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A theoretical model for point-defect precipitation in crystals, which is a generalization of the well-
know Ham model, has been proposed. The equations obtained are helpful in describing the
kinetics of oxygen precipitation in silicon, and in determining the kinetics of variation of the mean
geometrical dimensions of clusters. A theoretical model of spatially inhomogeneous
precipitation has been developed. This model can be used to describe processes of internal
gettering and creation of insulating layers in silicon. 199 American Institute of Physics.
[S1063-7826900111-9

1. INTRODUCTION where k(i) and g(i) are the kinetic rates of capture and
S . ._ejection of a monomer for a nucleation center that has picked
Oxygen precipitation lies at the basis of such productlor\upi particles

.prO(I:esses'as |ntern§I|_?ettelJilrfgantld4the creat(ljon of ";lsuczat} This model corresponds to growth of precipitates at
Ing layers in a crystal.Hartzellet al.” proposed a method of e 4tion center€ with concentratioN¢ . We assume that

simulating the process of precipitation, based on solution of; given concentration does not vary over the course of time
the Fokker—Planck equation for the cluster size distributior!Elnd can be determined experimentally

function. This method was subsequently developed further

Taking into account the importance of the choice of the
by Schremset al® and Senkandeet al® They used a com- ¢ b

bined simulati hod based \uti ¢ diff . Ikinetic coefficients, let us consider this factor in more detail.
Ined simulating method based on solution of differentialryq yinetic coefficients should include two steps of the pro-

equations for the small clusters and the Fokker—Planck €QUess: diffusion and reaction. Since these steps occur sequen-
tion for the large clusters. In these equations the kinetic Cofially the kinetic coefficient has the form

efficients were determinécf from the condition that growth
of the precipitate is limited by the rate of monomer attach-
ment to the cluster surfaces. In what follows, we show that  k(i)= ——«———,
the form of the kinetic coefficients chosen in these works is (i) + 7*2q0)
ill-advised. However, in Refs. 7-10, for example, it was . . dif reag:
shown that the growth of oxygen precipitates is described by¥nereV is the unit volume,7"(i) and 7**{i) are respec-
Ham’s theory, which uses a different model: growth of the ively the mean time th_at a particle takes to diffuse to a
precipitates is limited by monomer diffusion. At the sameC¢lUster and to attach to it.

time, Ham'’s theory cannot be used to describe spatially in-  1he diffusion term can be found from the standard
homogeneous precipitation. We have been able to eliminaggmeluchowski relatioft

this drawback: the proposed model generalizes Ham'’s theory

to the case of a spatially inhomogeneous precipitate and al- —47R(I)D &)
lows one to simulate important production processes. 795 ’

2

whereD is the monomer diffusion coefficient, arR(i) is
2. THEORY OF DECAY OF SOLID SOLUTIONS the radius of a cluster afparticles. In Ref. 12 it was shown

that the dependence of the radius on the number of particles
Itis assumed that the growth kinetics of clusters of pointcan be represented as

defects is governed by their geometry and is essentially in-

dependent of their internal structure. In what follows we  R(i)=b(i+m)*, (4
therefore do not draw a sharp boundary between clusters and
precipitates. whereb is a quantity on the order of the distance between the
Let us consider the growth kinetics of clusters takingparticles in the cluster. The quantity is determined by the
place according to the following reversible scheme: condition that the radius of the nucleation centers be equal to
k() R(0)=bm®. The value of the parameter is determined
AC+A= A, ,C, (1)  from simple geometric argumentsee Table )l
a(i) The time required by a particle to attach to a clustét is
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TABLE |. Dependence of the parametersand 8 on cluster geometry. &C(i t) J
= g lkONm - g)IC(.
Cluster geometry @ B B
l1-«a 1-8 &2
|

De+1 1 De+1
2Dy Dy—1 Dp-1

Fractal cluster 1D
of dimensionalityD where C(i,t) is the concentration of the nucleation centers

that have picked uppatrticles. The principle of detailed bal-

Disk, diameteD, d=const 1/2 1 1 *

thicknessd (D<d)  d/D=const 1/3  2/3 12 2 ance yields a relation between the kinetic coefficients

Cylinder, diameted, d=const 1 1 * * A P N e le(i
i)=k(i—21)NgCg(i—1)/Cg(i)~k(i)Ng.

lengthL (d<L) d/L=const 1/3 23 172 2 9(1) =k(i=1)NeCe(i ~ 1)/Ce(l)~k(i)Ne

Growth of clustors 0 0 o o In addition, at any instant for a system described by

in sinks of scheme(1), the laws of conservation of nucleation centers

unbounded capacity and the total number of particles in the system are obeyed.
These laws allow us to find the mean number of particles at
the nucleation centers ):

_ Ji—iC(i,bdi_ n(0)—N(t)

Note *This case corresponds to a power law.

(=7 cinai - N (1)
vV S(i)D E(i)
—= exp — ; (5
7eaq) ro kT
whereE; is the activation energy of capture of a particle to a2'1' Diffusion-limited precipitation
cluster ofi particles,r is the lattice period, an&(i) is the In this case, the kinetic coefficients are given by formula
surface area of the cluster, (8). For the mathematical expectation val{it)) it is pos-
sible to use the so-called macroscopic equafion
S(i)=4mb?(i +m)~. (6) (i)
Values of the parametes for clusters of different ge- Wsz(N_NE)RI(t)Hm] ' (12

ometries are listed in Table |I.
Expressiong3) and (4) allow one to find the general
form of the kinetic coefficient:

wherekp=47Db.
Equations(11) and (12) are used to write a differential
equation which describes the variation of the concentration

i 47DR(i) during decay of a solid solution:
i)= - . -
1+[47R(i)ro/S(i)]expg{E(i)/ KT dN(t) W .
° a s T —kpNg “[N(t) = NgJ{N(0) +mNc—N(t)}*.
- A7Db(i +m)“ @ (13)
1+(ro/b)(i+m)* Pexp{E(i)/KT} Equation(13) has the exact solution
If E(i)<kTIn[b(i+m)?~%r,], then the process of cluster B N(0)+mNe— Ng
growth is diffusion-limited: t=CHoFy| a1t a, - Ne—N
k(i)=47DR(i)=4mDb(i+m)®. (8) X(N(O)—N+mNc)“[N(0)—N+mNc]‘“ 14
Ng—N Ko NL~ @ '
If the inequality sign is reversed, the time required to : prc
surmount the energy barrier determines the form of the ki- N(0)+mN,— Ng
netic coefficients: C=—2F| aalta,~  Ng—N(0)
E
_ i)D E(i) MmN | “(mNe)
k(|)=S( exp{—L] ><( c ( Cl)_ . (15
Mo kT NE_N(O) kDNC @
47b?(i+m)PD E(i) Here,F, is the hypergeometric function.
= exXp — . 9 ; o .
ro kT For practical purposes it is more convenient to use ap-

proximations describing the initial and final stages of pre-
Kinetic coefficients in the form(9) were used in Refs. cipitation:
4-6; however, those studies considered only spherical pre-

R N(t)—Ng

Clpitates. ———— =exp{— Nc{(1— a)[N(0) — Ng] *kpt
The Fokker—Planck equation is used to describe a pro- N(0)—Ng A= Nel( JINO)~Neko

cess taking place in accordance with the equatigriRefs. 4 1

and 14 +(s) 9 ime—g}, (16)
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N(t) ~ Ne=Aexp{ — N&™“[N(0) + mNc—Ng]*kpt}, 10.0
17
wheres=mN:/[N(0)—Ng]=m/{i)g, and the constari is
found from experiment. The quantity)z, according to Eq.
(11), is the equilibrium value of the mean number of par-
ticles at the nucleation centers.

If we disregard the initial size of the precipitations
(m=0), then the kinetics of the decrease in the monomer
concentration in the first stage of the decay of the solid so-
lution has the form

N~ Ne _ Ned(1— @)[N(0) — Ne] ot} =7
W_NE—GXP{ ci(1—a)[N(0) —Ng]“kpt}'},
(18)
wherea €[ 0,1). The formulas found by Ham on the basis of 0 L) Lol
the diffusion equatior’s~*’ follow from Eq. (18). 10 1700
For the caser=1, Eq.(13) can be solved exactly:

N(t)—N C FIG. 1. Kinetics of variation of the interstitial oxygen concentration in sili-
E _ 1 con. Curves — numerical calculation based on @§). Annealing tempera-
N(0)—Ng N(0)—Ng+(mNcz—Ng)exp{C kpt}’ ture, °C:1 — 1100,2 — 950,3 — 850.
19

1.0

T TTTTTT]

0.1

in (M0)-Ne)/(N(t)-Ne)

T

whereC;=N(0)+mMNc—2NEg.

Comparison of Eqg.11) and(18) allows us to delineate For the case of spherical clusters, this problem was con-
the trend in the variation of the mean number of particles insidered by Turnbult® His result can be obtained from rela-
the clusters and their mean geometrical size in the initiation (22) if one sets3=2/3. Note that the laws governing the

stage of the decay of the solid solution: decrease of the monomer concentration in the case of
) 1 _ a diffusion-limited precipitation and in the case of rate-limited
(i)~tT=a, (R)~(i)*~tI-a (200 precipitation are different.
2.2. Precipitation limited by the rate of the attachment 3. THE KINETICS OF OXYGEN PRECIPITATION IN SILICON
reaction

In the preceding section we proposed a microscopic
The given problem simplifies substantially if we assumemodel for the decay of solid solutions. To test this theory, we
that the energy barrier to particle capture to a precipitate igarried out an experiment on the annealing of dislocation-

independent of its sizeE;=Eq=const. free silicon in a nitrogen atmosphere. We used Czochralski-
The expression for the kinetic coefficie(® then takes grown silicon wafers ofi-type (8() - cm) with initial oxygen
the form content 1.4 10%8cm ™3,
E.) b2 The concentration of interstitial oxygen in the silicon
0 . ; g
ki=4mD exp{ — _] —(i+m)&. (21)  wafers was recorded by following the variation of the ab-
KT] 1o sorption at the maximum of the band neap® at 300K

In this case, the results obtained in the preceding sectiofRef. 1). The kinetics of the decrease in the oxygen concen-
can be used. It is sufficient in these formulas to repladsy  tration for three annealing temperatures is plotted in Fig. 1.

B andkp by kg=4mD exp{—Eq/KTHbry). The temperature dependence of the concentration of
The initial and final stages of precipitation can then benucleation centerblc was determined from microscopic ob-
described by the formulas servations. It was assumed that the concentration of nucle-

ation centers is equal to the concentration of precipitation
M=exp{—NC{(l—/B)[N(O)—NE]Bth}%}, centers in the final stage of decay. Our result is in good
N(0)—Ng agreement with the microscopic dédta:
B — -3
(R)~{TF: 22) Nc=0.15ex§2.65kT}, cm . (24

There are several different opinions about their nature. It
is believed that nucleation centers can form both on lattice
defects(the heterogeneous mechanism; Ref) 48d by ag-

The power-law dependence of the variation of the size ofjregation of several near-lying atoms of interstitial oxygen
the clusters makes it possible to diagnose the mechanism @iomogeneous nucleus formation; Ref).20
their formation. The exponents for the reaction and diffusion  Let us consider the homogeneous precipitation scheme,
mechanism for the formation of clusters of different geom-realized by successive aggregation of monomers. Taking into
etries are given in Table I. account that only clusters of size (nucleation centejsare

N(t)—Ng=Aexp{—Ng #[N(0)+mNc—Ng]Pkgt}.
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stable, we can use the following approximation for the law of
monomer conservatiom(0)~N+mN,,. Thus, the law of
mass action is written as follows:

N(0)—mNg]™ !
NCENmz[(’)\ITC]eXp[—Em/kT}, (25) 60 R
f

wheremis the number of oxygen atoms in the nucleN§0) g

is the initial interstitial oxygen concentratioN;=5x 10°?is R
the number of interstitials per unit volume of the silicon Q;I’U
crystal, ancE,, is the energy of formation of a complex of

particles.

Comparison of expressiorig4) and(25) gives the value 20
m=25; i.e., in this model a nucleation center consists of five
oxygen atoms.

We determined the equilibrium monomer concentration
Ng from experimental kinetic curves at later times. Of the i) i iy
four parameters of Eq(13), in reality it is necessary to 0 t700h 7000

' ., hour
choose only one parametd; .

The found parameter values provide a good descriptiofff!G. 2. Kinetics of variation of the mean radius of the precipitates. Lines —

of the experimental data on the decrease of the interstitiéi“me"?a' calculation based on E¢s3) and(28), points — data of Ref. 22.
. . e nnealing temperature, °C: — 900,2 — 700,3 — 600.
oxygen concentration during precipitatiofig. 1).

Experimental data at different temperatures make it pos-
sible to find the temperature dependence of the given kinetic
coefficient: diffusion equatiort. However, oxygen precipitation takes

Ko=3.08% 10" 8 exp{ — 2.44KT}, cni/s. (26) place simult.angously wit.h diffusion since.these two pro-

' cesses are indissolubly linked. Therefore, it is necessary to

The activation energy in expressigl6) is equal to the augment the diffusion equation by a term which accounts for
activation energy of diffusion of interstitial oxygen in the oxygen precipitation:
silicon?! If we adopt the model of Refs. 4—6, according to

\

which growth of precipitates is limited by the surface attach- IN(x,t) — —koNe[ N(x,t) = Ng J{(i (x, 1)) +m}e
ment reaction, then the experimentally found activation en- at ’ ’
ergies of the temperature coefficient should be larger by the +D(2N(x,t)/x?), (29)
activation energy of attachment. Thus, the model adopted in .
; . i (x,1)) .

