N4/2m* . As in the case of impurity scattering, statistical sampling is

To eliminate the divergence of the integral &s-0 in  used to estimate the scattering anglefrom the angular
calculating the intensity of scattering by an ionized impurity distribution
according to Eq.(2), we choose a certain nonzero angle expl( — q2L%/4)
Ymin @s the lower limit of integration. Since the theoretical P(Mdd~——r—
value of this angle is not knowa priori, it can be estimated (0, T.Ny)
from the condition of compatibility of the results of Monte Figure 1 shows the results of calculations of the mobility
Carlo mobility calculations with experimental or analytical u as a function of the surface density of electrons in the
data obtained by other methods. As the required control moinversion layemN (curve 1 at the temperaturé=4.2 Kin a
bility we adopt its maximum value of 2#{(V -s), which was  field E=10 V/m. Also shown on the same graph is a curve
determined previousfy at T=4.2 K, N;=3.5x10°® m™3,  taken from Ref. 23curve 2 and a curve calculated by Mat-
L=1.5 nm, andA=0.52 nm for the same scattering mecha-thiessen’s rule(curve 3. It follows from the figure that

do
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FIG. 2. Mobility u vs temperaturd for E=100 V/m and various densities
Ns. 1) Ng=10' m~2; 2) 5x10% m~2 3) 10 m 2. The parameters =
€5c1€0x,NaepisL,A, andN; have the same values as in Fig. 1.

1.125

curves 1 and 2 coincide at the point of the maximum, since at
this point they are matched by appropriate selection of the — 1.124 v - L —
: 10 30 50 70 90 100
angle ¥, at equal temperatures, along with the parameters E.V/m
Ng,A,L, andN;. The two curves also exhibit good agree- ?
ment over the entire range ™ except forNg<<4x 10 F1G. 3. Mobilly octric fldE a the | i dn K
-2 . . _ .o opllity w vs electric Tie al e temperaturg =4. or
m = An.Other fact worth n.Ot!ng is that cur\_/es_ 1 and 3 cor various densitiedNg. 1) Ng=5x10'° m~2; 2) 10'® m~2. The parameters
relate W|th.each other. This is reasonable in light of the facgsc‘sow,\,dephL,A, andN, have the same values as in Fig. 1.
that Matthiessen’s rule must be valid at the temperature
T=4.2 K (Ref. 4.
As an example, Fig. 2 shows the results of calculations

of u as a_functE)n of the temperatutiefor three values of  gjactron transport in inversion layers at low temperatures, the
N; and a fielde=100 V/m. Itis evident from the figure that 55050k discussed in this article has the advantage that it
the mobility decreases slightly as the temperature increaseégermits any number of significant scattering processes to be
The decrease in mobility is attributable to the temperature,soq in the calculations, and regardless of the complexity of

dependence of the polarizability of the 2D daSThis be- o model description, it facilitates the incorporation of those
havior of the curves is qualitatively consistent with resultS ,ochanisms into the general simulation algorithm.

published earliér for the same temperature range and the
same scattering mechanisms, provided allowance is made for
the temperature dependence of the polarizability of the 2D
gas, but with the mobility calculated by suitable averaging of
the relaxation timer on the basis of a Fermi—Dirac distribu-
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Study of PbTe photodiodes on a buffer sublayer of porous silicon
L. V. Belyakov
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The formation of epitaxial lead-telluride films on a silicon substrate with a porous-silicon

sublayer is investigated. In these structures vertical-type infrared photodiodes were produced using
ion doping. Despite a great mismatch in the lattice constants and the temperature expansion
coefficients between silicon and lead telluride, the photodiode parameters are similar to those of
photodiodes in the orienting substrates. 1097 American Institute of Physics.
[S1063-78267)02001-2

Lead-chalcogenide films deposited on silicon substrateanode current density of 5-20 mA/érin an electrolyte of
can serve as a basis for the formation of a wide class of8% HF—-isopropyl alcohol in the ratio 1:1. An MlI-4 inter-
optoelectronic devices operating in the infrared in conjuncferometer was used to determine the thickness of the porous-
tion with silicon-based readout circuits. However, a serioussilicon layers after etching the porous silicon in a 5% solu-
obstacle to the growth of high-quality silicon epitaxial films tion of KOH at 50 °C. The structure of the porous-silicon
is the great mismatch of the lattice constaffts lead tellu-  |ayers so obtained was examined using a scanning tunneling
ride it is 17% and the temperature expansion coefficients Ofmicroscope (STM) and a scanning electron microscope
lead and silicon, which makes it necessary to use buffer SUSEM). To achieve electrical contact when carrying out the
blayers of calcium and barium fluoride. It is well known, structural studies, a gold layer of 10 nm thickness was sput-
however, that porous silicofPS can serve as the buffer tered onto the porous-silicon surface. The results show that
sublayer in the growth of semiconducting epitaxial films onjarge-void layers with characteristic inhomogeneity size
silicon. The porous-silicon layer in this case plays the role ofequal to 0.5-1um are formed onn-type silicon. On
an elastic matrix with nanosize voids which compensate fop-type silicon at current densities up to 10 mAfcin dark-
the elastic stresses of the polymorphic layer. Bondarenk@ess for a porous-silicon layer thicknesd um the charac-
et al’ recently reported a successful attempt to grow leadteristic inhomogeneity size, revealed by the STM, is 30—40
sulfide films of a quality acceptable for optoelectronic de-nm (Fig. 1). Such layers have manifested intense photolumi-
vices on porous silicon by molecular-beam epitaxy. In thenescence with a wide maximum in the region 600—650 nm
present paper we report the results of an experimental studyhen illuminated with light in the wavelength range 300—
of the formation of lead-telluride films by condensation from 400 nm(mercury lamp with a UFS-1 filt¢r The presence of
a gas-dynamic flow onto porous-silicon sublayers with vari-such a luminescence can serve as a method for express moni-
ous parameters, as well as the formation on such layers yring of quality and uniformity of porous-silicon layers and
ion implantation of vertical-type photodiodes with high pho- their suitability for further epitaxy since the highest-quality
toelectrical characteristics. PbTe layers have been obtained on such sublayers.
Vertical-type photodiodes based on PbTe epitaxial films  Using the method of condensation from a gas-dynamic
on a Bak orienting substrate have several advantages over
diodes with planar geomethand exhibit a photosensitivity
in the range 3-5um, near its limiting value, i.e., in the
noise-limited regime. An obstacle to the formation of grat- A
ings or matrices of such photodiodes on a silicon substrate is '.:‘\i;ff{"ii“"“‘;?;" /
the need for a high level of perfection of such films since in s
the case of polycrystalline PbTe films the crystallite bound-
aries shunt th@—n-junctions, leading to the growth of leak- )
age currents, etc. It might be expected that the use of &.am| ”.
porous-silicon buffer sublayer would make it possible to ob- ., .«\"12';,7;;','
tain high-quality epitaxial PbTe films and correspondingly %
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highly-sensitive, vertical-type infrared photodiodes on a sili- \\:}3“'\0@"‘\&\\\:{}2&/ z00
con substrate. "‘)},',' =\

Porous-silicon layers of 0.5-1.@m thickness were mﬂ =

formed on phosphorus-dopektype silicon substrates with *s
resistivity p=1 () - cm and boron-doped-type silicon with

reSi_Sitiny P_: 10Q- C!Tl and Orier_‘tati_or[loo]- AnOdizati_On FIG. 1. Morphology of the porous-silicon buffer sublayer obtained by the
regimes with and without backlighting were used, with anST™M method.
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flow in a quasi-sealed space we obtained layers of comperR,;~20-150 K), is formed over the entire depth of the PbTe
sated lead telluride of thickness 0.5—@ué on both types of film (0.5 um). The best values of the photodiode parameters
porous-silicon buffer layers, and also on control layers ofwere obtained for PbTe epitaxial films on mica and porous
silicon (unoriented substrate, which leads to condensation afilicon. We measured the temperature dependence of the spe-
polycrystalline PbTe films and mica (oriented substrate; cific detecting poweD* of the photodiodes on an IChFR-
high-quality PbTe epitaxial films are formed on. iThe re- 11A “blackbody” setup in the presence of background ra-
gimes in which the PbTe films were obtained and the strucdiation with a temperature of 300 K. The parameters of
ture of the films on the orienting substrate and the silicordevices based on high-quality epitaxial PbTe films deposited
substrate are described in Ref. 3. Measurements of the teron mica and on a buffer sublayer of porous silicon with
perature dependence of the electrical conductivity of thenanosize voids essentially coincide over a wide temperature
PbTe films over a wide temperature ran@ég. 29 allowed range(Fig. 2b, while without the porous-silicon buffer sub-
us to determine the activation energy of conduction, fromlayer the photosensitivity of the diodes is one or two orders
which we were able to estimate the drift barriers to currenf magnitude lower.
flow (Eq). For PbTe films with a porous-silicon buffer layer We have determined the regularities of the growth of
on p-type siliconE, is equal to 13—15 meV, which is close epitaxial lead-telluride films with a large mismatch of the
to its value on high-quality epitaxial films on mica. On the lattice constants and large temperature expansion coefficient
other hand, for PbTe films deposited ortype porous sili- on a nanosize matrix of porous silicon of varying structure.
con Ey is 39-40 eV, which is the same &5, of flms on  The use of buffer sublayers of porous silicon has been shown
deposited silicon; the same value Bff was observed for to be promising for the formation on silicon of structures
polycrystalline films of compensated PbTe on an amorphousensitive in the infrared region of the spectrum. By using ion
unoriented substrate—photographic glass. doping we have obtained vertical-type infrared photodiodes
We used the method of ion implantation to obtainwith parameters approaching the parameters of photodiodes
vertical-type photodiodes. Since the intrinsic defects in leadn an oriented substrate.

chalcogenides are electrically active, whertype PbTe The authors express their deep gratitude to I. A. Abroyan
films are implanted with Af ions, because of the formation for performing ion implantation of the lead-telluride films.
in the implanted region of intrinsic defects a stabldype This work was carried out with the partial financial sup-

region is formed with current-carrier concentrations up toport of the Russian Fund for Fundamental Reseé@iants
10'® cm™3 (Ref. 4. Here the depth of the layers in which the 96-02-17200, 96-02-17197, and 96-02-17903

inversion of conductivity type is observed exceeds the calcu-

lated penetration dgpth of implanted ions by at least an qrdegv | Bondarenko. N. N. Voronov. V. V. Dikarev. A. M. Dorofeev. V. |
of magthde' At ion energy of 100 keV the penetration Lévéhenko, L. L P’ost.no;/a, and G’. N.. T;oyankov: Téch.. Phys. Izetlt51. .
depth is 0.2—0.6um. In our case, we used 60-keV;Non (1994

implantation at an ion current density of 2 mA/&mnd ob-  2z. M. Dashevski and M. P. Rudenko, Fiz. Tekh. Poluprovodti, 662
tained 1-mm-wide, vertical-type photodiodes. The opticaI3|(19Bg3é giﬁgfg‘d#Ctlorzggblfc?\?aﬂggi]-Nemov 6.V, Rabiro. and V. N
area of the photodiode is governed by the collection length 4 r “rekn ‘poluprovodnas, 1802 (1994 [Semiconductor®8,
of the current carriers in the- andp-type regions and stands  g9g(1994)].

at (1-2)x10 2 mn?. Measurements of the current—voltage *I. A. Abroyan, V. Z. Aliev, S. D. Imamkuliev, S. A. Kaz'min, V. .
characteristics of the structures so obtained showed that forKaidanov, G. D. Kasamanli, anq A. V. Suvorov, Fiz. Tekh. Poluprovodn.
the indicated implantation regimespa-n junction, with an 17, 611(1983 [Sov. Phys. Semicond7, 381 (1983

energy barrierg~60-120 meV and zero-bias resistanceTranslated by Paul F. Schippnick
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High-frequency capacitance—voltage characteristic of GaAs-based, thin-film structures
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An analytical calculation of the high-frequency capacitance—voltage characteristic of a GaAs thin-
film structure is carried out. It is shown that the peculiarities of this characteristic, namely

an abrupt drop followed by a falloff to zero, are due to the merging of the depletion regions of
the Schottky barrier and the film—substrate junction and to a lag in the recharging of deep
centers in the substrate. @97 American Institute of Physids$$1063-7827)02101-7