Refs. 4-6 contradicts experiment. T RoIN(X, ) — N (X, 1))+ mie.

Since the diffusion model is realized, it is possible to ot
find the diffusion coefficientD =kp/47b. The parameter The initial conditions of the problem can be represented

b=2.5A can be estimated from the density of the SiO in the form
phase. The obtained value

N(0), x>0 m, x>0

D =0.05exg—2.44KkT}, cnt/s (27) N(x0=| o (i(x,0)= 0 o @0
is in good agreement with the data of other auttfors. o _ ’ _

Solving Eq.(13) numerically together with Eq11), it is We assume that the nucleation centers are uniformly dis-
possible to calculate the mean radius at any time: tributed throughout the wafer, and that their concentration is

- given by Eq.(25).
R(t)= 3/3b°(i (1)) 29) Solving system of equatiori®9) numerically, we calcu-
a A7 late the distribution of oxygen with depth in the sample after

: . annealing as a function of timefor any temperature.
The radius found with the help of Eqél1), (13), and The concentration profiles allow us to estimate the width

(28) IS compared in Fig. 2 with the data of Ref. 22. The.of the defect-free zon@FZ) which is obtained as a result of
experimental data on the time dependence of the mean radius . o ;

. . annealing. As a criterion of our estimate of the DFZ from the
of the precipitates at various temperatures, collected b

Vanhellemont, show that it increases in the initial stage of iﬁgﬁ;ﬁ;&?ggrigggnp:)(;fl[lr?:’C\évﬁcngrzioi quJ:fri}t;t.y pro-
precipitation according to the la®R(t)~t?, consistent with P P P '

Eq. (20) and also confirms the diffusion mechanism for the 2/ x’[Ng— N(x,t)]dx\¥?
formation of oxygen precipitates. ~ | TTINc—N(x. ) Jdx : (32)

Results of this estimate are compared in Fig. 3 with experi-
mental data taken from Ref. 1. Despite the large error in the
A very simple model which explains the effect of inter- experimental determination of the DRihis quantity is de-
nal gettering is based on a solution of the one-dimensionaermined from the results of microscopic observations of a

4. SPATIALLY INHOMOGENEOUS PRECIPITATION
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FIG. 3. Dependence of the width of the defect-free zone on temperature and
annealing time. Curves — numerical calculation based on 43, points
— data of Ref. 1. Annealing temperature, °C:+— 1200,2 — 1100,3 —
1000.

FIG. 4. Oxygen depth profile in the wafer after annealin@ &t900 °C for
40 min. Curves — numerical calculation based on E9), points — data
of Ref. 23. Doses, cif: 1 — 10'°2 — 3x 10%,

cleavage face of the wafer after selective etchiagd the 5. CONCLUSION

uncertainty in the criterioi31), we find the agreement to be The proposed kinetic model of decomposition of solid
satisfactory. solutions not only affords a good description of the available
The technology of “silicon deposited on an insulator” is experimental data on oxygen precipitation in silicon, but also
now under active development. In this technology a layer otllows one to simulate production processes connected with
high-quality semiconductdsilicon) is formed on an insulat- oxygen precipitation.
ing layer of silicon dioxide. A promising method of fabricat- This work was carried out with the support of a “Uni-
ing silicon-on-insulator structures for very-large-scale inte-versities of Russia” grant from the Russian Fund for Funda-
grated circuits(VLSIC'’s) is oxygen implantation in the mental Research and a grant from the Russian Ministry of
silicon skin layer with subsequent annealing. An insulatingScience and Technology.
layer of the required thickness is formed during annealing for
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Oxygen-rich Ge samples were bombarded with fast electrBrs4(MeV) at 80 °C and

subjected to isochronal (100—340)°@and isothermal (350 °Cannealing. Infrared absorption
spectra were measured at room temperature. Preliminary irradiation of the samples is

found to strongly enhance the development of the absorption bands in the range 600 to ¥80 cm
when the GéSb,O crystals are heated to 350 °C. The bands are assigned to local vibrational
modes of thermal donors. It is inferred from the annealing studies that a radiation-

induced complex with the local vibrational modes at about 770— 780 dmprobably responsible

for the enhanced growth of the thermal donors. Oxygen dimers are proposed as such a
complex. © 1999 American Institute of Physids$1063-7829)00211-2

Thermal donorg(TD’s), formed during heat treatment would be useful to carry out a study of the influence of prior
(300-500°Q of oxygen-enriched crystals of silicbrand irradiation on the formation of thermal donors in Ge using
germaniunf, are among the most well-studied defects inthe more informative method of spectroscopy of local vibra-
semiconductors. However, despite the extended historfional modes. It should be noted that this method was first
(more than 40 yeaysof such studies;* their structure and successfully applied in the 1960s in the study of processes of
the mechanism of their formation remain unclear. radiation  defect formation in  oxygen-containing

Most current models of thermal donors represent thesgermanium->*° In irradiated GéO) crystals a whole series
centers as complexes consisting of an electrically activef vibrational bands, attributable to oxygen-containing cen-
nucleus with a varying number of attached oxygen atomsters, was observed and their transformation during isochro-
The successive formation of a seriep to 16 types in Siof  nous annealing was tracéd'® However, only one of these
double donors with distinct energy levels near the conducbands (620 cm®) was conditionally identified as a vibra-
tion band® correlates well with the behavior of the group of tional mode of a vacancy—oxygen complén A centej.
local vibrational mode$LVM’s) in the spectral ranges 975 The nature of the remaining bands still remains unclear.
—1015 and 724 748cm * in Si (Ref. 7), and at 786 and In this study we investigated crystals of (&b,0 (resis-
600cm ! in Ge (Refs. 6 and 8 Two groups of vibration tivity p=4.3Q-cm) with a concentration of interstitial oxy-
bands of thermal donors are linked with two different vibra-gen (Q) 1.65x10'”cm 3, which was introduced during
tional modes of oxygen atoms at the nucleus of a thermagrowth of the crystals in an atmosphere of water vapor. As a
donor! comparison we used samples of(GB) (p=10-cm) with

It is thought* that oxygen dimers play an important role low (<5x 10"°cm™%) O, content. The Qconcentration was
in processes of thermal-donor formation. Recently, the exisdetermined from measurements of the absorption at the
tence of these complexes in Si has been proved experimemaximum of the 855 cm' band using as the calibration fac-
tally, and their local vibrational modes have beentor 1.25<10cm 2 (Ref. 17. Samples of 6 mm thickness
identified®~! It was also determined that irradiation of Si were bombarded on both sides by 4-MeV electrons at a tem-
crystals at elevated temperatures (280—400 &8hances perature~80°C. The total radiation dose was<x3x 10"’
dimer formation and hence the generation of thermakm 2. Isochronoug25 min with a 20 °C step in the tempera-
donorst®1? ture interval 100-340°0 and isothermalat 350°Q an-

Oxygen dimers have not yet been identified in Ge, al-neals were performed in air. InfrarétR) absorption spectra
though the effect of enhanced formation of thermal donorsvere recorded at room temperature on a Specord 75 IR spec-
was observed earlier after irradiation of crystals Wiio y  trophotometer and on a Fourier spectrometer with a resolu-
rays at room temperatuté* The results reported in Refs. tion of 1cm 2.

13 and 14 were based on measurements of the Hall coeffi- Bombardment of G&b,0 crystals with fast electrons
cient. These results do not give any information about thded to a drop in the interstitial oxygen concentration by 4
behavior of electrically inactive centers that participate in thex 10'°cm™2 and the appearance of a series of radiation-
formation of thermal donors. In view of this circumstance, itdefect bands. The most intense of these bands were observed

1063-7826/99/33(11)/3/$15.00 1163 © 1999 American Institute of Physics
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FIG. 1. Infrared absorption spectra of Gb,0 after electron bombardment 0,08 ! j T

with a flux of 3x 10" cm™2.
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in the spectral region 700820 cm ! (Fig. 1). None of the
bands shown in Fig. 1 was observed in the spectra of irradi-
ated GéSb) crystals with low oxygen content. This allows
us to link these bands with the vibrational modes of oxygen-
containing defects. Note that in the spectrum of the irradiated

0.04

on coefficient, cm

111

0,02

Ge(Sh,0 crystals the band at 620 ¢rh, i.e., the band of the %

A centers ¥ —0), was absent. It is known that these centers . . \ X

possess relatively low thermal stability in €100 °C; Ref. 560 580 600 , 620 640
16). Therefore, already during irradiation of crystals anneal- Wave number, cm

ing of the A centers could have taken place, i.e., they coulds. 2. Infrared absorption spectra in the regions of the high-en@gnd
have dissociated and/or transformed inte-O, and G; low-energy(b) thermal-donor modes in pre-irradiatét) and unirradiated

complexes, as is the case in Si at elevated irradiatiof?) samples of G&b,O after heat treatment at 350 °C for 15 h.
temperature$? These complexes are apparently responsible
for some of the observed ban@see Fig. 1 It is also highly
likely that the interaction of intrinsic interstitial atoms with
oxygen in Ge also leads to the formation of optically activecrystals. To achieve the same intensity and obtain the same
complexes which are stable at temperatuiies 100°C, spectral position of the thermal-donor bands in the unirradi-
which is the reason for the variety of observed bands. ated crystals requires more extended50h annealing at

In irradiated G¢éSb,0 samples subjected to isochronal 350 °C. The shift of the maxima of the thermal-donor bands
anneals no noticeable changes in the IR absorption spectruwith increase of the duration of heat treatment at 350 °C was
were observed up to temperatures of 2460 °C. At the observed earliéf and correlates with the subsequent forma-
stage 260—340 °C the bands at 712, 724, 764, 797, and 81#bn in prevailing concentrations of thermal-donors of a
cm ! disappeared with simultaneous increase of the totahigher order. Consequently, the difference in the intensities
absorption in the range 770780 cm ! and the appearance and positions of the maxima of the thermal-donor bands for
of new low-intensity bands at 767 and 790 ciSubsequent the unirradiated and irradiated crystals indicates that prior
isothermal annealing at 350 °C led to the formation of twoirradiation of G&Sb,O not only leads to an increase in the
wide bands with maxima at 777 and 600chi(Fig. 2, curve total rate of thermal-donor generation but also substantially
1). Their formation correlates well with the lowering of the enhances the entire process of their subsequent formation
resistivity of the samples, i.e., with the generation of thermaltransformation
donors. Such bands also show up during heat treatment of In summary, the results of spectroscopic studies confirm
unirradiated crystals of G8b,0 (Fig. 2, curve2). These the electrical measurement d&t& on the enhanced forma-
results, taken together with the earlier d&tdallow one to  tion of thermal donors in pre-irradiated Ge crystals. This
unambiguously link the given bands with the two vibrationalenhancement is most likely due to the formation during irra-
modes of the thermal donors in Ge. diation and subsequent annealing of complexes with local

From the spectra shown in Fig. 2 it can be seen that theibrational modes in the range 72080 cm 1. In the irra-
total intensity of the thermal-donor absorption bands in thediated crystals these centers precede the thermal donors and,
pre-irradiated crystals greatly exceeds the total intensity foaccording to Ref. 16, contain two oxygen atoms. In addition,
the unirradiated crystals that were subjected to the same hetlite position of the local vibrational modes of these centers
treatment (350 °C, 15hlt is noteworthy that the maximum nearly coincide with the position of the high-energy mode of
of both thermal-donor bands in the pre-irradiated samples aréne thermal donors; i.e., these centers may be a structural unit
shifted by 7-8 cm ! into the high-energy region relative to that forms a thermal donor. All these factors, taken together,
the maxima of the thermal-donor bands for the unirradiatedillow us to assume that these centers are oxygen dimers.
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The effect of hydrostatic pressure on the sensitivity of the electrical properties of irradiated
semiconductors as functions of the position of the Fermi level in the band gap of the crystal has
been investigated. A numerical analysis of the experimental data has been performed. This
analysis is based on a model of the crystal as having an isotropic band@Egapwhere(Eg) is

the average energy interval between the conduction band and the valence band. It is shown

that varying the pressure results in hardly any change in the position of the radiation defect levels
relative to the energy corresponding to the center of the isotropidBgly2, which is

identical to the value of the “limiting” position of the Fermi leveF(,,) in an irradiated
semiconductor. ©1999 American Institute of Physids$S1063-782609)00311-1

INTRODUCTION and the contribution of the hopping conductivity of the car-
riers via local states of the radiation defecigp(D), to the

It is known that native lattice defects or chemical impu- ¥0tal conductivity of the crystal

rities with deep levels as a rule enhance the sensitivity o
semiconductors to hydrostatic pressure. This result is attrib- p(D)_1=Un(D)+(Tp(D)+o'RD(D),

utable to the peculiarities of the formation of “deep” states . .

in semiconductors. The present paper reports the results of &N be written in the form

investigation of the influence of hydrostatic pressure on the an(D) ap(D)

e!eqtrlcal properties _and energy position of _the levels Qf ra- (D)= (1+p/nb) ' (1+nb/p)

diation defects(RD) in semiconductors subjected to high-

energy radiation. A definite body of experimental data has arp(D)

accumulated in recent years on this subject, which requires * (1+on/orptoplorp)’ @
systematization and interpretation. This paper generalizes not

only the results of our research groti5,but also the data of Where — an=—d(Inoy)/dP,  —ap=—d(Inoy)/dP,  orp
other authors. The analysis of the results presented is baséd~ ¢(IN @ro)/ 9P, and n(p) is the concentration of free
on experimental and calculated data on pinning of the Fernffl€ctrons(holes, b=,/ u, is the ratio of the electron and
level (F) in its limiting position (F;,) in semiconductors hole mobilities. In a material witm-type conductlwtyn_
irradiated by electrons, protons, and fast neutforfhis > P» 9n>0p, anda,=ay,; analogously for crystals with
should make it possible, by varying the initial doping level, P-tyPe conductivity,=a;,. The third term in expression
type of conductivity, and radiation dose, to study the sensitl) is important only in heavily iradiated sample§,2e.g., for
tivity of the characteristics of the irradiated semiconductor to€/€ctron  fluxes EZZMEV) greater than fem * for
subsequent application of hydrostatic presgties functions ~C@AS, for whichp(D) ™ *=orp(D) (Fig. 1. In the present

of the position of the Fermi leve over the entire band gap WOrk we restrict the discussion to the casg(D), o,(D)
of the crystal. >orp(D); therefore, the third term in expressiél) is ig-

nored.

For «, we can write a,=(y,/KT)—d(InNy)/
dP—d(In w,)/dP, wherey,=d(E.—F)/dP is the coefficient
of isothermal variation of the position of the Fermi level with

GaAs, InP, GaSbh, and GaP, irradiatedTat300K by  pressure(the pressure coefficientand N, is the effective
electrons(with energiesE=2 MeV) and H'" ions (with en-  density of states referenced to the bottom of the conduction
ergy E=5MeV) were investigated experimentallysee band. In the expression far, the second and third terms are
Table ). We estimated the pressure coefficient of the resisguantities of second order of smallness in comparison with
tivity (p), defined as the quantities y,/kT (~10 “*bar'!) in the irradiated
samples. For high-resistance samples the contribution of the
term d(In u,))/dP to «, can reach 5 7%, which amounts up
which, taking into account the bipoldelectron and hole to 10% of the contribution to the total variation of the con-
conductivitieso,(D) and op,(D) (D is the radiation dose ductivity under hydrostatic pressure. Irradiation has almost

EXPERIMENTAL TECHNIQUE

a,=d(Inp)/dP,

1063-7826/99/33(11)/5/$15.00 1166 © 1999 American Institute of Physics
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TABLE |. Experimental values ofF ., in irradiated semiconductors, the Schottky barrier heights), calcu-

lated values of the minimum band g&p, the mean isotropic energy géBg), the insulating gap of the crystal

Ep, and(Eg)/2 in eV, and calculated values of the pressure coefficients of the minimum band gap of the
semiconductory(Eg), the isotropic energy gap({Eg)) and y({(E)/2) in units of 10 % eV/bar. The values of

Fim» Fos, (Eg)/2, andy((Eg)/2) are referenced to the top of the valence béhd levell',).

Semiconductor  Eg Fiim Fus (Eg)2  (Eg) Ep 'Y(<Eg>) Y(Eg)) 7v((Eg)/2)
C 5.45 1.71 2.32 10.47 129 0.5 4.90 1.37
Si 1.20 0.39 0.32-04 0.37 4.98 4.8 —2.2 4.21 0.50
Ge 0.78 0.13 0.07-0.18 0.06 4.56 4.3 4.2 518 -0.17
AlP 2.48 - 1.31 6.05 57 —-24 3.13 0.46
AlAs 224 .- 0.96 1.07 5.11 51 -24 4.02 0.36
AlSh 1.60 05 0.55 0.45 5.15 45 —4.0 5.40 -0.19
GaP 237 1*0.2 0.94-1.17 1.03 5.57 58 —26 5.52 —0.06
GaAs 151 0.6 0.52-0.62 0.70 5.25 5.2 9.5 494 —-0.56
GaSb 0.87 0.02 0.07-0.1 0.00 4.58 4.1 14.9 6.68 —0.79
InP 142 1.0 0.76-0.98 0.90 5.25 5.2 7.7 441 —-0.38
InAs 0.39 0.51 0.47 0.50 4.79 4.6 115 5.91 —-0.74
InSh 0.14 0.0 ~0.0 0.05 4.30 3.7 12.5 6.95 —-1.02
CdTe 1.48 --- 0.9-1.1 1.56 4.76 5.8 6.5 5.12 —2.65
ZnTe 233 - 1.72 5.37 55 10.3 5.25 —-3.04
HgTe 0.23 - 0.76 3.86 5.0 5.8 7.41 —4.28

Note: The values ok, demonstrate the accuracy of the calculations of the energy gaps in the band spectrum of
the crystal, and the values of(E;) demonstrate the accuracy of the estimates of the pressure coefficients
v((Eg)) and y((Eg)/2).

no effect on the sensitivity op-type samples to pressure; wherey, is reckoned from the nearest extremum of the con-
therefore, the contribution of the second and third terms duction band, ang, is reckoned from the top of the valence
(~10"°>bar ') to such expression fow, only limits the  band.

accuracy of the numerical estimates for fhéype samples.

All this allows us to use the following approximate expres- ypeRIMENTAL RESULTS

sion to estimate the values ¢f(y, and y,):
Since detailed studies of the radiation-defect spectrum
a,(D)=(ya/kT)/[1+p(D)/n(D)b] have been carried out for GaAs, we present a quantitative
+(y,/kT)/[1+n(D)b/p(D)], ) analysi; of the experimental results for_ this_material. _
Gallium arsenide. Whenn-GaAs is irradiated by high-
energy particles, the value gf grows to (3-5)x10°Q
-cm (at 300 Kfollowed by n—p conversion of the conduc-
tivity type and pinning of the Fermi level ned,=E,
+0.6eV (Ref. 6. This is accompanied by a simultaneous
increase inx,, up to values~4.5x 10 > bar *, which corre-
sponds toy,=11.7x 10 ® eV/bar and is close in value to the
pressure coefficient of thel'g,—I'g.) gap? For crystals of

108

106
p-GaAs the value ofx, varies hardly at all as a result of
E irradiation (Fig. 1).
@ The experimental data were analyzed on the basis of
. numerical solution of Eq(2) and the equation of electrical
% neutrality
102
5 2
n+ N;+]§_:1 Nraj =P+ Ndﬂriz1 N7 )
10°
for the known set of trapE1l—E5 andHO andH1 in irra-
02 diated GaAs, inferred from DLTS measureme(gsown in

o 10 1o 10 Fig. 2.2 HereN4 andN, are the unirradiated concentrations
D, cm-2 of the chemical impurities, donors, and acceptdigy and
Ngra are the concentrations of the donor and acceptor radia-
FIG. 1. Variation with radiation dose of the resistivityD) (1, 2), positon  tion defects, respectively. Numerical analysis of the experi-
of the Fermi levelF(D) (3,4) and pressure coefficient of the resistivity mental dependence&,(D) (RH is the Hall coefficientand

a,(D) (5, ) for crystals ofn- andp-GaAs(a and b, respectivelyfor bom- : ; _
bardment by 2-MeV electron§.=300 K. Solid curves — calculation ac- aP(D) with the aid of Eqs.(2) and (3) enabled us to con

cording to expression&l)—(4) based on the known spectrum Bfand H Str_UCt the calculated CurVﬁD)a F(D), a,(D), anda,(F)
traps in GaAgtrap spectrum shown in Fig)2 (Figs. 1 and 2 and estimate the values of,. Here
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ETEZ2 E3 E4 ES H1 HO Schottky barrier Fg) at a metal/GaAs contact under hydro-
1l ’ t ' ' J72 static pressure, e.g., for AWGaAs barriersd(FPg)/dP
4r =(0.2-0.3)x10 ®eV/bar and for Ayp-GaAs it is about
| 8 0.6x 10 % eV/bar®® This shows that regardless of the nature

of the defects responsible for pinning of the Fermi level in
irradiated bulk GaAs or at a metal/GaAs interface, the levels
of the native lattice defects are shifted only slightly relative
to the top of the valence band under hydrostatic pressure.

A detailed numerical analysis of the experimental results
for other materials was not carried out since the data on the
radiation-defect spectra for them are insufficient, and since
the experimental dependences are qualitatively similar to
those for GaAs.

Indium phosphide. In irradiated indium phosphide
samples pinning of the Fermi level takes place nEgr
+1.0eV (Ref. 6; i.e., n-InP crystals preserve their original
conductivity type, andp-InP crystals are characterized by
p—n conversion of their conductivity type. In irradiated
p-InP crystals, the value ok, remains essentially un-
changed, and under—n conversion of its conductivity type
it attains a maximum value of 3210 “bar !, as in the
case ofn-InP. This corresponds te,=8.3x 10 °eV/bar
and is close to the value of the pressure coefficient of the
(I'gy—T'sc) gap. Thus, in irradiated InP, as in the case of
GaAs, regions of highthe Fermi level is located above
E4/2) and low(the Fermi level is located belo®,/2) sen-
sitivity of p to pressure are revealeHere Eg is the mini-

-4 1 L A 1 mum width of the band gap.

0 0.4 ., 08 Gallium antimonide. In irradiated gallium antimonide
Ec Energy, arb. units £y the Fermi level is pinned near the top of the valence band,

FIG. 2. Energy dependence af,(F) and y(F) in the irradiated semicon- nearEv—i_O;OZ eY(Ref' 6. The maxmum Ya!ues O&rJ(F)
ductors GaAs(@), InP (b), Gasb(c), and GaP(d). a: (1-3) — n-GaAs,  (=3.1x10 *bar !) are reached for irradiation of samples
(4-6) — p-GaAs; n, p 10cm™* 1 — (1-2),2 — (8-16),3 —  with n-type conductivity, which corresponds tg,~=8.05
(300-390),4 — (500-900).b: (1-3) — ninP, 4 — pInPin, p. 10° % 19=6 gv/bar, and fom—p* conversion of the conductiv-
(r:)fnlol'e:(L:nT’3%1]?:(?163—;6?,214—_(5%)205.)8.) ;’i_(lgb(ia%%)sgffsibég ity type a, falls to values of 510 °bar *, which is close
2— p-GaP:n, p, 10% cm™3 1— 30,2 — 150. Arrows indicate positions of {0 the corresponding values af, in unirradiated and irradi-
Fim in the irradiated crystals. For GaAs the calculated curyéF) and  atedp-GaSh. A peculiarity of GaSb is the close position of
values ofy, andy, are plotted for theE andH traps(crosses Qualitative  theI'g. andLg. minima in the band spectrum of the crystal:
curves ofa,(F) are ghqwn for the remaining materials. For GaP the valuesfOr the gapAEyr, we haveAEp, (T)=0.084-3.4x 10°°T
of @, and y are multiplied by 5. . "6

and J(AErp.)/dP=(7.4—10.0)x10 °eV/bar. Therefore,

the value ofy,, was calculated with allowance for the partial

contribution of the pressure coefficients of the gaps
y'=dE;/dP, E; are the ionization energies of the defect y(I'ge—I'g,)=14x10 ®eV/bar and y(Lg—I'g,)=6.6
levels for the trap€2—E5 (9.6,11.0,11.6,11.810 ®eV/  x10 eV/bar!® This puts the calculated value of,= (yr
bar relative to the level'g, (crosses in Fig. 2 These values +4vy,)=8.1x10 ®eV/bar close to the experimental data
are similar to the corresponding experimental values/alues (~8.05<10 °eV/bay in irradiatedn-GaSh.
(8.8,13.5,10.5x 10 % eV/bar for the energies of electron Gallium phosphide. In irradiated gallium phosphide the
emission from the trapE2—E4 in n-GaAs according to the Fermi level is shifted into the band gap and “pins” at ener-
hydrostatic-pressure measurements of the deep-level tragies nearE,+(1.0+£0.2) eV. In irradiated GaP crystals the
sient spectrd.Note that the obtained values ¢f, for the E  resistivity reaches large values. Therefore, the measurements
traps are close to the valug,=9.5x10 %eV/bar for the of a,(F) were performed fop< 10'°Q-cm, and in the re-
well-known defecEL2 (Asg,— X) in GaAs(Ref. §. Forthe  gion of large values op the value ofa,(F) was extrapo-
hole trapsH1 andHO the calculated values qu areinthe lated as was done for the GaAs, InP, and GaSb crystals
range (1-2)10 ®eV/bar. These data demonstrate that the(Fig. 2). In irradiated n-GaP we reached the maximum
levels of theE and H traps in GaAs within the limits of value a,(D)=—6.6x10 °bar !, which corresponds to/
accuracy of the experimerieand calculatiop are “fixed” =—1.7x10 % eV/bar and is similar to the pressure coeffi-
relative to the top of the valence bafttie I'g, level) under  cient of the {"g,—Xgc) gap in this semiconductdt. For
variation of the hydrostatic pressure. The results obtained arerystals ofp-GaP the value of showed very little change as
compared with experimental data on the height of thea result of irradiationFig. 2).