Manifestations of the role of the—v junction at the capacitance a change in the barrier b#&&does not lead to
boundary of a film with substrate in GaAs-based structures change in the charge of the accumulation layer ofrthe
are extremely varied in their natdrand, in particular, have v junction and, consequently, it does not lead to a change in
a nontrivial effect on low-frequencyC—V (capacitance— the electric fieldg;; i.e.,
voltage measurementsThe latter, as is well known, make SE.=0 @)
it possible to determine the concentration of the unfilled deep e
centers in the substrateCurrent thinking gives sufficient Using relations(1) and (2), we can obtain, using a method
grounds to expect that the presence of mav junction  similar to that used in Ref. 3 to calculate the low-frequency
should also have a substantial effect on high-frequebey capacitance, a parametric expression for the dependence of
V measurements, which serve as the main method of obtaithe high-frequency capacitané on V (n,, serves as this
ing information about the dopant impurity in the structure.parametey, valid for No>n,>n;, wheren; is the free car-
However, despite the obvious relevance of this questionfier concentration in the plane of tme-; junction:
there is virtually nothing reported in the literature on this 2ee N 1/2 B
subject. We hope that the present work, dedicated to a study C=qs( 0 0)

of the effect of then—v junction on high-frequencyC—-V kT 2AB+Ng/ny—1"
measurements, will to some extent fill this gap. kT/ Ng n ©)
To determine the effect of the—v junction on the re- V=—( In —+—+A?| - g,
" e g Nm N0
sults of high-frequencfC—V measurements, it is first of all
necessary to obtain an analytical description of the highwhere
frequency barrier capacitan€@ under conditions in which h o\ 12
the depletion region of the Schottky barrier is linked with the ~ A=——_ 2( In 3__"‘)
region of the film—substrate junction, i.e., when at some \/§|d No
point on the filmx,, the free electron concentration reaches 2 (\/1+—3t+ m)z
its maximum valuen,, <Ny, whereN; is the concentration — In -D,
of the dopant impurity in the film. vi+2t t
In out further analysis it is more convenient to represent Ny "2 V2
the barrier capacitandg in the form B= (| 3 No) + W
C=seoS 2, @ . (IF8LHITo0? 2

, , , t i t(1+2t)y1+3t
whereS is the area of the barrier contadt;;, is the amount
by which the electric fieldE,, at the metal-semiconductor N{—Ng Nm Ny
interface changes when the Schottky barrier bias changes by = | N,— Ne+Nol ' ni N
6V. When the depletion region of the Schottky barrier and
the region of the film—substrate-» junction are joined, the _ Ni In &
magnitude ofSE, is determined by, among other factors, the Ni—Ng+Ng  Ng
change in the electric field; in the plane of thex—v junc- t=1—nJN
tion. In this regard, a well-known property of time-v junc- m’ 70
tion of the type film-{semiconducting compensated sub-Hereh is the film thicknessNg, N;, andn; are the concen-
stratg becomes very important. This property has to do withtrations of the minority donors which compensate the deep
the fact that the charge of the accumulation layer located irenters in the substrate and the free carriers in the interior of
the substrate is formed by carriers bound to deep centerthe substrateN, is the density of states in the conduction
since in the substrate the concentration of unfilled deep cerband of the semiconductog,, is the barrier height from the
ters is 5—7 orders of magnitude higher than the concentratiometal side, andiy=kTeso/q?Ny is the Debye length in the
of free carriers. Therefore, in the case of the high-frequencyilm.

1/2
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Analysis of relation(3) shows that as the concentration charge of the depletion layer of the Schottky barrier in the
decrease<; falls abruptly and tends to zero ag/Ny. How-  substrate is determined only by the minority impurty
ever, for a significant decrease mf, (increase ofV), when  since upon the escape of the free carriers the negatively
the junction begins to flatten out, the condition,>n;, charged, filled deep centers in this case are immediately
which restricts the applicability of relatio(8), is violated.  wiped out and become neutral. The dependdDé) in this
Nevertheless, this situation can be calculated analyticallgase is easily represented in the following parametric form
with sufficient accuracy. (wheren;<n; serves as the paramejter

The point is that by virtue of the large value Nf/n;
this flattening out of the junction can commence only when
nm<<Ng, i.e., when the film is almost completely depleted of KT/ N. 1{/h\? xh Ng
its free carriers. In this case, as will be shown below, the V= —< In —+ 5( r) + 72N
high-frequency capacitanc€ becomes equal to zero. In- g ! d d 70
deed, forn,,<Njy it follows from the Poisson equation that where

Eb:Ej+(q/880)N0h. (4)

C=¢ggs/(h+xy),

~ @y, (7)

2ee0kT In(n;/n;) |2

2
According to(1) and(2), it follows thatC equals zerdthe 9°Ns
abrupt drop ofC before it falls to zero, given by relations is the width of the depletion layer of the Schottky barrier in
(3), obviously corresponds to the case in whighis still not  the substrate.
small enough in comparison witk,, andSE,, is governed in 2. Eg<E, i.e., nj>n,. In the depletion layer of the
this case also by the variation of the free charge in the]film barrier in the substrate in this case, there is a part whose
Note that conditior(2) remains valid as long as the accumu- charge is determined only by the escape of free carriers with-
lation layer of the film—substrate junction continues to exist,out discharge of the deep centers. Fge>n, this part
i.e., for np,>n;. Therefore, making use of the expressionspreads out over the entire depletion layer in the substrate
obtained in Ref. 3 foW in the casen,<Nj for the junction  and we now have for the depender@gV)
flatting out forn;<n,<Ng, we have

C=¢e¢¢S/(h+Xxs),

C=0,

Xs=

, V_kTI Nc+1 h 2+xsh n; g
V:k_-rlnm_{_l(h) —F nn—j EG TdTN_O_(Pbr ()
n, 2\l
J d where we now have
1/2
\2h N I e ), 2e80kT In(ny/n;)] "2
Id J ! t n1+ni S ni b XS: 2
q ng
5)

For nj<n, the depletion layer in the substrate consists of a

wheren; =N.exp(—E/KT) is the Shockley—Reed parameter, part, whose charge is determined only by the escape of free

which is governed by the embedding depth of the deep cerearriers without discharge of the deep centerg<(n<n;),

terE;. and a part whose charge is determined by the minority im-
Calculation shows that the two functional dependencegurity (n;<n<n,). In this case the dependen€qV) is

C(V), defined respectively by8) and (5), practically coin-  given by

cide over a considerable intervalVhin which the conditions

nm>n; andn, <N, are simultaneously satisfied. This allows C=eeoS/(h+xs),

us, by joining these two forms in the indicated interval, to KT[ N, 1[h)\?2
calculate the dependene®V) over a wide interval inv V= ? ?JFE(I_ +_I2N (Xs1Nj +Xs2Ng) | — @p,s
corresponding to the conditiam <<n,<<N,. J d dNo ©

With further increase of the reverse bi¥s the film—
substrate junction completely disappears, leaving only th&vhere
depletion layer of the Schottky barrier, which covers the en-
tire film and penetrates into the substrate. In this case, for the x =

280k T In(ni/ny) ]2

2 )
high-frequency barrier capacitance the customary expression an
is valid _ X, X2 . 2650kT In ny/n; M2
CZSSOS/hb, (6) Xs2= _7 T q NS

whereh,, is the width of the depletion layer of the Schottky Relations(3), (5), and(7)—(9) allow us to calculate the
barrier. Therefore, at the moment the junction disappeardependenceC(V) over a very wide range of variation of
(nj=n;) ajump appears on the(V) curve from zero to the V. Typical calculated results are shown in Fig(Rig. 1la
value of the capacitance given by expressiéh Here two  corresponds to the casg>n;, and Fig. 1b corresponds to
cases are possible. the casen;<n,). The above-noted peculiarities of the high-
1. The Fermi leveEg in the interior of the substrate lies frequency dependenc€(V) are clearly visible in these
above the deep laydt,, i.e.,n;<<n;. In such a situation the graphs, namely )lthe abrupt drop with subsequent drop to
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FIG. 1. Dependence of the high-frequency barrier capacitéham the L I 1 1
blocking voltageV across the Schottky barrier, calculated {g=0.8 eV, 0 1 2 J 4+
h=0.2 um, S=300 um?, T=300 K, Ny=10 cm3, ns=10° cm 3, and 74

N¢=5x 10 cm™2 for n;=5x10® cm (a) and 4.9< 10'° cm (b). ) ) . )
FIG. 2. Experimental dependence of the high-frequency barrier capacitance

C on the blocking voltag®/ across the Schottky barrier; measurement fre-
quency 1 MHz,No=10" cm ™2,

zero, due to a combination of the depletion of the film of its
free carriers and the zero variation of the charge of the ac-
cumulation layer of the film—substrate junction, andti2e
subsequent upward jump due to the removal of the film-measurement results can be a nontrivial task and is nearly
substrate junction by the reverse bias of the Schottky barrieimpossible when using sputtered contacts of complex shape.
Note that in the case;>n, this jump is in fact manifested as The C-V dependences which are measured were made spe-
the upward jump of one point corresponding to the momengifically in such a situation. Consequently, the constant to
the film—substrate junction is removed, i.e., the point atwhich the curve in Fig. 2 falls is the interelectrode capaci-
which the concentration; reaches the valug; since with  tance of the sputtered contacts, which, as can be seen from
further increase oW the dependenc€(V) defined by(8)  the graph, is comparable to the barrier capacitance.
and(9) very rapidly falls to zero by virtue of the smallness of The determination of the interelectrode capacitance is
n;. Calculation shows that for typical values of the param-necessary if we are to obtain the correct results from our
eter of the film—substrate structure the width of this drop isC—-V measurements and all the more so if the results of these
of the order of 104 V. measurements are to be used to determine the impurity pro-

Summing up the results of our theoretical analysis, wefile. It follows from the foregoing arguments that such a
note two main features of the high-frequency barrier capacidetermination may be based on a measurement of the satu-
tance of the structure in question)-the falloff of the ca- ration value of the high-frequency dependeg/).
pacitance to zero, due to the absence of any reaction of the In conclusion we note that the zero level of variation of
junction’s negative charge to the variable voltage, anth@  bound charge, which determines the zero value of the capaci-
jump in the capacitance due to the complete removal of théance for deep linking is in no way connected with the nature
junction followed by a more or less rapid falloff to zero by of the doping of the film. Hence it follows that the drop of
virtue of the propagation of the space charge region into théhe high-frequency capacitance to zero, which we have es-
depth of the lightly doped substrate. Here the width of thetablished within the framework of the assumption of a con-
jump is connected mainly with the relation betweenand  stant impurity profile, is invariant with respect to the level
n; and forn,<n; it is so small that an experimental record- and nature of the impurity profile of the film.
ing of the capacitance jump upon removal of the film—
substrate junction is nearly impossible. However, real sub
strates actually satisfy such a relation betwegnand n;,
since the compensating impurity here is either chromium o
structural defects, both yielding thelL2 level, whose depth
in each case lies in the range 6.8.6 eV, which even for
n;=10° cm 3 ensures the inequality, <n;. Therefore, ex-
perimental curves, a typical example of which is shown in
Fig. 2, are completely smooth. It is clear from the graph thatig A kostylev, E. F. Prokhorov, and A. T. UkoloGurrent Transport
the behavior of the experimental curve is similar to the cal- Phenomena in Thin-Film Gallium-Arsenide Structurfis Russian,
culated dependendgig. 13 with the one exception that as Zsa;kglsre'?vun;ki *:(lg\é 133% V. Makarova. E. F. Prokhoroy. and A. T
V grows, the experimental curve do,es, not fall to Ze,ro’ but Ui(ollov| Fiz.y Tékh.. PoILyprO\’/ocleré, 357 (198’9 [.So'v. Phys. Sémicond. .
rather to some constant value. Here it is worth recalling that 3 220(1989].
the above calculation pertains only to the barrier capacitancéN. B. Gorev, T. V. Makarova, S. A. Kostylev, E. F. Prokhorov, and A. T.
which is controlled by the space charge in the semiconductor Ukolov, Fiz. Tekh. Poluprovodr26, 861 (1992 [Sov. Phys. Semicond.
and which naturally does not include the geometrical inter- 26, 485(1992].
electrode capacitance, the elimination of which from theTranslated by Paul F. Schippnick

This work was carried out within the framework of the
project “Development of new methods for measuring elec-
trical parameters of thin-film structures of IlI-V com-
bounds,” financed by the Ukraine State Committee on Sci-
ence and Technology.
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Electrical properties of ZnSe/GaAs (100) heterostructures grown by photostimulated
vapor-phase epitaxy
A. V. Kovalenko

Dnepropetrovsk State University, 320625 Dnepropetrovsk, Ukraine
(Submitted March 10, 1995; accepted for publication February 2,)1996
Fiz. Tekh. Poluprovodr3l, 11-14(January 199y

Epitaxial layers of ZnSe were grown on Gaf<00 by photostimulated vapor-phase epitaxy,

using a He—Cd lasgpower P=1 mW/cn?, hy=2.807 eV} at a substrate temperature

of T= (175-300 K. The temperature dependences of the mobility of the majority charge carriers
were studied in layers doped during growth, using such sources ag, ZIGI Al, and Ga.

Based on an analysis of the thermally stimulated current and thermally stimulated depolarization
curves, parameters were established for seven deep local levels that have a substantial

effect on the electrical characteristics of the heterostructures19€y American Institute of
Physics[S1063-782807)01912-9

The identical crystal structure and the closeness of théRef. 4, T=320 °C(Ref. 5 andT=300 °C, Ref. §, not only
lattice parameters of the compounds ZnSe and GaAs makeere high-quality single-crystal ZnSe layérbut also spa-
this pair of semiconductors nearly ideal for creating heterotially quantized structures of the single-quantum-fvelhd
structures, which have already become widely used in pracsuperlattice type3® for which the presence of a sharp layer—
tice as photodetectors and solar céftdzurther improvement  substrate interface is a fundamental condition.
of the characteristics of devices based on ZnSe/GaAs hetero- The low-temperature technology of photostimulated
structures involves searching for a cheap and efficient techrapor-phase epitaxyPSVPH is a particularly promising
nology that, on one hand, must provide economical masgechnology’~® PSVPE is substantially less expensive than
production and, on the other hand, must satisfy the highegshe MBE, MOCVD, and ALE technologies. However, it also
requirements on their quality. makes it possible to obtain high-quality, single-crystal ZnSe

An analysis of the results of studies of ZnSe/GaAs hetfims on GaAs without transition layers and with optical
erostructures obtained by high-temperature liquid-phase epgnaracteristics that are not inferior to similar layers grown by
taxy of GaAs on a ZnSe substrate, the deposition of ZnSe Ofygg 7 The high potential of this technology is also shown
a GaAs substrate in a closed volumeTat (750-800°C, 1y e fact that we were able to use it to synthesize spatially
and the deposition of ZnSe from metallo-organic compoundg, 4 ntized structures of the single-quantum-well and superlat-
atT=450° and above, described in Ref. 3, showed that highg .. typess The low substrate temperaturd=(175—

temperature techniques for obtaining heterostructures cau%o) °C provided by forced-water cooling of the growth

b]urrmg of the layer—substrate b_oundary asa regl_JIt of dlffu'zone, combined with the high migration capability of the
sion processes and the formation of the transitional com-

adsorbed atoms on the surface caused by weakening of the
pounds GgSe;- 9ZnSe andZnSe,(Gans, , wherex de- i ponq que to perturbation of thsg® configuration of the

” " i
pends on the deposition conditions. These data show that théstoms by resonance excitation of the growing ZnSe layer by
electrical characteristics of heterostructures strongly depen o

e—Cd laser radiatioripower P=1 mW/cnf, hy=2.807

on the transition-layer thickness, which in turn increases with de it ible to obtain sinal tal mi th
increasing deposition temperature. eV), made it possible to obtain single-crystal, mirror-smoo

In Ref. 2. ZnSe/GaAs heterostructures were also obZhSe films. Their optical characteristics are considered in

tained by depositing ZnSe on GaAs from metallo—organicdeta" in Ref. 9, while the optimal technological growth pa-

compounds at even lower substrate temperature@Meters are evaluated in Refs. 10 and 11.

T=(350-400°C. However, a transition layef0.1-0.2 . Thg reactor design a'nd the'growth technique of the Z'nSe
um thick with a high level of Ga doping was observed onfilm using PSVPE make it possible to obtain an entire variety
the interface even in this case. This can be caused by diffef ZnSeq, p)/GaAs(, p) heterostructures. Since the GaAs
sion of Ga from the substrate during growth and by the transSubstrates, which are used with(E00) orientation, can be
fer of Ga by alkyl radicals formed during the decompositioneithem or p type, the control of the electrical characteristics
of diethylzinc at the initial stages of film growth. of the epitaxial layer is an essential factor in this case. The
Substantial success in improving the quality of ZnSe/standard growth technolotfy'* makes it possible to obtain
GaAs heterostructures has been achieved by such techniquéigle-crystal,n-type epitaxial layers. Their electrical char-
as molecular-beam epitaxyMBE), vapor-phase epitaxy acteristics, measured by the Van der Pauw method, indicated
from metallo-organic compounddlOCVD), and atomic- low resistivity [p=(0.5-13) Q-cm], high concentration
layer epitaxy(ALE).2~® Because of the high purity of the [n=(10"-10") cm 3], and relatively high mobility
materials used, the reliable system for monitoring the structu=(110-130 c?/(V - s)] of the majority charge carriers,
ture and chemical composition of the epitaxial layer, and thevhich is characteristic of high-quality ZnSe single crystals.
low temperature of the GaAs substrat& 150-210°C The n-type conductivity is stabilized when the ZnSe films
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1501 20}
(]
. 130 -
S X, ,
S mo} ] 150}
]
90+ 4
U SN SN SN WA SR N N R Y.1.10'8_
80 20 160 200 240 280 ~
T, K
FIG. 1. Temperature dependences of the mobility of the majority charge -8
carriers in ZnSe films on GaAs substrate witfd0) orientation, doped dur- 0510
ing growth using AIC} (1), Zn (2), Al (3), and Ga(4) sources.
0 H 1 L
are grown under a superpressure of Zn vapor, as well as 300 350 400 450
when the film is doped during growth with impurities from 7,

such sources as Al, Algland Ga. The temperature depen-

dences of the charge-carrier mobility in such samples have &G. 2. TSC spectra for a ZnSe/GaAs heterostructure (@il9) orientation,
similar  form, passing in the temperature region measured at different heating rates, deg/min:2.7, 2—1.05.
T=210-280 K through a distinct maximu(fkig. 1) caused

by redistribution of the scattering mechanisms. In the high-d ¢ sill  the local ; the het fruct
temperature region we have « T~%2 which is evidence egree ot 1ifling of the local centers, the heterostructure was

that lattice scattering of the charge carriers predominateél.IuminateOI during this period Wi_th I_ight_h aving a wavelength
Charge-carrier scattering at impurity centers, withe T2 of A=0.66 um. After the electric field is removed, a meta-

predominates at low temperatures. This type of scatterin table state is_ est_ablished in the sample. Sub_sequent heating
imposes a limit on the mobility near the extremum, equal to f the short-cwcwt_ed sample was gccompanled by the ap-
1=(130—150 cnP/(V - ). Then-type ZnSe films were char- Pearance of TSC in the external circtitThe TSC curves

acterized by a high majority charge-carrier concentratior{Or an extracting f|e_Id 9U=1 V, measured at different heat-
[N=(107-10 cm™3] and low resistivity p~5 ing rates (Fig. 2), indicate that several local centers are

X102 Q-cm) of the epitaxial layer. The latter is extremely present. The thermogram recorded at a high hegting rate lies
important for reducing the total series resistance of hetera!! the region of large currents, and four extrema in all can be

structures used as solar cells. For all kindadfpe samples, d|s_t|ngwshed on it. At a lower heating rat_e, the TSC curve
the ionization energy of the shallow donor levels was e Shifts toward lower currents, but at least six extrema can be

tween 10 and 23 meV. distinguished on it. In the TSC method, the charge carriers

Growing epitaxial ZnSe films with a superpressure of Semigrate in a constant external electric field, which substan-
increases their resistivitfp~(10°~10) Q-cm] and re- tially reduces the sensitivity. In contrast with the TSC

duces the mobility and charge-carrier concentration. Chang-
ing the stoichiometry of the ZnSe film toward a Se excess
can invert the conductivity type. We observed a similar ef- 8t
fect on bulk crystals of ZnS¥. The p-type conductivity of

an epitaxial ZnSe layer is also caused by doping the layer
during growth with such an acceptor impurity as Li. We sk
obtained control data concerning the introduction of acceptor
and donor impurities into a crystal lattice by analyzing data

on th nature of the photoluminescence bands of a ZnSe
film.

To obtain information on deep charge-carrier trapping
levels in the ZnSe/GaAs heterostructure, we analyzed ther-
mally stimulated currenfTSC) curves(Fig. 2) and thermally 2
stimulated depolarizatiofSD) curves(Fig. 3). The studies
were carried out on heterostructures with an epitaxial layer 1

um thick, a substrate 30@m thick, and a sample area of ok

10X 10 mm. Platinum electrodes were deposited by cathode

sputtering. First a sample dt=300 K was placed in an 700 3;0 4;,0 4:50
external polarizing electric field with a voltage 0f=100 V A

for 3 min, creating a spatially inhomogeneous charge-carrier
distribution(Maxwell-Wagner polarization To increase the FIG. 3. TSD spectra for a ZnSe/GaAs heterostructure (i) orientation.
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TABLE |. Parameters of the individual Gaussian bands in the TSD speciayers, as well as directly at the phase boundary. Comparison
trum of ZnSe/GaAs heterostructures witD0 orientation and the charac- of the results with the data of Ref. 12. where the parameters
teristics of the corresponding local centers. . o .

S sponding ° of local centers in bulk ZnSe crystals were established,

No. lmacs A Towo K AE, eV Q,C N, cm 2 shows that the centers numbered 1, 2, and 7 in the table
1 2.79<10° 1! 342 0.30 1.4%10°° 9.34x10% oceur |_n the ZnSe layer.

> 3.43¢10-1 353 041 21610°°  135¢10M | ws_h to _thank A. Yu. Mekekechkp and G V. Snezfiny

3 707101 378 0.65 76%10°° 4.76x10M4 for help in this study and for useful discussions.

4 1.51x1071° 396 0.68 1.7%10°%  1.09x10%

5 6.52x1071° 410 0.70 6.8K10°%  4.25x10%

6 3.04x10°1° 425 0.73 1.9%10°%  1.24x10%

7 5.71x10°10 435 0.75 4.5%10°8 2.81x 105 1G. G. Devyatykh, B. V. Zhuk, A. A. Zlenko, A. M. Prokhorov, V. K.

Khamylov, and G. P. Shipulo, Pis'ma Zh. Tekh. Fi, 118(1984 [Sov.
Tech. Phys. Lett10, 49 (1984)].