wy, 1074 bar~?
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DISCUSSION OF THE DATA “ejection” of the resonance states of the native lattice de-
] o . fects from the conduction band into the band gap of the
The measurements and analysis show that in |rrad|ategrysta| under hydrostatic pressure.g., in n-InSb and
semiconductors there are regions of hifht F>Ey/2) and | |nAs: Refs. 16 and 7 '
low (E4/2>F <E,) sensitivity ofp to hydrostatic pressure, Numerical estimates show that in contrast to semicon-
due to peculiarities in the formation of “deep” states of the y,ctors of groups IV and 1ll-V, in compounds of the group
native lattice defects in the semiconductors. To describe thﬁ_w in particular 1-Te irrad,iated samples with both
behavior of these states under hydrostatic pressure, we hay&qn type conductivity can exhibit a high sensitivity to pres-
made use of a model of a semiconductor with an effective ;1o since they satisfy the conditiai{E,— E;)/dP=d(E;
C I |

isotropic “band gap”(Eg) ((Eg)=(Ec)—(E,) is the mean E—v)/9P=(1/2)d(Ey)/JP. The absence of the necessary
energy interval between the lower conduction b&dand 515 for [v—VI semiconductors—the lead chalcogenides

the upper valence barid,), which we developed earlier to (PbS, PbSe, and PbjFeprevents us from obtaining the cor-
describe the effects of radiation modification of the eleCtricalresponding numerical estimates for these materials. How-

properties of semiconductotdn this model the variation of o q, experimental studies on these matéfidlave revealed

the properties of a semiconductor as a result of high-energy p conversion of the conductivity type in the irradiated
bombardment is considered as a radiation “self-compeng,|iq solutions PbTe—SnTe and PbSe—SnSe under hydro-
sation” phenomenon. As a result, the Fermi level pins at thgiaic pressuréup to 16 kbay. This indicates that a shift of
level (Eg)/2 (~Fym). Calculated values ofEg) and e radiation-defect levels takes place in these compounds

(Eg)/2, obtained by using ten special points to take intoynger pressure in the direction of the valence band, like in
account the lower conduction band and the upper valencgsmiconductors of the group lI-Te.

band, are presented in the table; here we simply present the

value§ of the insulating gafthe Penn g_a;Ep) for the given  CONCLUSIONS

materials. It follows from the calculations that the quantity _ . _ _

(Eg)/2 serves as an estimate Bf,, in an irradiated semi- The results of this experimental study show that in semi-

conductor. conductors the native lattice defect levels, regardless of their
Taking into account the partial contribution of the pres-nature and location in the band spectrum of the crystal, re-

sure coefficients of the interbadd X, andL energy gapd?  main essentially the same relative to the ene(@y)/2
(~Fim) under variation of the hydrostatic pressure. Here the

Y((Eg))=(yr+3yx+4y.)/8 4 dielectric model of the crystal correctly describes the main
) o ) ) trends of the electrical properties of irradiated semiconduc-

we estimated the pressure coefficient of the |sotro_p|_c energirs subjected to subsequent application of hydrostatic pres-
gap y((Eg))=d((Eg))/9P and the pressure coefficient of 1o ‘makes it possible to estimate the pressure coefficients
the energy corresponding to the middle of_the isotropic enjq, deep levels, and opens up possibilitiesagfriori choice
ergy gapy((Eg)/2)=3({Eg)/2)/dP. The estimates assume ot materials for the development of static and dynamic pres-
that the radiation-defect levels that forf, (~(Ec)/2)  gyre sensors based on irradiated semiconductor materials and
originate from all the_states of the Bnllo_um zone of _the CIYS-structures. We note that despite the different conditions of
tal (such an expression was used earlier to describe the bginning of the Fermi level in an irradiated bulk semiconduc-

havior of the so-calledX centers inn-Ga, Al As under o and at a metal/semiconductor interfaBg,,~Fys (Ref.
hydrostatic pressutd. Since there is significant spread in 19) and d(F )/ 9P =a(F o)/ IP.

the values of the pressure coefficient in the literature for the ~ his work was carried out with financial support of a

I', X, andL gaps in semiconductors, their values were estiyrant from MOPO “Fundamental Studies in Nuclear Tech-

mated from the expressions=3D/(C11+2C17). HereD,  poiogy and the Physics of lonizing Radiation, 1998—1999."
are constants of the deformation potential for EheX, andL

extremat? andc,; andcy, are the elastic moduli of the crys-
tal,i=T", X, andL. It was shown that the quantity((E)/2)

in the majority of semiconductors of groups IV and llI-V is
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An analysis has been performed of photoconductivity spectral characteristics of semiconductors
with an exponential fundamental absorption edge as functions of the surface recombination

rate and sample thickness. It is shown, in particular, that in crystals giig;d, Te (x~0.2) the

spectral position of the photoconductivity maximum over a wide range of values of these
parameters can be used, with an error not exceeding 1%, to determine the effective band gap and,
consequently, the composition of the material. 1©99 American Institute of Physics.
[S1063-78269)00411-1

Chemically complex semiconductors are characterizeavhereAoy=ewp,(7,+ b‘lrp)Go is the value ofAo in the
by microfluctuations of their composition and, as a consestrong absorption regiof,( «,s) is a dimensionless function
guence, a smooth falloff of their intrinsic absorption coeffi- of the effect of the surface on the bulk recombination rate of
cient (a) as a function of photon enerdy® This makes it NCC's under conditions of their nonuniform excitation.
difficult to determine the band gapEf) from the long- Solution of the diffusion equation for the minority
wavelength falloff of the photoconductivity spectrum and NCC’s with boundary conditionslAp/dy=*s-(Ap-/D)
raises the question, from which of its elements canEpe (the ratess on both surfaces are equatith the above rela-
values, and correspondingly the composition of the materialjons taken into account givés
be most dependably and accurately determined.

In most general form, the specific photoconductivity al 1-eg @
is Fla,s)= 2| 2 L
1-a“L a
Ao=e(uAn+ ppAp)G(a)=eun(n+ b’lfp)G(a)’l [(aL—S)e “—(al+S)][S(coshy—1)+sinhy]
+ )
_ @ 2Scoshy + (S?+1)sinhy
whereAn andAp are the concentrationg,, and ., are the
mobilities (o= um/u,), 7, and 7, are the lifetimes of the (5)

nonequilibrium charge carrierNCC’s)—electrons and

holes, andG(«) is the rate of optical generation of pairs whereS=sL/D=s7,/L is the dimensionless surface recom-
per unit volume expressed as a functiomoénd the surface bination rate,L is the diffusion length of the minority
recombination rates. Its magnitude in a sample of NCC's, andL=(Drp)1’2; hereD is the diffusion coefficient

thicknessd of the minority NCC's; andy=d/L defines a relation be-
P tween the sample thicknessand L. Taking all the above
G(a)=B(1-R%—[1—exp —ad)] (2)  relations into account, we have: for a diffusion-thick sample
d (x>1)
is determined by the spectral dependence of the absorption o
coefficient a(hv), the quantum yield of the photocurrent Flas)= al 1-e
B, the reflection coefficierR°(hv), and the photon flux den- ' 1— 22 al
sity @.
If recombination of the NCC'’s at the surface<0) is [(aL—S)e *d—(aL+S)]S
disregarded, the quantitg(«), + (S+1)2 ’ (63
Go=B(1-R%)(®/d), ad>1, 3
G(a)= 0= Al ) ) (39 for a diffusion-thin sample x<<1)
Go(ad), ad<1, (3b)
increases with increasing in the transparency regiof8b) E _al
of the fundamental absorption edge and then saturates for (a.8)= 1— a?L2
total photon absorptiofBa).
Whens# 0, the quantitiess (2) andAo (1) can be writ- y 1-e N [(aL—-S)e *—(aL+9)]
ten in the fornf al 1-S '
G(a,8)=GgF(a,s), Ao(a,s)=AocoF(a,s), (4) (6b)

1063-7826/99/33(11)/4/$15.00 1171 © 1999 American Institute of Physics
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FIG. 1. Spectral characteristics of the photoconductivity in the coordinates
F(«) for a diffusion-thick sampled=5x10"2cm, L=4x10"2cm), cal-
culated according to formuléb). Curves1-5 correspond, respectively, to
S=0, 1, 5, 10, and 104, Il, Il indicate, respectively, segments of growth
and decay, and ledge of the spectral characteristic.

7, arb. untts

FIG. 2. Spectral characteristics of the photoconductivity in the coordinates
F(#) for a diffusion-thick sampled=5x10"2cm, L=4x10"3cm), cal-
culated according to formulé) with dependencé10) taken into account.
Curves 1-5 correspond toS=0, 1, 5, 10, and 100. The inset plots the
maximum of the spectral characteristq 7,,) (1) and the value of the

For a CQHgl,XTe (CMT) wafer (X20.2) of n-type con- parametery at which F tgke_s its maximum #,,,) (2) as functions of the
ductivity with standard parameter@t 77K no=(2—5) 'couced surface recombination réte
x10%em™3,  1,=7,=(1-4)x10"%s, u,=400-800
cn?/(V-s), D=10—20cnf/s, L=(3—9)x10 3cm, and
1.5x 10 2<S<10? for s=10°~10° cm/s (Refs. 9 and 10 According to relationg7a) and (7b), on the rising seg-
Thus, samples with thicknesB<20um can be assumed to ment the quantity\o(«,S) is directly proportional, and on
be diffusion-thin, and samples with thickneds>100um  the falling segment, inversely proportional tahv). This
can be assumed to be diffusion-thick. makes it possible to estimate the spectral position of the
As arule, the above-mentioned studies were restricted tphotoconductivity maximumd,,,) from the intersection of

an analysis of the spectral characteristic of the photocondughe corresponding approximate dependences:
tivity as a function ofa, which made it possible to determine

only the general outline of the spectrum, regardless of the 1 S

concrete form of the functior(hv) determined by the type *m= VgL s+1° ®)
(types of optical transitions at the fundamental absorption

edge. Let us review the main points of this analysis. For large values of the positiona,, depends only weakly

In the photoconductivity spectral characteristics foron S but very strongly on the sample thickness, shifting
diffusion-thick samples, calculated according to form(@a  toward smaller values o& (less than the photon energies
(Fig. 1), the photoconductivity saturates &=0: F—1,  with increasingd, as is confirmed experimentally, in particu-
Ao=Ac, (4); for S#0 the photoconductivity reaches a lar, for crystals of CMT->"*31t can be easily seen that the
maximum with increasingr (whereF — 1) with subsequent value of Ao (4) on the ledge determines the effective “sur-
falloff to a short-wavelength “ledge.” The dependence face” lifetime
Ao(a,S) is approximated by the functions

Tht bflrp
ad;  ad<1, al<1, L<d; (7a) T~ 11§ (93
1 S+al _
Fla9)=\ T 577 o=l el<S (7B which is less than the bulk lifetime by a factor of £5)
(Ref. 12. In semiconductors witfh>1
1/(S+1); al>S, (70

in the different segments of its variatiggrowth, falloff, and =24 1 (9b)

s
the short-wavelength ledge Tt L 7o
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whereaq, W, andEg are spectrum-independent parameters.
The quantityEg is similar to the optical band gag,. The
difference between them is given by the variance
[ (AEg)?]"? due to spatial fluctuations of the lattice poten-
tial of different nature in the solid solutions—primarily mi-
crofluctuations of the compositidfi.For CMT with x=0.2
(Eq=100meV [ (AEg)?]¥?~13.7meV. The dependence
of E; andEg on T essentially coincide, and the dependence
W(T) is approximated by the expression

10°

W=W,+ T, (13)

whereW,=1.8—3.1 meV (Ref. 14 and the parametes is
determined by the chemical bond and decreases with de-
creasing role of the ionic component of the chemical bond,
6=2x10"2meV/K. At 80K W=3.8meV(CMT, x=0.2).
The quantitya, in expression10) is independent off
and can be estimated using the expressions given in Refs. 5
and 15. According to the data of Ref. 4, the photoconductiv-
ity maximum is realized fory=(2—5)x 10°cm 1, which
-10 1 R . corresponds to the conditidw,~E;.
10 0.8 09 1.0 1.1 1.2 For the photoconductivity spectral characteristics calcu-
7, arb. units lated from formula(5) taking formula (10) into account
(Figs. 2 and Bthe following trends are characteristic.
L emton e e i e o Gl il aples Wit the maxim o
inig)account forL=4x10"3 (?m and S=10. Curve§1—9 correspond to the functionF () is formed atn_zl, S.has Or.lly a weak
d=3x10"1, 1x10°% 3x10°2 1x10°2 3x10°% 1x10°% 3x10-4  €ffect on the value of the function at its maximu#( 7y,
and 1x 10~4 cm. The inset plots the maximum of the spectral characteristic@Nd on its spectral position,,; asSvaries from 16to 101
F(7m) (1) and the value of the parametgrat whichF takes its maximum 0.75<F(#n,,)<1 and 0.99% »,,<1.003.
(7m) (2) &s functions of the sample thickneds 2) For fixed S decreasing the thickness of the sample
leads to a short-wavelength shift of the characteristic and its
maximum valueF( 7,,); the photoconductivity decreases si-
multaneously over the entire spectral range, and most steeply
significant fors/L=1/r,,. For a sample with,,=10 6sand [N the region of the transition to the condition of a diffusion-
L=4x10"%cm the required value of the recombination ratethick sample ¢<L). o
is s>4 % 10° cmis. 3) For small S (S<1) and larged, calculation gives
values ofz,, somewhat less than unity, which corresponds to
the surface is small. For fixed values sfthis leads to a N¥m<Es; In contrast, for largeS and smalld we have
narrowing of the falloff segment and to its disappearance af/m> 1, Which corresponds tov,>E; over wide ranges of
1r,<slL and 7,=rs (9). A dependence of this type, as (he mean values of andd the values ofz, differ only
calculation shows, is characteristic of diffusion-thin samplesSightly from unity; all this is confirmed by the statistics of
(6b), in which the lifetime of the NCC’s is independent of the experiment: _ ,
their bulk values even for uniform absorption ¢t#d) of ~4) The dependencé () for 7> 7y, disappears in a
light. diffusion-thin sample, Wh_ere _the bulk lifetime (8) is gov-
The next element of the analysis is an account of th§"ned by surface recombinati¢®).