2B. V. Zhuk, I. A. Zhukov, and A. A. Zlenko, Fiz. Tekh. Poluprovodi®,
) ) _ ) ) 1405(1985 [Sov. Phys. Semicond.9, 864 (1985].

method, the charge carriers during TSD migrate in an inte-*J. Gutowski, N. Presser, and G. Kudlek, Phys. Status Solidi2, 11
rior electric field that self-consistently varies during heating 4(T1930- . Fuimoto. S, Ch 4 1. Tanino, J. Crystal Grodl,
of the sample. All these factors increase the resolution, andg). (""1%9])' Himoto, . Lhang, and H. Tanino, . Lrystal Bro
seven extrema can be reliably distinguished on the TSD®a. shen, J. Cui, Y. Chen, and H. Wang, J. Crystal Grot, 807
curve(Fig. 3. The method developed in Ref. 14 for analyz- _(1992. _ _ o

ing the increments of the functidn=f(T) was used for pro- Y- Kawakami, T. Taguchi, and A. Hiraki, J. Crystal Grow8®, 331

: : . (1988.
cessing the TSD curve. This provides the exact number of, "\, Kovalenko, A. Yu. Mekekechko, N. V. Bondar’, V. V. Tishchenko,

the individual bands and an approximate estimate of suchyu. M. Shekochikhin, S. M. Rumyantseva, and I. S. Malashenko, Fiz.
parameters of the center as the activation enex&yof a Tekh. Poluprovodn26, 1251 (1992 [Sov. Phys. Semicond26, 698

; (1992].
local center, the total charde liberated from a local center 8M. S Brodin, N. V. Bondar', A. V. Kovalenko, A. Yu. Mekekechko, and

durmg heating of the sample, and the concentralﬂom‘ the V. V. Tishchenko, Kvant. ElektronMoscow 20, 619 (1993 [Quantum
centers. The TSD curve was mathematically processed onelectron.23 537 (1993].
the assumption that the elementary extremum is described byA. V. Kovalenko, A. Yu. Mekekechko, V. V. Tishchenko, and N. V.
a Gaussian contour. The activation energy was estimated by2ondar. Fiz. (T"ez)d]' TelaSt. Petersbufg36, 1350(1994 [Phys. Solid
. : . . State36, 737 (1994].
the initial-rise method(the Garlic-Gibson methgd The 104 v Kovalenko and R. Lillé, Neorg. Mater28, 49 (1992.
main characteristics of the individual bands of the Gaussiaf'N. V. Bondar, A. V. Kovalenko, V. V. Tishchenko, and A. Yu.
spectra [ 4 is the current in the region of an extremum of 12%e\lje':<eChklo' kNGOTQd '\Nﬂatgﬂé 2_520&199':3?- ekt Pl 26, 646
. . . V. Kovalenko an . D. Borisenko, Fiz. lekn. Poluprovoda,
the TSD spectrum, an'ﬂmax is the temperature at which the (1094 [Semiconductor@8, 387 (1994
extremum is observed in the TSD spectjuamd the corre- 13y, A, Gorokhovatski Principles of Thermal Depolarization Analysis
sponding parameters of the local centefsE( Q, N) are (Nauka, Moscow, 1981
shown in Table 1. 14D. N. Glebovski, A. I. Krashenninikov, M. E. Berdina, and P. I. Zelikh-
It is quite difficult to determine the spatial localization of ™2™ - Prikl- Spekurosié, 25 (1983.

the identified centers, which can lie in the ZnSe and GaAdranslated by W. J. Manthey
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Quasiballistic model of current transport and formation of the S-type current—voltage
characteristic in the lightly doped, double-barrier heterostructure
Al,Ga; _,As—GaAs—AIlAs

A. M. Belyantsev and Yu. Yu. Romanova

Institute of the Physics of Microstructures, Russian Academy of Sciences,/Mpligorod, Russia
(Submitted March 6, 1996; accepted for publication April 4, 1996
Fiz. Tekh. Poluprovodr31, 100—103(January 1997

The quasiballistic model of current-carrier transport in the lightly doped, double-barrier
heterostructure AGa,_ ,As—GaAs—AlAs is considered. Electron scattering into Xhealley in

the GaAs layer, nonspecular electron reflection from the AlAs layer, and energy
quantization in the pre-barrier region are all taken into account. The possibility of an S-shaped
current—voltage characteristic in lightly doped, double-barrier heterostructures in the

absence of electron—electron collision is demonstrated for a comparatively wide AlAs barrier.
© 1997 American Institute of PhysidsS1063-782807)02201-1

In the quasiballistic approximation of the motion of elec- potential well in weak fields is quasiballistic.

trons in a lightly doped f<10' cm™3) GaAs layer Bely- Clearly, the presence of a high and wide second barrier
antsev et all showed that the current—voltage charac-(the AlAs laye) hinders the passage of the injected electrons
teristic of the single-barrier heterostructure-GaAs—  through the structure. Only some of theelectrons will tun-

i-Alg:Ga 75As can be multivalued, and that the structurenel through the AlAs barrier, the specularly reflected elec-
can possess &-type negative differential conductivity trons emerge from the potential well, and the diffusely scat-
(NDC) in the absence of electron—electron collisions. In theirtered electrons pile up in front of the AlAs barrier. As the
calculations they assumed that the barrier is thin and that foroltage on the structure is increased, the number of near-
the electrons of all GaAs valleys it has a high tunnelingbarrier electrons increases and energy quantization takes
transparency. The mechanism for the appearancgtgpe place in a narrow near-barrier region. In strong fields, when
NDC in such a structure owes its existence to changes in thie voltage drop across the GaAs layer is of the order of 0.3
lifetime of the electrons at the quantum-well level in theeV (¢3=Arx—A;), the injectedl’-electrons are scattered
near-barrier region that accompany variation of the field ininto the X and L valleys. Since theX valley of AlAs lies
that region. As the barrier widtiimore than 100 A in- below theX valley of GaAs, theX electrons from the GaAs
creases, this mechanism for the appearance of NDC in thlayer pass through the AlAs barrier “unhindered.” The cur-
considered heterostructure model becomes inefficietig- rent through this structure correspondingly grows. The influx
man et al? have experimentally observegitype NDC in a  of electrons into the near-barrier region decreases while tun-
double-layer heterostructure with a wide AlAs bariien the  neling from the quantum-well level and tunneling of the free
order of 1000 A and lightly doped well §-GaAs,n<10*®  electrons are conserved and the voltage distribution over the
cm%). They assumed that the transition of the system to thetructure changes. A decrease of the current takes place again
unstable state is connected with intervalley scattering, wittat lower voltages on the heterostructure and is attributable
the transition of the electrons from thE-valley to the mainly to the disappearance of electron flux above the AlAs
X-valley of GaAs, from which they freely penetrate the AlAs barrier, to the accumulation of charge at the quantum-well
barrier. The 1-V characteristics of lightly doped, single- andlevel, and to a corresponding reversed voltage redistribution.
double-barrier heterostructures with wide AlAs barriers and  All these qualitative factors are taken into account in the
the possibility for the appearance 8ftype NDC as a result proposed model of current transport in a double-barrier het-
of intervalley transitions were investigated by Belyantseverostructure. In the latter, however, we use the following
and Romanoviaby the Monte Carlo method. approximations: in the calculation of the redistribution of the
In what follows we assume a simple quasiballistic modelpotential in the well we disregard the charge of the electrons
of current transport in the lightly doped, double-barrier het-“captured” by the well, with the exception of the quantum-
erostructure AlGa, _,As—GaAs—AlAs(see Fig. 1, insg¢tin  well region, which is completely justified in the case of a
which intervalley electron scattering is dominant. In contrastightly doped potential well ifo=10" cm 3%). Of all the
to Ref. 3, we allow for energy quantization in the near-scattering mechanisms we allow only for intervall&y-
barrier region. As was shown by Heibluhthe mean free X-scattering, which tentatively drifts into the near-barrier re-
path of electrons in GaAs, injected with energies in the ranggion, quantum-well level is calculated in the triangular-well
0.2-0.25 eV is on the order of 86000 A. Therefore, in approximation, the probability of electron capture to a
the structure under consideration for the cathode barriequantum-well level is determined by introducing a nonspecu-
heightA; of the order of 0.2 eV and the width of the poten- larity coefficient of the rectangular AlAs barrier. Note that
tial well (GaAs layey less than 800 Asee Fig. 1, insgtthe  the assumption of localization df—X-scattering in a narrow
motion of the cathode-barrier injected electrons in the GaAsiear-barrier region allows us to take the traversal by the elec-
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dZ(P_ j* ~ j* \/T "
d® v(X)eeg egq Y 2[A;+epe(X)] 2

Herej* =j, +j_ is the sum of the forward and reverse cur-
rents, which defines the electron density at that point
[n(x)=j*/eqv(x)]. The total current is equal to the differ-
ence of the forward and reverse currents,j, —j_ .

Equation (2) for the boundary conditionsp(0)=0,
de(0)/9x)=E(0)=E; (E; is the field strength at the first
heterostructure barrigts integrable and allows us to find the
relation between the total curreptand the fieldE;. This
relation is given implicitly by the equation

[2(y+2)—z][z+4(y—1)]°°— (z—6)2°°=6 1% )
Jo Xo

Here x2=eoekT/€dng, jo=€oNova, va=v2A,/m*,
_ _(E2: 2: _
y=V1+ee(xs)/As, z=(Efjo)/(Egi™), Eo=A1/(€oXo), X3
FIG. 1. Current—voltage characteristic of a double-barrier heterostructuré> the boundary of the quamum'we” regioxs=ds), j+ Is
(the potential well is shown in the ingefor different potential barrier the forward thermal-emission current that flows through the

heightsA,, eV: 1) 0.2, 2) 0.18, 3) 0.15. Structure parameters; =10 first barrier:
cm 3, ng=10%cm 3, A,=0.86 eV,d; =200 A, d,=300 A, d;=500 A.

A +egEqdy
Sy _ B17€Eq0,
j+=¢gn exp( T . (4)
trons of most of the well to be ballistic. Obviously, transi- The total voltage on the heterostructure is
tions to theL valley can be disregarded in the calculations B
because of the smaller intervalley scattering coefficient V=—Eid;—Eady+ Vgt Woley. ®)

(Erx=0.5x10° eV-s, Er =0.18x10° eV:s; Ref. § and  Here Vo= g(x3), W, is the energy of the quantum-well
because of the smaller contribution from thevalley elec-  |evel, andE, is the field strength at the second barrier. The
trons (in comparison with theX electrons to the current  fie|q strengthE, is given in terms of the charge density in the

through the AlAs barrieffor the latter it is transparent two-dimensional layen, and the field to the left of the two-
I'-X scattering leads to a change in the concentration ofjimensional layeEs:

the free electrons since th¥ electrons are substantially

slower than thd” electrons. Let us estimate the change in the E.—E _ €ols ®)

potential (1) which occurs as a result of this circumstance, 2773 geg’

working from the linearized Poisson equation:

&QD(Xg) 2 . Eg eogD(X?,)
(1) T a(X) o(1)=eony(X)/ 22, By=—0 =~ VE1+4 T 1+A—1_1

where (7)
— The energy of the quantum-well levdl, is calculated in the
a(x) = \ [m- €o — triangular-well approximatich
2889 ¥V 2 (Artege(x)*t h2 |13 e2n |27
S

»(x) is the potential in the absence B£-X scattering¢ is Wo:M(W) (2880) (8
the dielectric constant of the GaAs lattieg,=8.85x 10~ 12 _ _ _ _
F/m, m* is the effective mass of thie-valley electronsg, is ~ where\;=2.34 is the first node of the Airy function.
the elementary charge of the electron, angd is the To find the total current through the structure, E8)
X-electron concentration. The characteristic scale of variamust be supplemented by the equation of continuity for the
tion of ¢(q) is near-barrier region, which we write in the form