concrete form of the dependenaghv) at the fundamental Let us analyze an actual metrological question—the con-
absorption edge. Let us consider it in the case where thRaection of the characteristic elements of a spectral character-

dependencex(hv) is exponential, as is the case in solid- istic wit_h the band gap of a semiconductor, in the.arllalyzed
solution semiconductors. For crystals of CMT the depenCas€ With the quantitfEs (10). Among the characteristic el-

dencex(hv) at the fundamental absorption edge is describe@Ments we may include, in particular, the spectral position of
by the expressidh® the longest segment of long-wavelength edge of the depen-

denceF( ), which corresponds to the maximum of the de-
E. rivative dF/d=F'(#) (Fig. 4. Since the spectral positions
) = aoexp{w( n— 1)}, of the extrema of the derivativés' (#) do not correspond to
the conditiony=1 (hv=Ejy), they cannot be used to deter-
mine Es. Small deviations ohv from E4 due to the factor
_ 7 (10) Es/W entering into the exponential in expressitt0) and
s defining the scale of the photoconductivity spectrum can lead

F, arb. units
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The influence of the surfache first term in Eq.(9b)] is

In insensitive samplegshort lifetimeg the influence of

hyv—Eg
w

a(hv)= agex
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FIG. 4. Spectral dependence of the photoconductivity in the coordinates|G. 5. Spectral dependence of the photoconductivity in the coordinates

F(#) (1, 2) and the corresponding derivatives() (1, 2') for S=0 ((1, F(7) for a diffusion-thick sample witts=10, d=5x10"2 cm, andL=4

1) andS=100((2, 2'). Calculated according to formul&) for the param-  x 1073 cm. 1 — calculation according to formuléb), dashed lines — ex-

eter valuesi=5x10"2 cm andL=4x10"3cm. trapolation of different segments of the dependence of the funétiop
corresponding to the formulag— (78, 3 — (7b), and4 — (7¢).

to substantial changes in the absolute values 0f). For sample thickness and surface recombination rate from the

this reason, and also because of the variation of the paramt;, i m of the photoconductivity spectral characteristic.
etersEg; andW from sample to sample as functions of their

degree of structural perfection, the determination of the value

of E, from its long-wavelength edge is also invalid. *)E-mail: micle@semicond.kiev.ua; Fas044) 265-8324
Let us consider the conditions for the existence of a

maximum of the curveF(#) for a diffusion-thick sample

with S#0 (8). To determineF (%) to first order, we use
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2J. L. Schmit and E. L. Stelzer, J. Appl. Phy), 4865(1969.

the functions(7a) and(7b) that form the maX|munﬁF|g. 5. 3. M. Nesmelova, L. F. Kovalenko, K. Ya. Shtivelman, and I. S.
Using relation(10), we have Aver'yanov, Zh. Prikl. Spektroskl7, 894 (1972.
4L. D. Saginov, V. P. Ponomarenko, V. I. Stafeev, and V. A. Fedirko, Fiz.
Eq 1 S Tekh. Poluprovodn.13, 1039 (1979 [Sov. Phys. Semicondl3, 608
am= aoeXP (7= 1) = dLSiT (12 (1979].
SE. Finkman and Y. Nemirowski, J. Appl. Phys0, 4356 (1979.

If the condition 1< «L<S s satisfied, i.e., in a sample with 6#- EH Spaglino"' Vdpigcjl”?%r?fg;gkfa\g' A. Fedirko, and V. . Stafeev, Fiz.
. . : eKn. Poluprovoanlo, SIC|.
a pronounced photoconductivity maximum, the difference,,” PetruZevich Fiz. Tverd. Teld eningrad 1, 1095(1959.

betweenEg and the position of the maximurhy,,, is given 8N. A. Zakhlenyuk, E. A. Sal’kov, and V. N. Sokolov Ukr. Fiz. ZB1, 268
by (1986.

°N. N. Belyi, N. S. Baryshev, I. N. Tarasova, and B. V. Panasenko, Opt.
AEs=h Es=WI ! ! —S
= —_ = ny — —_—
sTm™ Es ap VdL S+1

Mekh. Promst10, 13 (1978 [sic].
. (13 10A 1. Vlasenko, E. P. Matsas, A. V. Lyubchenko, E. A. Sal’kov, and A. V.
The accuracy with which formulél3) gives Eg depends on

Sachenko, Poluprovodn. Tekh. Mikroelektr@g, 67 (1982.
1A, 1. Vlasenko, A. V. Lyubchenko, and E. A. Sal’kov, Ukr. Fiz. ZP5,

. . 431(1980.
the parameters of the sample and Increases with growth ofa v | yubchenko, E. A. Sal'kov, and F. F. SizoRhysical Principles of
the values ofag, d, andL. Let us estimate\Eg for CMT Semiconductor Photo-Electroni¢in Russiad, Naukova Dumka, Kiev,
(x=0.2) with the parameterd =10"2cm, d=10"1cm, 1984.

13 ’
_ _ —1 _ _ . A. |. Vlasenko, K. R. Kurbanov, A. V. Lyubchenko, and E. A. Sal’kov,
S=10, ag= 1 cm 1, W=2 meV, andE;=100 meV. Sub Ukr. Fiz. Zh.27, 1392(1982.

stituting these quantities into formuld3) gives AEs/Es 4| p. saginov, V. A. Fedirko, V. I. Stafeev, V. P. Ponomarenko, and V. L.

=4x103<1%, which is a more-than-satisfactory resuilt. Egorov, Fiz. Tekh. Poluprovodii6, 1266(1982 [Sov. Phys. Semicond.
Thus, in crystals with exponential dependence of the, 16 808(1982].

long-wavelength absorption edge the effective band gap can’ €M B- L and D. Tang, J. Appl. Phygs, 1234(1994.

be determined with good accuracy over wide limits of theTranslated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 33, NUMBER 11 NOVEMBER 1999

The electron density of semiconductors with charged dislocations placed in external
fields

Z. A. Veliev
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Variations in the electron density due to variations in the capture cross section and the thermal
ionization upon application of an external electric field and a quantizing magnetic field

are considered. Analytical expressions for the electron density in arbitrary electric and quantizing
magnetic fields and also in crossed electric and quantizing magnetic fields are obtained. It is
assumed that the electrons relax in energy as a result of interacting with acoustic phonons.
Calculations for a quantizing magnetic field in the ultraquantum limit are presented.

© 1999 American Institute of PhysidsS1063-782809)00511-§

The electron density in nondegenerat¢ype semiconduc- where the total recombination flux per unit volurdés re-
tors in the absence of an external electric field obeys Boltztated to the concentration of the dislocatidwigand the cap-
mann statistics. In this case the relation linking the thermature cross sectiow of the carriers by the equation
ionization of a dislocation centg8 and the cross sectiom

for capture of electrons at a charged dislocation center can be J=nNpo(v,). ©)
derived from the condition of equality of the thermal-

ionization and recombination fluxes Here N is the dislocation density, an/.) is the mean

electron velocity in the external electric field. The capture
cross section of the carrie in the presence of a field

B=(Ve)Ncexp ~Ep /KT). @ decreases for two reasonsfsl(:iér)st, the rr?ean energy of the free
Here (v¢)=y8kT/7m is the mean electron velocity\,  electrons is increased and, consequently, the number of car-
=2(mkT27%?%)%? is the density of states in the conduction riers at the bottom of the conduction band, which directly
band, T is the lattice temperaturé, is the Boltzmann con- determine capture, is decreased. Second, the dislocation well
stant,m is the effective mass of the electron, afg is the is deformed in strong electric fields, which leads to the de-
ionization energy of a dislocation. struction of bound states with binding energy less than

Upon the application of external fields, the coefficients
and B vary independently and there is no simple relation A= _y_|n UoR ((1+4Wybes/U2)V2—1)

0 0 0

between them of the typél). However, under steady-state 2Wob
conditions, as at equilibrium, the thermal-ionization and re- 1/2
o : . . AWgb&e
combination fluxes are equal, and this equality determines +Ugl 1+ ——| (4
the steady-state concentration in the presence of external U(Z,
fields.
In our study we have calculated the electron density in _ﬂ

re ((1+4Wgbeg/ud)t2—1),

nondegenerate semiconductors with charged edge disloca- ° 2e€

tions under the following steady-state conditions:irathe d v in st lectric fields th i
presence of an external electric field, andrbthe presence and consequently, In strong €lectric fields the cross sections
for capture at a dislocation center are decreastd (

of external crossed electric and quantizing magnetic fields. ~ , . o .

1. As was shown in Refs. 1-5, in external electric fieldst;e I:)Zﬁssoa, Wf(f)'—'Ecgl—Zy)/E&Jr Vf%_tFTCa’ wh(taretv flih
the carrier capture cross sectiorand the thermal ionization d ef O'S‘?O” CO? |(;|gjn , artet is the effective constant of the
coefficientB become functions of the field strengfiof the etormation potent

applied electric field, with the coefficients(&) and B(€) d'A|S s Sho""? in Rterf' >, the p“’ba?'“ty ffr 'toh'zf?‘“"” of
varying independently as functions of the applied electric? distocation center in the presence of an electric 6
aries not only due to a lowering of the ionization enekgy

field. Correspondingly, the free electron density becomes f . X
: pondingly e éy virtue of the so-called Poole—Frenkel’ dislocation effect,

function of &. . e
Let us consider the case where the dislocations are dLJP—Ut also due to a change in the rate of diffusion of the free
Selectrons into the space of the total energy of highly excited

tributed in such a way that the axis of the Read cylinders i . .
perpendicular to they plane and they do not intersect, i.e., states of the dlglocatlon centgr. As fOIIOW.S from E@3.and
(13), for the carrier concentration we obtain

the dislocation centers act independently. The equation o
particle balance can then be written in the form B(E)

J—B(E)Ng=0, 2) " o(vo ©

1063-7826/99/33(11)/3/$15.00 1175 © 1999 American Institute of Physics
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In the presence of an external electric field the quantities 2. The cross section for capture of electrons in a quan-
a(&) and B(&) were calculated by the method of cascadetizing magnetic field was calculated by the method devel-
capturé under the assumption that the electrons relax in eneped in Ref. 5. If the thermal energy of the carri& is
ergy as a result of interacting with acoustic phonons and aremuch greater than the characteristic phonon energy

given by \/th-mLSez, then the process of electron capture can be
) o s ) A described as a continuous descent from the region of positive
_B(e) 2 m L (ATKT) + pq ]2 kT values of the total energy into the region of negative values.

7 TmMcKT 2<VC>M’:1+3/ZU(3/2!/1’1+5/2#1), The capture cross section when the conditibm,>kT

(6) >hwy-m, S is satisfied in the case of an anisotropic elec-
tron spectrum is given by

Ep—A
= 7_r
B=B(&) e &I, (7 - (2m)32 b(E2)a? (eH 2( |
o(H)= — | (m_+m,
where 1273 poymkTUZ\Ch ) e
b?m?m;c®W3 r
B(£)= —— 0 =, Uo 1
mpoh’ a XN ——gt 3
) 3 ha)H‘mJ_Se
(e€)? mpoSeh’ —
1= 2 3xze 172 ®) +—4U°c( 0) cosh—3 fron: M., (10
M Sk T\ EoEcmy “mj kT T Ug ,
1
c= §[3mLE§+ my(Eq+Ey)?], where
—Tei _ 2 2

Eo=c/m,, (ve)=BKT/mm,, c(0)=[sir? 6-cos o(m;—m,)>+m]/

1 3 3 mJ_((mzm|\)l/2+ mz).

_— _|._ ,

Me M 2M EX=E2+ 2E E,+ 1E2 (12)
E4 and E, are the constants of the deformation potential, (Ec)=Eq gdu 3w
introduced by Herringj(the z axis is aligned with the axis of
the energy ellipsoi mj andm, are the components of the 1 cogh site
mass tensor parallel and transverse to the axis of the ellip- 2 - m?2 + mym, ’
soid, andS; is the speed of sound in the crystal. Substituting “H +

expressiong6) and (7) into relation(5), we obtain for the m=m. sin 6+ m: co< 6
electron density in an electric field 2= I '
The magnetic field is aligned with theaxis and makes an
_ angle 6 with the rotation axis of the ellipsoid.
[(A/KT)2+ pq]*e In the presence of a quantizing magnetic field the Bolt-
9 zmann distribution of the carriers over the highly excited
Employing Kummer's asymptotic limit of the hypergeomet- dislocation levels and energy levels ﬁn the band is p.res.ervgd.
ric function U(3/2,41+5/2,4) (Ref. 7, we find foru,>1  However, the free carrier concentration in a magnetic field is
in strong electric fields that~T2exp@A/kT)? i.e., the free changed in comparison with |f[s equilibrium value_smce the
electron density in a strong electric field grows in compari-density of states in the band is changed. If the distance be-
son to the equilibrium density for the same sample temperdeen the dislocation levels is large in comparison vkih

ture as a result of growth of the mean energy of the freand if the ionization energy of a dislocation center is greater
electrons and a lowering of the energy of the dislocatiorfhankT (Ep>kT), then the condition of electrical neutrality
barrier. yields the following expression for the electron density in the

As follows from Eq.(9), the free-carrier concentration Ultraquantum limit
grows exponentially with growth of the field whex>kT.

1 (wmckT)ZMfl+3/2U(3/2M1+5/2-M1)

B 27%H3 2

n(é)

1/2 12
If, on the other handA<kT<kT,, then the field depen- n(H)= y  mimj wy(KT) exp( — Ep /kT)
dence of the concentration is governed mainly by the pre- (2m)%? h?
exponential factor. The quantifly, (T, is the temperature of
the electron subsystem in strong electric figldsgiven by _ %NwHeXp(— Ep/KT), (12)
kTe=e&l, 57,

where y is the number of valleys in the conduction band.
Note that expressiofil2) is valid if the applied quantizing
Ipzwh“posglngckT, magnetic field does not alter the ground-state energy of a
bound electron, which indeed is the case providedy,

8o=\2mS/KT. <Ep.

where
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The formula for the thermal ionization in a quantizing plicability of the model of cascade capture and, on the other,
magnetic field3(H), which is derived from equality of the to the dependence of the distribution function of electrons
thermal-ionization and recombination fluxes under condi-bound to a dislocation on their total energy. In quantizing

tions of a Boltzmann carrier distribution, has the form magnetic fields the region of applicability of the obtained
formulas is determined by the inequalityw,-m, S22
1 Ep : ; e
B(H)= zNwH<VC>0-67 KT. (13 <kT<hwy. We thus find KH/Ho<kT/m, S

In conclusion, let us estimate the values of the param-
3. Let us consider a sample placed in crossed electri€tersu; and Hc,,. For example, in a germanium crystal
and quantizing magnetic fields. The electric field, on the on&y~16eV, Ep~—6.5eV, a=5.7x10"m, m~1.66m,,
hand, deforms the dislocation well, i.e., it promotes an in-m, ~0.082n,, po~2.3x10°kg/m?, T~300K, and S,
crease in the ionization process and a decrease in the capturel0® m/s; for the parameterg; and Hp,, We have g
process; on the other hand, it heats up the current carriers: (10 3€)? and Hpa~ 10° Oe, i.e., the system of electrons
The electron capture cross section is calculated in the ulin @ germanium crystal can be assumed to be heated if

traquantum limit as £>10°VIm; for values of £<10°V/m the external electric
11 field can be assumed to be weak. For values of the magnetic
o(EH)= o(H)(—) _ (14)  field H>Hcp, the quantization condition is satisfied, i.e., the
Te formulas derived for a quantizing magnetic field are valid
The electron density in this case is given by whenH>10° Oe.
Te 12 17. A. Veliev, Fiz. Tekh. Poluprovodr82, 36 (1998 [Semiconductor§2,
n(&H)=n(H) —) : 29 (1998].
T 27. A. Veliev, J. Fizika,13, No. 1(1997.

3Z. A. Veliev, Fiz. Tekh. Poluprovodrl7, 1351(1983 [Sov. Phys. Semi-

Here the electron temperature is given by cond. 17, 858 (1983

1/ c& 2 4Z. A. Veliev, Fiz. Tekh. Poluprovodn19(6), 1141 (1985 [Sov. Phys.
T.=Tl1+ = . Semicond.19, 700(1985].
€ 2\ SH 5Z. A. Veliev, Fiz. Tekh. Poluprovodr24, 553 (1990 [Sov. Phys. Semi-

.. . - . cond.24, 347(1990].
4. The limits of applicability of the results obtained are sg_ k. Ridley, Quantum Processes in Semiconduci@sford Univ. Press,

found from the condition of the possibility of using the New York, 1986.

method of cascade capture in external fields. For example;Handbook of Special Functiorfén Russiaf, Nauka, Moscow(1978,
Eq. (9) is valid when the inequality Zry(&)/I<syis sat- P 32%

isfied. This inequality corresponds, on the one hand, to apfranslated by Paul F. Schippnick
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Activation of impurities in ZnSe crystals, stimulated by a laser shock wave
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The effect of a laser shock wave on the photoconductivity spectra and the thermally stimulated
conductivity spectra and also on the temperature dependence of the photocurrent and dark
current of ZnSe single crystals with different residual impurity levels is investigated. It is shown
that a temperature dependence of the dark currents after passage of a shock wave is
observed at higher shock-wave pressures for the less defective crystals, while activation of the
photocurrent and dark current is due to the release of residual impurities from clusters

during passage of the shock wave. 1®99 American Institute of Physics.
[S1063-782629)00611-7

Irradiation of [I-VI crystals by laser pulses with power ated and irradiated crystals were performed on the side
density below the threshold for destruction of the materialopposite the irradiated surface.
leads to a substantial change in their physical properties.

These changes are dl_Je to the fqrmatlon, decayZ or dlfoSIOEXPERIMENTAL RESULTS

of defects due to heating, formation of an acoustic wave—or

shock wave—as a result of the action of the laser radiation Two maxima are observed in the photoconductivity
on the crystal$™® On the other hand, defect formation de- spectrum (p_c) of the unirradia_lted sample ZnS_e-ﬂi'ml_
pends on the initial state of the crystal; for example, the=2.7 eV, which corresponds to interband absorption of light,
effect of the laser shock wave depends on the number dind iw,=2.53eV, which is attributable to absorption on
native lattice defects and dopant impurities in the initialimpurities (Fig. 1a, curvel). Passage of a shock wave with
sample?? pressureP; of nondestructive amplitude in the crystal is fol-

It is accordingly of interest to investigate the effect of alowed by a decrease in the photoconductiiBiC) in the
laser shock wave on the physical properties of crystals as ©9ion of the fundamental absorption while in the region of
function of their level of structural perfection and impurity IMPUrity absorption the photoconductivity remains constant
state. As our object of study we chose high-resistance ZnS,(é:'g' 1a’dcgc2/e2)' ?N?hen.the p.rtessurz of r:he shock ytvac\ile}s
single crystals of varying degree of purity. The samples werd/lcrease 2, ONly IN€ Impulrity band, wWhose magnitude IS
divided into two groups: ZnSe-1 and ZnSe-2, depending ofnuch less than that observed in the unirradiated crystal, is

. ) ) ' a4 3 observed in the photoconductivity spectfag. 1a, curvel).
the residual impurity concentratiom=10'°10*cm 3. The . : ) -
. . . . . Only one maximum is observed in the photoconductivity
impurity concentration was estimated from the electron spin . . .
. spectrum of an unirradiated ZnSe-2 crystal, corresponding to
resonance(ESR spectra and from features in the low- . . . LS
. the fundamental absorption of light, whose magnitude is in-
temperature photoluminescen@@lL) spectra. As the laser,

A ) . __creased after the first irradiation, and is decreased after the
we used a ruby laser operating in the Q-switched regime W'ﬂ%econd but remains higher than its unirradiated vékig.
pulse duration t=2x10"8s and power density 10 ’

. , i i 1b). After passage of a shock wave, a change is again ob-
_ 2
10° MW/cm?. The investigated sample, which had dimen-served in the magnitude of the photoconductivity, but this

sions 23X 1.5mm, was placed between a copper foil and &ime accompanied by a shift of its red edge toward longer
quartz substrate. The space between the foil and the SUbStr%velengths by 27 meV.

was then filled with an epoxy resin so that the distance from Figure 2 presents spectra of the thermally stimulated cur-
the crystal to the foil and to the substrate wa25um.  rent (159 of the ZnSe-1 and ZnSe-2 crystals before and
Ohmic contacts were deposited on the end-faces of the Cryggter passage of the shock wave. In the initial ZnSe-1 spectra
tal. The copper foil served to prevent an unwanted photoyyo peaks of the thermally stimulated conductivity are ob-
electric effect from direct or scattered laser light, and theserved aff=148 and 243 K(Fig. 2a, curvel). The energy
quartz substrate served to absorb the unloading wave. Theosition of the centers, determined by the Bube method, is
samples were irradiated at room temperature. The depth @, =0.061eV atT=148K. Passage of a shock wave with
formation of the shock waves and their pressure were estpressureP; is followed by a decrease in the magnitude of the
mated using formulas given in Refs. 4 and 5. The depths ofow-temperature thermally stimulated conductivity peak and
shock wave formation in ZnSe for power densities of 40 andan increase in the intensity of the high-temperature peak
80 MW/cn? were 110 and 7&m, and the shock-wave pres- (Fig. 2a, curve?), whose energy position &,=0.336 V.

sure wasP,=3.64 andP,=5.14 kbar, respectively. Mea- In the initial thermally stimulated conductivity spectra of
surements relating to the photoelectric effect in the unirradiZnSe-2 crystals, two peaks are observed at the temperatures

1063-7826/99/33(11)/4/$15.00 1178 © 1999 American Institute of Physics
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FIG. 1. Photoconductivity spectra of
ZnSe crystals beforgl) and after

(2,3 passage of the shock wave:
a — ZnSe-l, b — ZnSe-2,
T=300K.
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166 and 243 K(Fig. 2b, curvel). After passage of the first crystals the photocurrent depends weakly on the temperature
shock wave, with pressuie,, the magnitude and position of in the interval 86-200 K, above which the effect of thermal
the thermally stimulated conductivity peaks remain almosfguenching of the photocurretQP) begins to play a role.
unchanged, but after passage of the second shock wave, wiBelow this interval, the region of the maximum photocon-
pressureP,, a high-temperature peak wit;=0.11eV is ductivity is bounded by thermal activation of the photocur-
distinctly seen, and with further increase in the temperatureent(TAP), which depends exponentially on the temperature,
the equilibrium conductivity is observed to grow, with acti- with the photocurrent activation energy within the limigs
vation energyE,=0.68 eV(Fig. 2, curve?). =0.03-0.06 eV(Figs. 3a and 3b, curve).

Typical temperature curves of the photocurrents of ZnSe  After passage of a shock wave with pressBiethrough
crystals of both groups are shown in Fig. 3. In the initiala ZnSe-1 crystal, the magnitude of the photocurrent falls.

a b
10-11 -
=710
107" ! "
< < FIG. 2. Thermally stimulated con-
o - 7 ductivity spectra of ZnSe crystals be-
g ,«_%‘ fore (1) and after(2) passage of the
~ ~ shock wave: a — ZnSe-1, b —
_ 10772 ZnSe-2.
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Z
10" 2 107"}
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Besides the initial TQP region, an additional region of ther-DISCUSSION OF EXPERIMENTAL RESULTS
mal quenching of the photocurrent is observed at 13Bil.
3a, curve2). The TQP energy at low temperatures is the  The decrease in the magnitude of the photoconductivity,
same as in the unirradiated sample, and at high temperaturéi®e appearance of thermal quenching of the photoconductiv-
E5;=0.132eV. Upon passage of the shock wave with presity and activation of the dark current at low temperatures in
sure P,, the photocurrent continues to fall, preserving thethe ZnSe-1 crystals after passage of the first shock wave can
form of its temperature dependence. be explained by a transformation or increase of the native
In the ZnSe-2 crystals after the passage of a shock waveoint defects already present in the starting crystal. Accord-
with pressureP; the TQP region shifts toward lower tem- ing to Refs. 3-5, the energy of the shock wave is scattered
peratures T=160K). The magnitude and activation energy by inhomogeneities of the solidmpurities, defects, thermal
of the photocurrent in the low-temperature region remairfluctuations. In our case, the initial scattering centers for the
nearly constant in this ca4€ig. 3b, curve?). After passage shock wave can be residual impurities and point deféots
of the shock wave with pressuf®,, the photocurrent falls, ZnSe crystals, these are usually elements of group | and
all the while preserving the position of the TQP region. Butgroup lll, interstitial atoms, and vacancietagging behind
above the TQP temperature intervdl= 220 K) the photo- the shift of the surrounding lattice in the shock-wave front,
current is observed to grow, with activation energy of theimpurity atoms knock atoms out of their positions, thereby
photocurrentE,=0.68 eV (Fig. 3b, curve3), which coin- creating additional defects. As the shock wave passes
cides with the TQP activation energy at higher temperatureghrough the crystal, in addition to the formation of interstitial
We were not able to record the temperature dependenadoms and vacancies, the release of residual impurities from
of the dark currents of the unirradiated ZnSe crystals of eicomplexes is possible with subsequent formation of defect
ther group. After passage of a shock wave, the dark currerdomplexes. Evidence of this behavior takes the form of the
in both ZnSe-1 and ZnSe-2 exhibits a temperature deperappearance of a temperature dependence of the dark current
dence, but for different pressures of the shock wave. In theand the thermal quenching of the photoconductivity at low
more defective crystal@nSe-2 temperature dependences of temperatures after passage of the shock wave, i.e., the pas-
the dark current with activation energies of the impuity = sage of the shock wave is followed by the appearance of
=0.03eV ancE;=0.11 eV(Fig. 3a, curve8) are observed at additional level§0.03 and 0.11 e) From their energy posi-
a lower pressure and a smaller shock wave than in the les®ns, these levels can be linked with atoms of group-III el-
defective ZnSe-2 crystals. In the latter the temperature deements, which create donor levels, and can play the role of
pendence of the dark current wihy =0.68 eV appears upon recombinationS-centers. Thus, the introduction 8fcenters
the second irradiatiorisee the inset in Fig. 3band corre- in high-resistanc@-ZnSe, despite their relatively small num-
sponds to the activation energy of the centers, found from thber, can substantially alter the electron fluxes at the recom-
thermally stimulated conductivity spectra and the temperabination r-centers. The contribution of the recombination
ture dependence of the photocurrent. flux through the recombinatiorrcenters falls; this leads to a
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decrease of the lifetime of the current carriers and, conse- The diverse nature of the change in the photoconductiv-
guently, to a decrease of the photocurrent. This explains thigy of ZnSe crystals due to passage of shock waves with the
observed spectral dependence of the photoconductivity upasame pressure can be explained by a different defect state of
passage of the first shock wave: The magnitude of the phdahe starting material. It is known that the larger the number
toconductivity in the intrinsic absorption region is less thanof scattering centers, the higher the probability for defect
in the impurity region. formation and damage to the materiallpon passage of the