A t=a(x) Y2 (1) J+(X3)=j2pt Junt - (X3). 9

The quantity on the left side of Eq9) is the flow of I

At scales less than this value, localizationl6fX scattering . X - i
electrons into the near-barrier regi@n which we have al-

in the near-barrier region is justified. As will be shown be- o i 1
low, this condition can easily be satisfied in real structures./oWed for transitions of the electrons into thevalley)

Given the above assumptions, the potential distribution X3— X*
¢(x) in the GaAs layer outside the near-barrier region canbe  j+(X3)=]+ 1—exp( T ) :
found from the Poisson equation in which the charge density nt
is defined in terms of the current and velocity of the The quantityj,p on the right side of Eq(9) is the current
electrons in the heterostructure potential well; from the quantum-well level, which is assigned as in Ref. 8:

(10
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_ W, (NDC) in it, in contrast to the single-barrier heterostructtire,
J2p=€oN3 7~ D(Wo), (1) can exist even when the AlAs barrier is relatively wide
(d,=300 A). However, the voltage which activates the flow

where of current at which the transition from the high to the low-
V2m* (A,—W)3/2 resistivity branch of the |-V characteristic begins depends

D(W)zexp{ - 3heg|E,| weakly on the probability of the intervalley transitions. A

_ . 2 _ formal increase in the probability of intervalley scatteriiag

is the probapll|ty thfat an electron vy|ll traverse the secondyefold decrease i) has hardly any effect on the magni-

barrier of heightA; jwn is the tunneling current tude of the current “switch-on” voltage. This is obviously
Jun=]+(X3)D(A1+egVs), (120  due to the exclusion from the given model of all scattering

mechanisms except the intervalley scattering mechanism
with a corresponding “exaggeration” of the tunneling cur-
rent of thel” electrons in the AlAs barrier in high fields. Note
j-Xs=al]+(X3) = junl- (13 that as the height of the first barrier is increased, the “switch-
Here <1 is the nonspecularity coefficient. The simulta- on” voltage and the maximum current on the high-resistivity
neous solution of system of equatiof®—(13) allows us to  branch of the I-V characteristic decrease. The upper branch
find the |-V characteristic of the double-barrier heterostrucof the |-V characteristic of the two-barrier heterostructure,
ture. as in the Monte Carlo calculatiofiss governed to a greater
We have considered a heterostructure with a triangulagxtent by the above-barridf electrons. At the same time,
cathode barrier with height on the order of 0.2 eV theX electrons play the leading role in the formation of the
(A;=0.15-0.2 e\), width of the second barrier of rectangu- unstable branch. The contribution from the quantum-well
lar shape on the order of 300 A, and electron density in théevel to the current turns out to be insignificant, although
potential well(GaAs layer of width on the order of 500)A taking it into account alters the potential distribution.
not exceeding 18 cm™3. The large height of the first barrier We note in conclusion that the above-considered simple
affords the electrons flying into the potential well a high mathematical model of a double-barrier heterostructure with
initial energy(on the order of 0.2 e)/ which increases rap- a lightly doped GaAs layer can be used to relatively easy to
idly under the action of the electric field. Let us estimate theestimate the effect of the main parameters of the heterostruc-
transit time of the above-barrier electrons: ture on the appearance 8ftype negative differential con-

g g - ductivity in it.
At;f 3vdx=f N——  dx<5x10-'?s This work was carried out with the financial support of
0 o V2[A;+emp(X)] the MNTP[Ministry for Scientific and Technological Prob-

Hereds, is the width of the well. This time is comparable to lems| (Project No. 1-03p and the International Scientific
the times of the intervalley transitions which predominate af~und (Project No. NOLOOR
the given energies, which allows us to use the quasiballistic
approximation. The characteristic scale of variation of the 't IS hatural to write the probability of —X scattering, allowing for the
. . . variation in the distance at which it may take place, in the simple form

correction to the potentla,b(l) for the chosen parameters Is P~exd —(d3—x*)/l;n], wherex* is the value of the coordinate at which
of the order of 10° m [Eq. (1)], which is much greater than e potentialp,s is equal to Apy—A;)/e,, whereA  is the energy gap
the width of the well~5x10 8 m. The, localization of  between thd andX valleys and =500 A is the mean free path for the
I'—X scattering in the near-barrier region is therefore justifi- intervalley transitions.
able.

The current—voltage characteristics, calculated for thelg-l'\ﬂl-g%dyamsew E. V. Demidov, and Yu. A. Romanov, Lith. J. P84.
casea=0.5,1;;=500 A for three values of the height of the 1" |(< Hig}nan, L. M. Miller et al, Appl. Phys. Lett53, 1623(1988.
first barrierA,, are shown in Fig. 1. As can be seen, the 3y . Belyantsev and Yu. Yu. Romanova, Fiz. Tekh. Poluprova®).
current densities of the currents flowing through the structure 1498(1995 [Semiconductor@9, 781(1995].
exceed X 10* Alem?; i.e., for velocities on the order of ;M. Heiblum, Solid—State Electro®1, 617 (1988.
10® cm/s the concentration of the free electrons is greater (Al'ggﬂgs[';yoflv";hh”ss aggmAiéoF;;'ga'lt(')séOTgSTQ?kh' Poluprovodz0, 1693
than 2x10" cm 2 and exceeds the equilibrium electron o1 ando, A.'Fo\,)vﬂe'r, and F. Stern, Rev. Mod. Phi, 437 (1982
density in the well. Consequently, ignoring the equilibrium “w. Fawcett, A. D. Broadman, and S. Swain, J. Phys. Chem. S8Hds
electron density in the Poisson equation is also justifiable.,1963(1970.
The 1=V characteristic of the double-barrier heterostructure - "Vacker and E. Scholl, Appl. Phys. Lef9, 1702(1993.
has an S-shape, i.e., the negative differential conductivityrranslated by Paul F. Schippnick

and j _(x3) is the current of thd -electrons reflected from
the AlAs barrier:
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The effect of high-temperature annealing on the optical properties of vertically coupled InAs
quantum dots in a GaAs matrix and on the performance of a quantum-dot laser are studied. A
strong blue shift of the photoluminescence peak and lasing line, as well as changes in the
photoluminescence intensity and temperature dependence of the threshold current density are
observed. The reason for this behavior is probably a reduction in the carrier localization

energy due to a partial mixing of the In and Ga atoms as well as an improvement in the quality
of the low-temperature grown @Gal)As layers achieved by high-temperature annealing.

© 1997 American Institute of Physid$S1063-782807)02301-9

Quantum dot arrays, formed in a matrix of wider-banddiative recombination channels. It was shown in Ref. 7 that
material, are promising for use as the active region of injecdeposition of the upper emitter and the gradient waveguide at
tion lasers. Size quantization in all three directions leads to &30 °C increases the laser threshold current density to
modification of the density of states, which, as expectedl kA/cm? in comparison with 50 A/cr for deposition at
affords a significant improvement in the device characteris700 °C.
tics of semiconductor lasers. In particular, a lowering of the ~ We will investigate the thermal stability of INAs—GaAs
threshold current density and an increase in the characteristquantum dot arrays and the effect of high-temperature
temperature, which describes the temperature dependencegrbwth on the characteristic features of injection lasers
the current, have been predicted. whose active regions are based on these arrays.

The method we used to create quantum dot arrays is The investigated structures were grown by molecular
based on the decay of a highly strained layer of InAs, growrbeam epitaxy(MBE) on a Riber-32P setup. The active re-
on a GaAs(100 surface, into coherent islands. gion was located in the center of a GaAs layer of thickness

The properties of strained islands @f,GaAs can de- 200 nm, separated from the surface and the substrate by
pend not only on the conditions under which the active re-AlAs/GaAs superlattices with small spacing. The active re-
gion forms, but also on the growth regimes, first of all thegion consists of an array of quantum dots, formed by depo-
temperature at which subsequent layers of the structure wesdtion of three successive InAs monolayers separated by
deposited. In particular, Xiet al® have shown that if the GaAs spacers of 5-nm thickness, with an effective thickness
GaAs layer immediately covering the island array is grownof 1.7 monolayers.
at a temperature=530 °C, practically complete disappear- As was revealed by transmission electron microscopy,
ance of the ordered shape and size of the islands is observaghon second deposition of InAs a new chain of islands is
It was assumed that such behavior is due to strong mixing diormed exactly above the tops of the islands of the previous
the Ga and In atoms on the growing surface at enhanceldyer® When GaAs spacers are used to separate the series of
temperatures. On the other hand, experiments on thermal adets, with thicknesses close to the height of the islands
nealing of strained InGaA&Xl)GaAs quantum welfs’ indi- (=5 nm), a new physical object is formed—an array of ver-
cate that such mixing may also be observed in an alreadiically coupled quantum dot§VCQD) characterized by a
completely grown structure which is subsequently subjectedionpyramidal shape and an increased height-to-base ratio in
to high-temperature processing. comparison with the case of a single series of dots. As we

The importance of the thermal stability of these arrays isshowed in Ref. 9, VCQD arrays, as a result of their increased
based, in particular, on the fact that an improvement in theptical limitation factor and carrier localization energy, al-
degradation characteristics of injection lasers requires higlow an improvement in the characteristics of injection lasers
growth temperatures for the regions that contain aluminumwith active regions based on quantum dots.

In lasers with an active region based on strained InGaAs The substrate temperature was 485 °C during the depo-
guantum wells, which have shown record-low threshold cursition of the active region and the 10-nm-thick GaAs cover-
rents Jy,<1 mA) for the formation of the emitter regions ing layer and 600 °C for the rest of the structure. At the end
and gradient waveguides, a substrate temperature aff the growth process, the wafer was separated into four
700 °C is used.Besides, the low quality of the GaAs layer parts, three of which were annealed in the MBE growth
grown at low temperature in the immediate vicinity of the chamber in a stream of arsenic at a substrate temperature of
active region can lead to the appearance of additional nonr&00 °C for 10, 30, and 60 min.
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FIG. 1. Photoluminescence spectra of a structure containing a vertically

coupled quantum-dot array at 77 K after annealing at 700 °C for duration$IG. 2. Photoluminescence spectra at 300 K after annealing at 700 °C for

as indicated. durations as indicated. Arrows indicate lines due to carrier recombination at
the quantum dotéQD) in the wetting layefWL) and in the barriefGaAs.