In high-resistance ZnSe crystals the recombinatiorsecond shock wave, the defects formed during passage of the
r-centers are deep acceptor levels responsible for the photéirst shock wave serve as new scattering centers. This leads
sensitivity of the material. Their energy depths relative to theto their accumulation and to an increase in their concentra-
top of the valence band have been determined in many studion. Since the ZnSe-1 crystals are more defective than the
ies. They amount t&,=0.6—0.7 eV and are linked with a ZnSe-2 crystals, obviously the effect of a shock wave is
residual copper impurity which is present in the crystdls. manifested more strongly already upon first irradiation in
RecombinatiorS-centers withE;=0.11eV are also present ZnSe-1.
in the crystals, and thermal quenching of photoconductivity In summary, passage of a laser shock wave through
at low temperatures is associated with these centers. ConsénSe crystals of both groups is accompanied by an increase
quently, the increase in the photocurrent and the shift ofn the defect concentration due to a release of residual impu-
thermal quenching of photoconductivity into the low- rities from complexes. The effect of the shock wave on the
temperature region with a change in the dark current in thelectrical and photoelectric properties of the crystals depends
less defective ZnSe-2 crystals after passage of the first shoda the original defect state of the material.
wave may be due to a restructuring of these centers. This is
indicated by the distinct appearance of a high-temperature
peak in the thermally stimulated conductivity spectrum after*) I ) ) _
passage of the first shock wave. Growth of the photocurrent= M@l Paildulla@class.semicond kiev.ua; Phoi3&044 265 1875
(relative to its initial valug the appearance of a temperature
dependence of the dark current, activation regions in the
temperature dependence of the photocurrent and the ther-
mally stimulated conductivity at high temperatures after pas-!A. Bardullaeva, A. I. Vlasenko, Yu. V. Vlasenko, B. K. Dauletmuratov,
sage of the second shock wave may be due to the appearancend P. E. Mozol', Fiz. Tekh. Poluprovodg0, 1438(1996 [Semiconduc-
the crystal. According to the data in the literature, residualsy, n. Nikiforov and V. A. Yanushkevich, Fiz. Tekh. Poluprovodis,
copper impurities are responsible for the level appearing af- 534 (1980 [Sov. Phys. Semicond.4, 496 (1980)].
ter passage of the second shock wave. In this case the irﬁ-V-_ A. Yanushkevich, Fiz. Khim. Obrab. Mater., No. 5(8975.
crease in the concentration of these centers may be due to th%'g:é(?&eigéo”'s'on Phenomeneited by V. N. Nikolaevski (Mir,
release of residual impurities from clusters as the shock wavey, v Borshch, P. E. Mozol' 1. I. Patskun, and I. V. Fekeshgazi, Fiz.
passes through the crystal. The decrease in the photoconducFekh. Poluprovodn16, 339 (1982 [Semiconductord6, 213 (1982)].
tivity in both groups of crystals after passage of the second' V- A. Korotkov, L. V. Ma_llikpva, ar*_nd G. P. _Grin'koPhysics of Semicon-
shock wave is possibly also connected with damage to the 4Uctors and Insulatorsishinev, Fiz. Nauki, 1982.
crystals. Translated by Paul F. Schippnick
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Effects of heavy p doping on the polarized emission spectra and low-temperature
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The optical orientation of electron spins in heavily doped, strained GaAs/GaAsP layers with a
deformation-split valence band is studied experimentally. The observed polarized
luminescence spectra and polarized photoemis@tattron emissionspectra are shown to be
described well by a model which allows for smearing of the edges of the bands by the

fluctuation potential due to impurities, degeneracy of the carriers at low temperatures, and indirect
electron—phonon optical transitions. The dominant mechanism of electron spin relaxation in
strained layers is found to be the Bir—Aronov—Pikus mechanism. The parameters of the fluctuation
potential and the parameters governing carrier spin relaxation are determinetb9®

American Institute of Physic§S1063-7829)00711-5

INTRODUCTION the Moss—Burstein effect so that near the edge transitions
from the detached light-hole subband become important.

The effect of heavy doping is observed in semiconduc-  The change in the dominant mechanism as a result of
tors in kinetic phenomena, by virtue of the sharp decrease afoping is accompanied by a dramatic change in the mean
the contribution to the mobility from carriers below the mo- spin of the excited electrons, which is manifested in dramatic
bility threshold, and in the optical absorption and lumines-changes in the polarization in the polarized luminescence
cence spectra as a consequence)aiairowing of the band  spectra and in the polarized electron emission spectra. This
gap, 2 smearing of the band edges, andcBanges in the effect, predicted in Ref. 7, was observed in the polarized
optical matrix elements of the transition. luminescence spectra of directed layéfsand quantum

In the optical spectra the enumerated effects of dopingvells!*
are hard to separate. This leads to ambiguity in the interpre- The dependence of the electron polarization on the exci-
tation of the experimental resultsee the discussion about tation energy in the directed layers, by virtue of its dramatic
the magnitude of the narrowing of the band g&pnd the variation, is very sensitive to peculiarities of the edge ab-
mechanism of edge absorptfoh. In p-doped materials, sorption associated with the position of the Fermi level, fluc-
there are additional difficulties in the interpretation andtuation smearing of the absorption edge, and Coulomb inter-
analysis of the spectra, associated with the complex structurgction effects. A study of polarization spectra can therefore
of the valence band and the acceptor stites. be used to obtain information about these effects.

New possibilities for studying the effects of doping have In the present paper we report the results of an experi-
appeared in directed layers with a split valence Bamd¢on-  mental study of the effects gf doping in polarized low-
nection with studies of the optical orientation of the carriers.temperature luminescence spectra and the spectra of polar-
The interest that has been shown in these studies is coired emission of electrons to vacuum. A comparison of the
nected with the use of directgeidoped structures to create experimental spectra with the calculated spectra makes it
lasers and spin-polarized electron emitters. possible to estimate the structure parameters and the param-

Depending on the symmetry of the states of the valenceters of the fluctuation potential, and to elucidate the mecha-
band, during optical excitation of electrons from the heavy-nisms of electron spin relaxation.
hole subband by circularly polarized ligfdf negative helic-

ity) near the absorption edge the polarization of the eXCite(Ij\/IEASUREMENT PROCEDURE AND EXPERIMENTAL
electronsP, ¢, turns out to be close t®. =1 (i.e., the

Co ; RESULTS
mean value of the projection of the electron spin onto the

direction of the outer normal to the film surface is opposite ~ We investigated strained GaAs and GaAg#, layers of
the direction of the angular momentum of the exciting pho-thicknessd=0.12—-0.15um, grown on GaAs ,P, buffer
ton, which isS,=1/2). Excitation from the light-hole sub- layers by vapor-phase epitaXghemical vapor depositign
band produces electrons with oppositely directed spin. from metallo-organic compound$MOCVD) with x=0
For a large enough hole density the edge absorption-0.05 andy=0.28-0.32. To obtain uniformly strained lay-
from the heavy-hole subband is shifted as a consequence efs on(100) GaAs substrates, we grew a GaAgP, transi-

1063-7826/99/33(11)/6/$15.00 1182 © 1999 American Institute of Physics
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tional layer with a smoothly increasing phosphorus concen¢type-2 sample The shift in the spectruniby ~50 me\)
tration (to match the lattice constants of the substrate and thato the higher-energy region is a result of the phosphorus
buffer laye) and a  sequence of layers content of the layer and corresponds to the observed shift of
GaAs sPo 45— GaAg gPp 15 (Ref. 12; the buffer layer and the spectra of polarized electron emission. Note the smearing
the strained layer werg-doped with Mg impurity, N,  of the luminescence lines, the lower polarization at the maxi-
=(0.8-3)x10"®cm™3. An arsenic coating was deposited mum of the luminescence line, and the absence of a dip in
on the surface of the layers to protect them from adsorptiothe excitation spectrum, all attributable to the greater inho-
of impurities and oxidation. We examined the polarized lu-mogeneity of the structure.
minescence spectra and luminescence excitation spectra at Figure 2 plots the spectral dependence of the quantum
liquid-helium temperature. In addition, we measured at roonyield and the polarization of the emitted electrons for a
temperature the spectral dependence of the quantum yiefslpe-2 sample. The maximum value of the polarization
and polarization of the electrons emitted to vacuum. To ob{P.m=86%) was reproduced in a number of samples after
serve photoemission, the atomically puiter heating in  repeated cycles of surface activation, including extended
vacuum toT=600°Q surface of the strained layer was ac- (one-houy heating at 600 °C. The excitation energy corre-
tivated by deposition of G®) until a negative electron af- sponding to maximum polarization of the emitted electrons
finity was obtained. was# wy,,=1.505eV. The quantum yield of photoemission
The low-temperature =4 K) luminescence spectrum (€lectron emissionat the excitation energy wmay is sensi-
of the strained GaAs/GafsP,,g layer (type-1 sample tive to the particular features of the surface activation and the
with excitation energy 1.7 eV is shown in Fig. 1a. The pointsquality of the vacuum. It changed upon reactivation, reach-
in this figure plot the luminescence polarization at theiNd Yma=0.1% under optimal conditions. The high value of
maxima of the two emission line&orresponding to edge the electron polarization observed is evidence of preservation
emission and emission during recombination at a shallovin the layer of a uniform, strongly deformed state, and the
acceptor levelas a function of the excitation energy. The high value ofY ., indicates that a negative electron affinity
observed additional line, shifted toward longer wavelengthswas obtained and that a high-quality (O$ activating layer
can be assigned to luminescence from the space charge as formed.
gion near the surface. The extremely small widfbr the
given level of doping and deformation of the layeo§ the
luminescence lines testifies to the high degree of structuraPECTRAL DEPENDENCE OF THE POLARIZATION
perfection of the strained layer. The abrupt falloff of the FUMINESCENCE AND THE PHOTOEMISSION

polarization is connected with the threshold for excitation |, the strained heavily doped layers examined by us the
from the detached light-hole band. The dip in this depen-, '

A ! ' i energy relaxation time of the optically excited electrons
dence, by virtue of its relatively large width, cannot be eX-amounts to fractions of a picosecotidwhich is much less

plained as an exciton effect, but is rather connected with thg,,, the mean transport time of the carriers to the surface and
Moss—Bursteln effect and the partial suppression of excitag,q spin relaxation time. Therefore, the luminescence excita-
tion from the hea\{y-hole subband. o . tion spectrum and the emission spectrum reflect mainly elec-
The energy mteryal between t'he emission !lne atyon polarization in the conduction barf. (%) at the
1.545eV and the position of the dip in the polarization en-j,giant of excitation, which in turn is determined by the mean

ables us to estimate the magnitude of the deformation splityqctron densityn (1)) and(n (r,%i®)) in the two spin
ting of the valence band sr~40 meV. This estimate of the i,ia5 of the conduction band:

splitting coincides with the value obtained by comparing the
luminescence polarization spectra, and also the polarization P o (hiw)= (ni(r,iw))—=(n(r,iw))
spectra of the emitted photoelectrons, with the calculation c.eX @ (ni(riw))+(n (rhw))’
presented below. . .
: . o . The observed edge luminescence comes from the transition
For a higher doping level it is possible to observe polar-

ization of the emitted radiation close to zero, and even éo the optical heavy-hole band, and the circular polarization

change of sign in the polarizatidrt! Note that the shape of of the emitted radiatioriluminescencePy,n, (in the Faraday

the polarization spectra is completely similar for both "nesyge_omet.ry is proportional to th_e mean valge of the degree of
orientation of the electrons in the working layer. Electron

emission into vacuum occurs from the space charge region at

She surface. Therefore, polarization of the electrons emitted

heavy-hole subband are evidence of a somewhat larger 'meirﬁto the vacuurmP,. is determined by the degree of orien-

band recombination ratelln_ comparison .Wl.th recombmauon{ation of the electrons that have arrived at the surface. The
at an acceptor center. This interpretation is in accord with the

magnitude of the polarization difference-6%) in the ex- quantitiesP,y andPen,; are proportional to the electron po-

citation region above the threshold of absorption from thelanzauon under excitation,

light-hole subband by virtue of the lowdclose to 50% Pum(fw)=B|PRiRTR; i ),
electron polarization for excitation in this energy region. B

For comparison, Fig. 1b plots luminescence spectra and Pem(fi®)=BsRoRrPe e ), 2
luminescence polarization spectra of a where the coefficienB, is governed by the degree of depo-
GaAs _,P,/GaAs_ P, layer with x=5% and y=32% larization of the radiation emitted from the sample, the

D
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FIG. 1. Photoluminescence spectsalid curves; arrow indicates excitation energnd dependence of the luminescence polarization on the excitation energy
(plotted as data points for the emission lines marked by ajrofes the structure GaAs/GaAsR) and the structure Gapgs os/GaAs 78032 (D),

T=4.2 K; dashed curves — result of calculation of the polarization spectra for the parameter values shown in the table. The inset shows the band structure
diagram of a100) GaAs film compressed in thHd00) plane. The vertical lines indicate thresholds of direct optical transitions from split states of light holes