Photoluminescence spectra of the structure at 77 K after The strong, short-wavelength shift of the quantum dots
annealing are shown in Fig. 1 for the three annealing timeghotoluminescence line as a result of increasing the anneal-
and for no annealing. As is evident, high-temperature annealng time means that the localization energy of the carriers in
ing leads to a regular shift of the photoluminescence maxithe quantum wells decreases. Thus, the energy levels of the
mum toward higher energies, a decrease in the width of thelectronsholeg in the quantum dots get closer to the corre-
photoluminescence line, and an increase in its integrated irsponding levels in the wetting layer and closer to the edges
tensity. of the GaAs bands. Consequently, as the observation tem-

Different mechanisms may be responsible for the changperature is increased, the relative population of states of the
in the transition energy achieved by high-temperaturenetting layer and the GaAs barriers relative to the population
annealing’ First, the effective width of the band gap of the of states of the quantum dots will increase faster in samples
strained material decreases if annealing results in the formaubjected to thermal annealing. As is shown in Fig. 3, an
tion of dislocations that remove the strain. Second, interdifincrease in the ratio of the intensity of the photolumines-
fusion (mixing) of group-IIl atoms, which eliminates the ini- cence line of the wetting layer to the intensity of the photo-
tial sharpness of the heterostructures, leads to an increaseliminescence line of the quantum dotsg,( /I op) correlates
the transition energy. well with a decrease in the energy difference between these

The strong, short-wavelength shift of the photolumines-two lines Ep-— ESD).
cence line that we observed, which exceeds 100 meV after As we showed in Ref. 11, thermal ejection of carriers
annealing for one hour, means that in the case of verticalljrom the quantum dots is the main reason for the abrupt
coupled quantum dots the mechanism of mixing of Ga and Irincrease in the threshold current density of injection lasers at
atoms predominates. The perduration of intense photolumielevated observation temperatures. It can be assumed, there-
nescence, in our opinion, proves the absence of plastic relafere, that thermal annealing of vertically coupled quantum
ation of strain. Moreover, an increase in the integrated phoeots upon deposition of the injection-laser emitters at a sub-
toluminescence intensity is observed probably as a result aftrate temperature of 700 °C will lead to a deterioration of
curing of point defects, primarily in GaAs grown at low tem- the device characteristics due to a decrease in the localization
perature. Such behavior was noted earlier in the case of fashergy of the carriers. On the other hand, an improvement in
thermal annealing of strained InGaAs quantum wélls. the quality of the low-temperature grown GaAs layers di-

As the observation temperature is increased, two addirectly adjacent to the quantum dots and of the aluminum-
tional shorter-wavelength peaks, which are associated withontaining layers may lead to the opposite effect.
recombination in the GaAs barriers and through states in the We studied the effect of the deposition temperature of
so-called InAs “wetting” layer, appear in the photolumines- the emitter layers on the device characteristics of VCQD-
cence spectra along with luminescence due to carriers locabased lasers. Heterolaser structures with separate limitation
ized in the quantum wells. Photoluminescence spectra reand gradient waveguide were grown. The active region was a
corded at 300 K are shown in Fig. 2. In contrast to the strond/CQD array formed as described above. The substrate tem-
shift of the quantum dots photoluminescence line, the peakerature, when growing the AIGa, ¢As emitter layers and
of the radiation from the wetting layer changes its spectraAl,Gg _,As waveguides X=0—0.4), was 600 or 700 °C;
position hardly at all. Such behavior accords well with thethese structures are denoted QD600 and QD700, respec-
expected weak effect of smearing of the quantum well profildively. The duration of deposition of the upper emitter layer
on the weakly coupled states. in the QD700 structure was close to one hour. The contacts
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FIG. 3. Dependence of the ratio of the photoluminescence intensity of the
wetting layer to the photoluminescence intensity of the quantum dots
(IwL /1gp) on the energy difference between the positions of the photolumi-

nescence lines of the wetting layer and the quantum det& ¢ ES). QD700 structure is a direct consequence of the decrease in

the energy distance between the ground state of the quantum
dots and the states in the wetting layer and barrier as a result

to the laser diodes were formed by sputtering and fusing-irof high-temperature annealing of VCQD’s during the depo-
(450 °C) AuGe/Ni/Au and AuZn/Ni/Au metal layers to the sition of the upper emitter layer.
n*-GaAs substrate ang" -GaAs contact layer, respectively. At 300K the QD700 structure is characterized by a
To reduce radiation losses, we chose as our objects of studgwer value ofJy, in comparison with the QD600 structure
lasers with four sheared faces. The measurements were cdsee Fig. 4 We think this is due to an improvement in the
ried out at temperatures in the range-7300 K in the pulsed quality of the low-temperature grown GaAs layer immedi-
pump regime with a frequency of 5 kHz and a pulse duratiorately adjacent to the active region. At the same tithgis
of 100 ns. observed to coincide in both structures at 77 K. This means,

Laser generation in a QD600 structure was observed as we see it, that an improvement in quality of the low-
the wavelengths 996.7 and 1052.7 nm at 77 and 300 K, reéemperature grown GaAs layers and the Al-containing layers
spectively. In the QD700 structure the laser line is stronglydoes not have a noticeable effect on the threshold current
shifted toward shorter wavelengths and is located atlensity when the nonradiative recombination rate in these
918.1 nm at 77 K and 950.0 nm at 300 K. The spectral polayers is reduced by lowering the observation temperature.
sition of the laser line over the entire investigated tempera- In summary, we have investigated the effect of high-
ture range is close to the maximum of the observed photolutemperature annealing on the optical properties of vertically
minescence line of the test structures discussed above: faoupled InAs quantum-dot arrays in a GaAs matrix, and also
the QD700 laser, the sample annealed at 700 °C, and for thle effect of the deposition temperature of the emitter layers
QD600 laser, the unannealed sample. on the device characteristics of an injection laser with a

The dependence of the threshold current density on thquantum-dot array based active medium. We have found that
measurement temperature is plotted for both structures im structures subjected to annealing and also in an injection
Fig. 4. For the QD600 structure in the low-temperature redaser in the case where the upper emitter is deposited at
gion Jy, is essentially constant and varies from 40 to700 °C a strong, short-wavelength shift of the photolumines-
45 Alen?. The temperature dependence is characterized bgence maximum and of the laser line is observed. Such be-
the characteristic temperatufg=430 K. The low tempera- havior is apparently the result of a decrease of the localiza-
ture sensitivity of the threshold current density is a consetion energy of the carriers in the quantum dots resulting from
guence of the zero-dimensional nature of the limitation ofpartial mixing of the In and Ga atoms. Deposition of the
carriers in quantum dots. At temperatures above the criticalipper emitter layer at 700 °C leads to a decrease of the onset
temperature and equal to 180 K an abrupt increashits  temperature of the rapid increase of the threshold current
observed as a consequence of thermal ejection of scatteradensity as a result of a decrease of the energy distance be-
from the quantum-dot states. tween the ground state of the quantum dots and the states in

In the QD700 structure the values df, in the low- the wetting layer and the barrier. An improvement in the
temperature region nearly coincide with the correspondingjuality of the low-temperature grown GaAs layers and the
qguantity measured in the QD600 structure. However, theAl-containing layers resulting from high-temperature anneal-
critical temperature corresponding to the onset of the rapiihg leads to a decrease of the threshold current density at
increase ofly, is substantially lower and is equal to 120 K. room temperature, whereas in the low temperature region its
We think the decrease in the critical temperature in theeffect on the device characteristics is insignificant.
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The possibility of locally varying the potential energy of the electrons and holes localized in a
quantum well by a quantum-dot array deposited in the immediate vicinity of the quantum

well is demonstrated. These changes in the potential energy are induced when a strain arises in
the quantum-dot region. €997 American Institute of Physid$§1063-782607)02401-0

Considerable attention in semiconductor physics has reSQD structure, obtained by transmission electron micros-
cently been given to the study of quantum do@D) of  copy(TEM). The TEM studies were carried out on a Philips
narrow-band materials in a wide-band matrix. The mostEM420 electron microscope with an accelerating voltage of
promising method of obtaining quantum dots is spontaneou$00 keV. The quantum-dot array was observed in[0G]
decay of a strained layer of a semiconductor material growmprojection. The quantum dots had a characteristic size of
on the surface of another semiconductor material with differ-~100—150 A and the array was distinguished by a high dot
ent lattice constant. The properties @f,Ga,A)As islands ~ density ~2x 10" cm™2, which is significantly higher than
on a (Ga,AlAs surface have been studied extensiveR. the dot density of(In,GaAs quantum dots on a GaAs
The quantum dots obtained as a result are dislocation-fresurface’ In the SQDW structure the dot density is lower and
and are characterized by a high photoluminescence efftands at~1x 10" cm™2. This may be connected with the
ciency. Injection lasers based @n, GaAs quantum dots in  different effective thickness of the JBAlgsAs layer in the
a GaAs matrix with high temperature stability have beenSQDW and SQD structures. At the same time, the character-
fabricated®’

In the present paper we investigate the possibility of lo-
cally varying the potential energy of the electrons and holes

localized in an InGaAs quantum weQW) with the help of Sabw

an InAlAs quantum-dot array which is deposited in the im- . 10l Gals
mediate vicinity of the quantum welthe parameters of the SL(10A ALAs/ 15A GaAs)x 10
investigated structures are listed in Fig. Bince for the 4004 Ay 1160, 18 KRGS
chosen parameters the electron and hole levels in such quan 5”1'3”&5‘-‘-&"“ @w)
tum dots lie higher than in the quantum wéMrecombina- 16;”1 AL:L'ﬁ:—”-ﬂ;;) 7
tion of nonequilibrium carriers takes place in the quantum 1000}”:,1”@;1“ B7R7R7A
wgll. Because of the.effect of elastic strains cau;ed by the[—5; (0A Am}‘ﬁ A caasyto Jap
mismatch of the lattice constants of the materials of the 4000 A CaAs B aw
quantum dots and the barrier, and also because of a change if GaAs substrate ALCaAs
the height of the potential barrier near the quantum dots, a
local variation in the potential energy of the carriers takes
place in the regions of the quantum well near the quantum san{sew]
dots. 190 A GaAs
The investigated structures were grown by molecular su(io 4 A}AS/W GaAs)x10
beam epitaxy on GaA§100) semiconducting substrates. A S00A ALy g,Gay 04ds
detailed description of the growth regimes is given, for ex- 20 Tn 5 Aly ;As
[50AIn, ,Ga05542]

ample, in Ref. 3. The sequence of layers in the investigate Y F
structure(SQDW) is shown in Fig. 1. We also grew samples WW
analogous to SQDW, but in which either the layer of dots 4000 A CaAs

was absentSQW samplesor the quantum wells were ab- CaAs substrate
sent(SQD samples(Fig. 1). Photoluminescence was excited
by an Ar" laser (wavelengthh =488 nm with excitation , _ _

power density equal to-150 Wicnf and was recorded by a £/ o drua L R oI O 08 S e representation o

COOle_d photomultiplier. _ _ the cross section of a layer with quantum dé@D) and quantum wells
Figure 2 shows a planar image of quantum dots in anQw) is shown.
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FIG. 2. Quantum dotgQD) shown in a SQD
structure along thg100] direction, obtained by
transmission electron microscopy.

istic size of the dots in SQDW differs only slightly from the of the SQDW structure, taken at different intensities of the
size of the dots in the SQD structure. exciting light and normalized to the photoluminescence in-
Figure 3 presents the photoluminescence spectra of thensity at the maximum of the QW line. As can be seen,
investigated structures dt=77 K. As can be seen, in the lowering the excitation intensity leads to an increase in the
spectrum of the SQD sample a wide line with a maximumintensity of the QW line relative to the intensity of the QW
near 1.57 eV, which is associated with recombination of noniline. Figure 5a plots the dependence of the total intensity of
equilibrium carriers through the quantum-dot states, is visthe QW5 and QW lines on the intensity of the exciting light.
ible. The width of the line is~100 meV, which is attribut- The rate of saturation of the QWine intensity exceeds the
able to the spread in the sizes of the dots. In the spectrum ohte of saturation of the QW line intensity; however, up to a
the SQDW structure, in addition to the QW line with a maxi- power density of the exciting light-150 W/cn? the QW
mum at~1.4 eV, which is observed in the spectrum of theline continues to predominate in the photoluminescence
SQW sample, a long-wavelength line @Wlith a maximum  spectrum. An increase in the intensity of the exciting light
at ~1.35 eV is also present. The appearance of this band isauses a short-wavelength shift of the QWhe and an in-
due, in our opinion, to the recombination of carriers in the
local minima of the potential in the QW plane, where these
minima are associated with the presence of quantum dots in
the immediate vicinity of the quantum well. Lowering the
temperature te-5 K leads to a drop in the QW line intensity
and a shift of the QW line toward shorter wavelengths.
Such behavior of the photoluminescence stems from the fact
that there is a great spread in the localization energy of the
carriers for different minima. At 77 K, the probability of
thermal ejection of carriers from weakly localized states and
their relaxation to deeper minima is increased. This accounts
for the fact that the line which is associated with the recom-
bination of carriers in these minima being the dominant line.
An increase in the thermal ejection of carriers also causes an
increase in the intensity of the QW line, which is associated
with the recombination of nonequilibrium electrons and
holes in the QW regions between the energy minima. Low-
ering the temperature to 5 K suppresses the rates of thermal
ejection of carriers and increases the probability of recombi-
nation through the energy minima with low localization en-
ergy. This results in a significant decrease from the QW line 17 Lt ,_J,, bt Zlb‘
intensity and an increase in the intensity from short- Photan energy,eV
wavelength side of the Q¥vband, which leads to a shift of

the m_aXimum toward higher energies. _ FIG. 3. Photoluminescend®L) spectra of the examined structures. Power
Figure 4 shows spectra of the photoluminescence spectinsity of the exciting radiation is 150 W/cnf.

¢0D

aw 1))

SQw

AL intensity,arb.units
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FIG. 4. Photoluminescend®L) spectra of the SQDW structure at 77 K for

different power densities of the exciting radiatitff. 18*=150 Wi/cnf. . . .
P 9 gt 1o FIG. 5. Dependence of) @he total photoluminescend®L) intensity of the

QW and QW lines and bthe position of the maximunt w,, and the
FWHM A% w,, of the QW line on the power density of the exciting radia-
crease in its widthFig. 5b). Such behavior of the photolu- tion 1°15*, 15*=150 Wicnt.

minescence is probably due to an increase in the recombina-
tion of nonequilibrium carriers through minima with lower
localization energy, and also through possible excited statebe exciton binding energ¥p,, is equal to 1.409 eV, in
in the local energy minima. good agreement with the experimental results. The maxi-
Let us consider possible reasons for modulation of thenum variation of the quantum-well energy can be estimated
QW potential. First, near the region of a quantum dot theby assuming that near a quantum dot the width of the quan-
height of the potential barriers for the electrons and holes isum well is ~100 A. For an Ig ;§Ga g/As quantum well of
lowered. Let us estimate the possible change in the energy efidth 100 AE.,=32 meV andE|,,=8 meV. As can be seen
an optical transition associated with a change in thdrom the calculation, the photoluminescence line shift asso-
guantum-well energy. Toward this end, we will use the ap-ciated with the change in the quantum-well energy in this
proximation of a quantum well with walls of finite height, case is E.—E.)+(E,n—E{;,)=60 meV. This value is
allowing for the difference in the effective electron and holesmaller than the experimentally observed distance between
masses in the barrier and in the quantum well. The calculathe QW, and QW lines, which for low excitation intensities
tion of the effect of elastic strains on the band diagram wass equal to~80 meV. Such a considerable difference in the
based on the analysis in Ref. 8. The parameter values used émergies of the optical transitions is apparently due to the
the calculations for Ig,dGa, gAs are given in Table 7% strong effect of the elastic distortions on the position of the
For an Iy ;{Gay gAs quantum well of 50 A thickness, en- energy levels near a quantum dot. A change in the energy
closed between gL Ga, ;¢As barriers, the width of the band levels of the InGaAs quantum well due to elastic deforma-
gap allowing for the effect of deformatidﬁg"a'” is equal to  tion during deposition in the immediate vicinity of the quan-
1.307 eV, the quantum-well energy for the electréqisis tum wells of the InP islands was observed in other
equal to 77 meV, and for the heavy holEg, it is 25 meV.  studiest'2We estimate the distance between the Qaivid
Thus, the energy of the optical transition, not allowing forQW bands by assuming that on the (AGa 76AS/

TABLE I. Values of the material constants.

Material ag, A Cy,, 102 dyn/cnt? Cyp, 10'2 dynicn? a., eV a,, ev b, eV mz/mq m./mg mi/mg
1o 1653 5 AS 5.726 1.12 0.52 -6.92 1.13 -1.72 0.056 0.357 0.07
Alg,GayAs  5.653 - - - - - 0.078 0.371 0.088

Note C;; andC,, are elastic constantsy, is the lattice constang., a,, andb are the deformation potential constants; anfl, m#,,, andm, are the
effective masses of the electron and of the heavy and light holes.
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Ing 1d5& g AS heteroboundary near a quantum dot the barriedot. As our estimates show, this change probably is mainly
lattice constant corresponds to the lattice constant of bulk lue to the effect of elastic strain arising in the region of the
0.AlgsAS (ag=5.859A). Sincea|, exceeds the lattice con- quantum dot.
stant of Iny 1dG& gAS, a sign change takes place in the rela-  This work in different parts was supported by the Rus-
tive deformation in comparison with the unstrainedsian Fund for Fundamental Resear@rant No. 96-02-
Al Gay 74As/Ing 16Gay g AS heteroboundary; i.e., a tensile 17824, the Volkswagen Fund, and a grant from INTAS
stress acts on a quantum well near a quantum dot. It shouldrant No. 94-1028
be noted that in this case the light-hole state becomes the
ground state for the hole. The width of theoh!@aongs L. Goldstein, F. Glass, J. Y. Marzin, M. N. Charasse, and G. Le Roux,
band gap, allowing for the elastic deformation, is ,APP: Phys. Lett47, 1099(1985. . .
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Cathodoluminescence of p-—n—p microstructures in CulnSe , crystals
S. G. Konnikov, G. A. Medvedkin, M. M. Sobolev, and S. A. Solov'ev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Fiz. Tekh. Poluprovodr31, 114—119(January 1997

Microstructures ipp—CulnSe single crystals tailored by the strong electric field have been
studied using the method of locad€ 1 um) cathodoluminescend€L). The shortest-wavelength
radiation i v=1.023 eV) has been observed from tird¢ype layer and longer-wavelength
radiation fiw=1.006 eV)—from thep-type regions. An analysis of the cathodoluminescence
spectra has allowed us to attribute the experimental features to optical transitions associated
with donor and acceptor levels dfc,, Vse, and Cuy point defects in the crystal. Test
measurements of EBIC, theé—V characteristics, and the DLT spectra confirm the
cathodoluminescence data and reveal additional features gf-thep microstructures. ©1997
American Institute of Physic§S1063-7827)02501-5

1. INTRODUCTION temperature, electric field, and oxidant8). At the same

The electronic and optical properties of Culp®eystals time, selenium is the lightest component of this ternary com-
are mainly determined by point defects associated with th@ound and does not guarantee stability in the presence of
individual atoms forming the ternary compound. The chemi-Strong physical or chemical agents.
cal nature of each chemical element entering into the makeup ~These three statements are supported by the following
of a semiconductor, as well as the chemical nature of théaCts.
material as a whole, determines the stability of the com- 1. First, ionic conductivity occurs, in particular, because
pound to external factors such as a strong electric field. Thef Cu" ions?®’second, copper has a small covalent radius,
diamond-like lattice of CulnSg like that of other ternary and, third, the highest diffusion coefficient was identified in
compounds of the diamond-like series, plays a key role in th€opper-poor samplésConclusion diffusion of Cu" ions is
high stability of these semiconductor materiatdowever, as 1arge in CulnSg and proceeds preferentially by a vacancy
a consequence of the significant polar component in th&echanisnf. Copper, as a chemical element, does not lend
ionic—covalent bonds of these compounds, they should alsstability to CulnSe.
exhibit some ionic conductivity, for example, in a strong 2. Second, indium is strongly oxidized, in comparison
electric field. If we compare Culn$@nd HgCdTe with the With the other elements, in thermal oxidation processes;
(not diamond-lik¢ chalcogenide material G8e, which has second, indium has a large covalent radius, 0.144 nm, and a
also been successfully used in photovoltaic applications, thel@rge atomic weight, 114.82 a.m.gcompare Cu-In-Se:
we may discover a significantly smaller ionic component in0.135—0.144—0.114 nm/63.55-114.82-78.96 a)fi.third,
the electric current for the compounds of the diamond-likein substitution reactions indium displaces copper, e.g.,
serie™> Cu,0+In—In,05+Cu:*? and, fourth, indium forms more-

The recent discovery and comprehensive study of weakovalent bonds than copper and selenium in diamond-like
ionic conductivity in ternary chalcogenideshas under- semiconductors; i.e., indium is found closer to the axis of the
scored the important role of copper ion@nd silver periodic table and participates in the formation of more-
ions), and alsdV¢, (andV,g) vacancies in the electronic and covalent and less-ionic diamond-like compounds than copper
electrochemical properties of CulnSe AginSe and  and seleniunt.Conclusion indium is the stabilizing element
(Cu,Ag)InSe,. In particular, a tendency has been demon-in CulnSe.
strated for the diffusion coefficient of the Cuons to in- 3. Third, there is the higher vapor pressure of selenium
creaseall the way to 10 “cn?/s) when the concentration of (103 Pa atT=100 °C) in comparison with the vapor pres-
the IB metal is decreased in copper-poor crystals ofures of copper and selenium, which are negligible at

CulnSe. T=100 °C. At T=550 °C the vapor pressure of copper is
<10°° Pa, and of indium, 10° Pa, and selenium, 16
2. STABILITY OF THE ELEMENTS IN CulnSe , Pal® in addition, heat processing of CulnSerystals and

Let us consider briefly the effect of each chemical ele-films in vacuum leads to surface selenium depletfbfyr-
ment in CulnSg on the stability of the compound as a whole thermore, selenium has the smallest covalent radius, 0.114
and from the viewpoint of the effect of strong external forcesnm, and a low atomic weigh€onclusion selenium does not
on its properties(1). It is well known that copper diffuses give stability to CulnSg and selenium diffusion should in-
strongly in a CulnSg crystal in the presence of a strong crease radically with temperature, as well as in a strong elec-
electric field, i.e., it participates in ionic driftvith a coeffi-  tric field.
cient of chemical diffusion as high as 1&n?/s). (2). It is A strong electric field in the crystal creates radically
also well known that indium provides a factor of stability for nonequilibrium conditions for the mobile charge carriers
CulnSe in processes associated with the strong effects ofe,h) and the low-mobility carrier§Cu* and Sé~ ions and
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A. Study of local cathodoluminescence

z=0 The experimental conditions for obtaining local cathod-
oluminescencé€CL) spectra were the following: temperature
78-80 K, energy of the electron beam 10-15 keV, beam
current 50—100 nA, exciting spectral region 0.6—L.fh.
The cathodoluminescence emitted from the micro-region
was collected by mirror optics, after which it was transmitted
via an achromatic infrared light guide to an MDR-23 spec-
trophotometer. To detect the signal, we used a synchronous
output amplifier(modulation frequency 10 kHzand cooled
germanium detectofEO-817, sensitivity 5 10° V/W). The
spectral resolution of the setup was better than 3 meV.

The local cathodoluminescence spectra were measured
for three different types of micro-regions) The electron
beam excited a region near the gold point contact or fell
cont 2 directly on the 20-nm metallic layer and excited lumines-
x=1 cence from under the contact. In both cases the emitted in-
y=3 frared radiation gave an identical spectral distribution and

originated from thep-type layer. 2 The electron beam ex-
FIG. 1. Sample of a Culngssingle crystal with linear arrays of gold con- cited then-type layer, i.e., the region around the gold con-
tacts andp—n—p microstructures formed by a strong field. CL and EBIC tact, adjacent to the above-mentionedype layer. Since the
were measured at the poirk,§/)=(1.0,0.2). TheC-V characteristic and shape of the boundary of the-p-junction in some of the
DLTS were measured at points 2 and ;0 =(0.2.1.1). p—n—p structures was not ideally spherical, we performed
additional alignment within this micro-region so that the
electron beam excited the point with the shortest-wavelength
Ve, and Vg vacancieg Taking into account elemental sta- cathodoluminescence maximum). Bhe electron beam ex-
bility and ion migration, both of which have been studied for cited thep-type region far from the gold contacts, i.e., the
the chalcogenide5it is possible to imagine two stages in the radiation originated from the interior of the single crystal.
process of the action of an electric field on a Culp&gstal: The measurements performed with the electron beam
1) an electric stagéconsisting mainly of Cli ion transport  positioned within micro-regions of types 1, 2, and 3 were
and 2 a Joule(therma) stage, when Se ion transport also  equivalent or similar to one another within the limits of ex-
kicks in. perimental accuracy. Note that for some structures it was not

The Sé~ ion transport intensifies with increasing heat possible to reliably record the presence of the thitype
liberation. In a region with enhanced resistivity, a largelayer adjacent to the metal, and in this case aided by CL or
amount of heat will be liberated and more and more seleEBIC measurements it was possible only to observenthe
nium atoms will abandon their lattice sites. The? Séons p junction. In addition, evidence for a diode-type-p struc-
will drift in the counter direction to the Cuions along the ture was found in th€—V characteristics at room tempera-
force lines of the electric field. It is also possible to speak ofture, while at low temperatures a transistor-typen—n
a movement oV, andVs.vacancies if we consider them as structure was recorded. Figure 2 presents cathodolumines-
charged point defects. cence spectra for the three above-indicapech—p struc-
tures. The shape of the spectral bands differs markedly for
these three regions, but they are all relatively wide: the full
width at half-maximum(FWHM) averages out to 50-70

To a first approximation we may consider there to bemeV, which is characteristic of level-band and level-level
two subsystems of acceptor- and donor-type point defectsansitions. The broadening of the short-wavelength tail to
present in the crystal simultaneously. A strong external elecenergies exceeding the band ggp=1.04 eV in CulnSgis
tric field applied to the gold point contacts on the sample actslue to the high level of electron pumping in the cathodolu-
on these two different types of point defects differently. Theminescence measurements.
most mobile point defects, i.e., the interstitial atoms, vacan-  Analysis of the luminescence spectra shows them to be
cies of the intrinsic elements, etc. participate in weak ionicnonelementary and allows us to separate them into two sepa-
conduction leading to the formation of the concentration pro+rate bands. The main band reaches its maximum in the short-
file and layers which are depleted in one or another typavavelength region for tha-type layer while the main peaks
of ligand. In order to estimate the predominance of the dopfor the p-type layer and the basp-type type crystal are
ant point defect in each layer, we measured the microfound to lie in the long-wavelength region. The spectral fea-
cathodoluminescence at th€-V-characteristics in Au/ tures of these bands are characterized briefly in Table I. The
p—n—p structures fabricated on single-crystpiCulnSe  intensity of the infrared radiation from the-type layer ad-
samples. The samples were prepared at the Weizmann Insjgining the metal contact was several times lower than from
tute of Science in the laboratory of Professor David Caherthe n-type layer or from thep-type type bulk crystal. This
(Fig. 1. probably has to do with the more defective microstructure of

b4
Y y:l,

3. EXPERIMENTAL PART
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TABLE II. Two-band fitting parameters of cathodoluminescence spectra

i and radiative transitions in a CulnSp—n—p-structure.
Region Peak energy, eV FWHM, meV/l .  Transitions
0.8F p-crystal 1.013 51 0.77 CB—V¢, (A3)
: CB—Culn, V,,
0.978 61 0.45 Ip,—Vcy
© Ingi—Cup, Vi,
~ (Vse—VB)*
= T n-layer 1.024 40 0.80 Vs, Ing,—VB
S
. p-layer 1.003 60 0.25 CB—V¢,, Cu,
N P [p-bulkfn 1.015 28 0.25 CB—Vq, (A3)
5 CB—Cuyp, Vi
< L 0.979 65 097 lp,—Ve,
5 Ingi—Cup, Vin
L) (Vee—VB)*
= p-type 0.92 - 0.10 CB—Se
ot (without fitting) (Vge—VB)
3
*Note The transition in parentheses is either insignificant or weak.
0 1 U N N N N S O S | i .
0.91 0.95 0.99 1.03 wavelength extremum indicates the presence of a deeper
w,eV level with an optical activation energy of 65 meV, which can
be assigned to several types of point defebts:, Cy, Se
FIG. 2. Cathodoluminescence spectra fpen—p microstructures at . and Cy,. However, basing ourselves on the foregoing
T=80K. discussion of the stability of the chemical elements in

CulnSe, we think that the most probable candidates are the
donor defectd/s, and Cy.
the layers adjoining the gold contact and the enhanced con- The radiative band for the-layer is shifted toward
centration of defects formed as a result of application of ahorter wavelengths and has a peak at 2.023 eV and a spec-
strong electric field. As a result, the appearance of nonradiya| limb with a feature at 0.99 eV. These optical transitions
ative recombination centers leads to a drop in the Iuminesmay be associated with the substitution defect levels and
cence quantum yield in the-type layer. Cuy, or with the acceptor leve¥,.

The radiative transition with photon energy 1.006 eV The radiative band for the-layer, in comparison with
may be associated with an acceptor level lying 34 me\ihe foregoing cases, is broadened toward longer wavelengths
above the CulnSevalence band. Indeed, the presence of agnd exhibits a spectral feature in the form of a limb at 0.92
shallow acceptor level in the crystal was indicated by oufey. The corresponding optical transitions may be associated
C-V-measurementsee below. The thermal activation en- with a deep level of interstitial selenium whose concentration
ergy differs from the optical activation energy by severalis not as large as that of the point defects, CUc,, and
meV and in our measurements was equal toy.  which give stronger luminescence.

Etnerm=25 meV, and the concentration of the corresponding  From a comparison of the spectra it follows that such
states was approximately ¥0cm™°. These acceptor states ntense radiative transitions are present in the original
can be assigned to copper vacancies, which are locatgsltype substrate and in the electric, field-inducedype
35-45 meV above the edge of the valence bandlt the |ayer. In addition, in thisp-layer a long-wavelength limb
same time, there is also another radiative transition, whicly|gg appears, which is characteristic of 8efects. As a re-
probably occurs through th®, and Cy, defect levels, gyt of the high level of electron pumping, the cathodolumi-
whose activation energies are nearly the same. The longrescence spectra are broadened into the region of high pho-
ton energies, e.g., in comparison with the photoluminescence
spectra in Ref. 5, although many spectral features of cathod-
oluminescence are the same as those of photoluminescence.
The short-wavelength edge in our cathodoluminescence

TABLE |. Spectral features of the CL spectra for three regions of the
p—n—p structure and corresponding point defects.

Region Peak energy, eV E,e, meV Type of point defect spectra is well fit by a Gaussian distribution. For this reason
pcrystal 1,006 34 A Ve, V.. Cu, we used_ Gaussian fitting curves_to separate the experimental
0.975(shouldey 65 A: Se, Cu,; D: Ve, Cu spectra into the two above-mentioned elementary bands. The
band fitting parameters are listed in Table II. All maxima of
n-layer  1.023 17 D:lIng,, Vse the fitted bands are found to be in good agreement with the
0.99 (limb) 41 D: Incy; At Veys Cg main peaks and the spectral features in the experimental

curves(Fig. 1). The data in Tables | and Il reveal, on the one
p-layer 1.006(kneg 34 A: Vey, Vin, Cup L -
0.975 65 A Se, Cl: D: Ve Cy hand, distinct spectral differences between thiayer and
0.92 (limb) 120 A Se the p-regions and, on the other, a similarity between the
p-layer and thep-substrate. This fact indicates that the very
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same point defects are responsible for radiatiorpitype

material, irrespective of its nature, but the application of a z
strong electric field leads to the appearance of additional 22mev
. . 1 :4-"""\

point defects of the Sdype in thep-type layer. 0.8F +~+\1\

Scanning an electron beam across the structure traced > o.6F ¥mev +
out the variation of the relative amplitude of the two main = 0_4:
cathodoluminescence bands for the spalayer — n-layer £ i
— p-substrate. However, as a consequence of the high sen- 0.2 , , N , »
sitivity of the technique to microdamagartifacty of the 2.5 3 3.5 4 45 5
crystal surface, which caused the pump power and lumines- 70017,0('1

cence vyield to vary, the continuous scan measurements did

not always give the correct result. Obviously, better resultsIG. 3. Temperature dependence of the capacitance oi-artransition for
can be obtained on a transverse cleavage of the structure affrostructures 225 me\) and 3(22 meV).

by systematic continuous scan measurements. The difference

in the spectral position of the bands highlights differences in

the nature of the point defects in tine and p-type regions.

Guided by the review in Ref. 15 for the donor and acceptordependence of the capacitance—is typical of all the mea-

ionization energies, we have attributed specific radiativeyreq junctions. The capacitance was found to increase as the
transitions to our cathodoluminescence ddtable 1l). We  ompherature was raised. The capacitance increased only
think, however, that only some of the types of listed defectss_"ghﬂy as a function of the reverse bias applied to the

can be considered as real candidates for these strong eIeCtQSmple. This behavior can be attributed to the presence of

fleld-proce?seild structures. _ e bR & the interface distributed deep into the band gap or to
First of all, copper vacancies predominate in the bulky,s |ocalized states of deep levels in the region of ik
crystal while interstitial copper atoms and selenium Vacan]unction

cies predominate in the-type layer. This accords well with The concentration of these states is comparable with the

;a_alrtljler Stlﬁd'ef of lon mlgrat|or_1 anc} tEe action %gpseIecmcconcentration of free charge carriers in the bulk crystal and is
leld on the electronic properties of these crystals. Sec- 1nqe 15 167cm 3. The thermal activation energy of the car-

Ogg.’ !nterstltlal selenium atc_)ms apptlaar 'Q ”WPG Iaélefrs N riers from these states was determined from the relation
addition to copper vacancies andgnsubstitution defects. — Coexp(—E,/kT) at zero biasuy=0. Independent mea-

Thls. glso accords with the above discussion of element urements on the two gold contacts give the values 22 and 25
stability. meV (Fig. J). The activation energy characterizes the posi-
tion of the Fermi level if it is assumed that distributed states
B. EBIC measurements exist at the interface, and it characterizes the localization
Measurements of an electron-beam-induced currergNergy if localized states exist there. The thermal activation
(EBIC) were made to characterize the boundaries of th&nergy characterizes the levels of thie, point defects,
n—p-type junctions in the prepared structures. They demonwhich have an ionization energy of 30—-35 eV, according to
strate the existence of one or two junctions with oppositelyn€ photoluminescence datta. _
directed internal electric fields. Two junctions are observed, We examined the behavior of th€-V curves for
but not always distinctly and not for every scan. The EBICCUINS® p—n—p structures for both biases. Diode-type char-
profile exhibits a significantly drawn-out falloff of the cur- acteristics were obtained only at room temperature. Lower-
rent amplitude as the electron beam is scanned across tH¥ the temperature transforms tfe-V branches in such a
n—p junction. The effective diffusion length, estimated to beWay that they become mirror-symmetric for reverse bias at
>10 um, exceeds the actual diffusion lengthy; in homo-  liquid-nitrogen temperature. This suggests a transistor-type
geneous CulnSeby more than an order of magnitudflt is structure at low temperatures. Such a 'tran'sformatlon of the
well known that such behavior is observed for the corre-Structure can be explained by the “switching on” of deep
sponding dopant profiles, which are characteristic of dnetastable acceptor IevHsz_as a result of lowering of the
diffusion-typen—p junction or a layer of space charge be- Fermi level and a change in the degree of donor—acceptor

cause of the “frozen” ions and charged vacancies. compensation, which leads to a change in the type of con-
ductivity in the highest-resistivity region of the microstruc-
ture. Obviously, this acceptor level can be attributed to a
definite type of point defect, e.g., Seith activation energy
Capacitance—voltageC~V) characteristics and deep- E,.=120 meV(Table .

level transient spectroscodpLTS) were employed to in- DLTS measurements were performed for one of the
vestigate CulnSe p—n—p structures in the temperature CulnSe p—n—p structures. The DLTS spectra yielded the
range 430-82 K. The&C-V measurements were made atthermal emission energy from the deep donor level
voltages of both polarities from 0.0 to 7.8 V at 100 kHz. TheE.,,=171 meV and the charge-carrier capture cross section
curves so obtained in the coordinates@3)-V exhibit a  ¢,=2.08<10 %n? for this level. The level is distributed
nearly linear dependence, which indicates an abrugb  over the entire volume of the Culngsingle crystal and its

junction. The general characteristic feature—the temperatureoncentration is estimated to be<a0™ cm 3.

4. C-V AND DLTS MEASUREMENTS
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