(Ey) and heavy holesK,, E;) of the valence band to states of the conduction b&hdis the Fermi energy.

coefficientBg governs the loss of electron polarization due toworking region. It is important that the coefficierss and
electron relaxation in the space charge region and their emi®,, and also the factor®; andR,, do not depend on the
sion into the vacuum, the fact®; describes spin relaxation excitation energy. The dependence of the luminescence ob-
of carriers during thermalization, and the fact®sandR, servation functionP, on the energy of the emitted photons
describe spin relaxation of the thermalized electrons in theoincides with the dependence Bf (% w) on the excita-
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o [ where 7, is the time it takes an electron to emit an optical
E phonon with energyi () andE, is the binding energy of an
L 480 acceptor. The quantity 4/, is proportional to the acceptor
concentration and can be expressed in terms of the spin—spin
10" L exchange interaction constdfitSince 1fs varies in a com-
; plicated manner in a heavily doped, strained layer, this quan-
tity was assumed to be a parameter of the calculations.
Steady-state values af andn; can be found by solving
the diffusion equatiol with allowance for spin relaxation of
thermalized electrons, diffusion of electrons toward the sur-
face, and their capture into the space charge region and at the
heterojunction. For a thin working layer of thickness
d<L, l/a (wherelL is the diffusion length, andx is the
optical absorption coefficienthis gives

40

Quantum yield, %
3
T
1
Polarization, %

-

(=)
&
T

1 A 1 " L. i n L " R — 5
1.4 1.6 1.8 2.0 22 12 : ®)

Photon energy, eV ) ) ) ) )
where7} is the spin relaxation time of the thermalized elec-

FIG. 2. Spectral dependence of the quantum y¥(d w) and polarization  trons in the working layer; the quantities
of the emitted electron®,,(A ) in a p-doped structure with a strained

GaAs o005/ GaAs 78 32 layer, T=300 K. T1o=[d/ (S o+ Sp) + dZ/D]

govern the escape time of the electron from the working
layer,S, ,is the surface recombination rate in respectively an
tion energy** Near the edge of the interband transitions inunactivated sample and activated samfjgis the recombi-
the strained layer both quantities are close to unity. nation rate at the heteroboundary with the buffer layer,2and
The quantitiesn; andn, in Eq. (1) are proportional to is the diffusion coefficient. The surface recombination rate in
the sum of the probabilities of the optical transitidnlgfﬂ activated samples is generally higher than in the unactivated
with excitation of electrons to the states=1,| of the con- samples used in the luminescence measurements>se,.

duction band from different state} n with total angular The quantum yield of photoemissiofn7 w) is defined
momentumJ= 3/2 of thehh andlh subbands of the valence in terms of the total concentration of electrons and n
band. excited into the two spin states of the conduction band,

The resulting electron polarizatioR (7 ») is deter- ~ which is proportional to the total absorption coefficient
mined by the contribution of transitions from the light-hole Accordingly, for a thin layer we havé
and heavy-hole subbands. For an undoped semiconductor,
the particular features of the calculation of the spectral de- y=B (1-R)ad S2 , (6)
pendenceP (% ) for direct optical transitions from a split S+ Sy 772

valence band to the conduction band are given in Ref. 1yhere R is the reflection coefficient at the excitation fre-
Features of the polarization spectrum due to he®Aype)  quency,r is the lifetime, and the coefficier®, is equal to

doping were discussed in Ref. 7. the ratio of the flux of electrons emitted to vacuum and the

lated with allowance for the multistep nature of the kinetics  gmearing of the band edges due to the tails of the den-

of spin relaxation, recombination, and escape of electrongty of states leads to a change in the spectral dependence of
from the working layer to its boundaries£0,d). The de-  the apsorption and the mean electron polarization at the in-
crease in the polarization due to spin relaxation during therstant of excitation. It can be taken into account by averaging
malization of electrons is descrlbec_i by the dependence of thge quantities; andn; over the fluctuations of the random
factor Ry on the energy of the excited electréhs potential of the electrons and holes. The results of such a
E de 7~ calculation depend on the mechanism for the appearance of
€ ®) tails of the density of states of the bands. The results of
calculations for a series of models of band tails were com-
. . . pared with experiment.
HereE_ls th‘_e energy of th_e exmted_electron‘;‘_,ls the energy A large-scale potential, which is attributable to local
relaxation time, and(e€) is the spin relaxation time. If the : . . .
i . o fluctuations in the concentration of ionized acceptors, and
Bir—Aronov—Pikus mechanism is assumed to be the domi- . - :
. ) - which leads to a parallel random shift of the edges of both
nant mechanism of energy relaxation due to emission of op; . . . . .
tical phonons® the quantityd takes the form ands, arises in heavilg-doped structgres. This pote_r_1t|al
' can be taken into account by averaging the probability of
7o E32— (3KT/2)%2 excitation over the distribution of fluctuations of the hole
— 4 ermi level: Another form of smearing of the interband ab-
ph Fermi level® Another f f f the interband ab
sorption edge arises in the presence of a random potential

T

Rr=exp(—®P), <I>=J

kT2 € To(€)

70 AQVE,
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TABLE |. Parameters of strained doped GaAs and GaAsP layers, recon- — T T T T T T T
structed from the luminescence and polarized-electron emission spectra.

Samples 1 2 SLAC-1
0 e
T,K 4 293| 4 293| 12ARef. 9 293(Ref. 10 107
Eg. eV 154 146/ 1.62 1505  1.585 1.455
A get, MV 43 43| 40 40 50 50 N E N
Yin » MeV 5 18| 13 20 16 26 5 =
Yhn, MeV 7 19| 16 21 18 28 S §“
S, 10° cmi/s 2 100 5 100 1 10 210°F =
Ts, PS 200 23| 143 27 100 80 g N
By <+ 0.05| - 02 0.15 § g
Na, 108cm™ | 1.7 23| 3 4 4 5.6 S| 3 3
S A
10°F
field in the sample, leading to fluctuations of the width of the
band gap. Such a potential arises in heavily dopdgipe 3
semiconductors with a small electron-to-hole mass ratio as & R R S S S
result of the small size and small capacity of the electron 140 145 150 155 160 165
tails. In this case, fluctuations of the width of the band gap Photon energy, eV

are governed by the tails in the valence band.

In the region near the absorption threshold, where tthG_. 3. Spectral depgndence of the quantum y¥ekhd polarizatio_n of the
initial and final electron states are comparatively large-scale oo eleCtron®en in the structure GaAgdhos/ Gars, sz with the
p y larg Strained layer near the absorption edgeintg, T=300 K. The solid curves

fluctuations of the potential can be taken into account in thevere calculated using the parameters listed in the table. The dashed curve
semiclassical approximation by averaging the transitiorplots the polarization calculated without account of the contribution of in-
probabilities over a Gaussian distribution of fluctuations ofdirect ransitions.

the band gap, so that

(Wi”‘)=j Wi (Eq+V) f(V)dV, (7) The second calculated curve, which is shown in Fig. 1a
o and which corresponds to recombination via acceptor states,
1 V2 was obtained using a larger value of the lifetire (7/7*
f(V)= exp( - =, 8 =0.6) with all the other parameters of the sample the same.
N2y 2 Results of our comparison of the experimental and cal-
where y; are the tail parameters of the heavy-hole=fih) culgteq spectral depeqder_mes of the quantu.m yield of photo-
and light-hole {=1h) bands. Comparison of the results of €Mission and polarization of the emitted electrons
these calculations with experiment points in favor of this(T=300K) in the absorption region of the working layer are
type of tail model. The remaining types of models of theshown in Fig. 3 for a type-2 sample. The parameters of the

fluctuation potential usually considered lead to results thaf@MPI€s, determined from a comparison of the experimental
are in poorer agreement with experiment. and calculated dependences, are given in Takle particu-

lar, L=10"*cm, D=50 cn¥/s, andS, = 10° cm/9 were cho-
sen in line with their characteristic values for photocathode
DISCUSSION OF RESULTS AND PARAMETERS OF THE structu.resg. . " _—
FLUCTUATION POTENTIAL Spln relaxation under condmong of thermalization of
carriers also turns out to be substantial at room temperature,
Experimentally obtained spectral dependences were usethd leads to a decrease of the polarization with growth of the
to determine the parameters of the photoemitter structuregxcitation energy. An alternative mechanism of polarization
Results of calculations of the luminescence polarizatioross(which could be identified in experiments recording po-
spectra for the two investigated samples are represented lgrization of hot electrons and polarized emission resolved in
the dashed lines in Figs. 1a and 1b. Values of the main panergy consists in excitation of electrons with opposite spin
rameters of the samples giving best agreement with experfrom the fluctuation states of tails of an extended transitional
ment are given in Table I. Equatiogd) is used to describe layer on the back side of the working layer.
the decrease in the polarization of the luminescence line with  In comparison with the low-temperature values of the
growth of the excitation energy in the region of high excita-parameters inferred from the luminescence spectra, the de-
tion energies for typical parameter values;,=0.15ps, gree of smearing of the band gap is markedly increased.
70 =36.9meV, E,=17meV, and 7,,=60ps. Thus, in The emission spectra make it possible to determine the
strained layers at low temperatures and high acceptor corpolarization of the electrons excited by radiation with energy
centrations, the BAP mechanism, which is attributable to thdess than the mean value &;. The steep falloff of the
electron—hole exchange interaction, is the dominant mechasolarization observed may be due to an increase in the es-
nism. cape time of the electrons excited into the tails of the con-
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duction band from the working layer to the surfage., a thin layers of GaAs and GaAsP shows that the observed
decrease ilR,) and to a lower degree of polarization of the spectral features are well described within the framework of
electrons at the moment of their creation. Calculations andhe diffusion model.
comparison with experiment show that the magnitude of the An important mechanism for the decrease of electron
electron tails of the density of states is small, which points inpolarization when they are excited into the tails of the den-
favor to the latter mechanism of the polarization falloff. sity of states near the absorption edge is loss of polarization
The polarization of the electrons when they are excitedat the instant of excitation, determined by the contribution of
near the interband absorption edge and below it is detelindirect transitions with participation of optical phonons.
mined not only by direct interband transitions, but also byWith growth of the excitation energy, we see a decrease of
transitions with absorption of optical phonons, with a virtualthe polarization, which indicates that the Bir—Aronov—Pikus
transition of a hole to an intermediate state of a heavy-holenechanism is the dominant mechanism for spin relaxation.
band or a detached light-hole band. Such transitions lead to Comparison of calculation with experimental data al-
population of both states of the conduction band and a sudewed us to determine the deformational splitting of the va-
stantial decrease of the polarization of the electrons at thkence band, the carrier concentration, the tail parameters of
moment of their creation. In addition, these transitions altethe bands, and the parameters governing carrier spin relax-
the absorption spectrum in a doped lay@nd hence the fre- ation.
quency dependence of the photoemission quantum)yiield This work was supported by the Russian State Program
the region of the tails. “Surface Atomic Structures”(Grant No. 2.6.99 and the
Results of calculation of the polarization of emission andRussian Grant “NanostructuregGrant No. 97-1091L
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are shown in Fig. 3.
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and calculated dependences it is necessary to allow for nar-
rowing of the band gap due to doping, which for a type-1
sample amounts to roughly 0.03 eV at low temperatures and
~0.01eV at room temperature. B. I Shklovski and A. L. Efros,Electronic Properties of Doped Semi-
“The shape of the emission spectraiar=E, is sensi- e0eomSImOT g e b |
tive to the behavior of the absorption coefficient in this re- pojyprovodn24, 1848(1990 [Sov. Phys. Semicon®4, 1151,(1990];
gion, i.e., to the form of the tails of the density of states. O. V. Konstantinov, O. I. Obolenskiand B. V. Tsarenkov, Fiz. Tekh.
Calculation using Urbach tails, tails of the Gal'perin—Lax 320'895(;2‘1;”9&1"3 57Jlggslzo[:egﬁgfgggogj&g(1119(9l7>9]éa
mode!, and the model in Whlch smearing of the _absorptlomA: A Klochichin,.PHys. Rev. B52, 10 979(1995. ' '
edge is due to local fluctuations of the hole Fermi I&aek 5H. S. Bennet and J. R. Lowney, Appl. Phg®, 521 (1987.
in noticeably poorer agreement with experiment. The differ- °A. Balderesci and N. O. Lipari, Phys. Rev.8 2697 (1973; Phys. Rev.
ence in the parameters characterizing the samples at the tw 9 1525(1974.

measurement temperatures is in reasonable agreement with" V. Subashiev and E. P. German, froceedings of the International
p g ymposium “Nanostructures: Physics and Technolo¢$t. Petersburg,

their expected temperature dependence. Russia 199, p. 130; E. P. German and A. V. Subashiev, JETP |Gt
According to the calculated results, emission of electrons 909 (1997.

into vacuum from the space charge region is accompanied byA: V- Subashiev, Yu. A. Mamaev, Yu. P. Yashin, and J. C. Clendenin,
Phys. Low-Dimens. Semicond. Strudt2, 1 (1999.

minimal polarization losses, which do not exceed 28g ( °R. Mair, A Polarized Photoemission Study of Strained-La@ais Pho-
=0.98). tocathodes SLAC—Reprint-4481996.

We carried out analogous calculations for the low-'°T. Maruyama, E. L. Garwin, R. Prepost, and G. H. Zapalac, Phys. Rev. B

. . . 6, 4261(1992.
temperaturg luminescence data and polarlzed emission dai . Wongmanerod, P. O. Holtz, K. Reginski, B. Sernelius, B. Monemar, M.
presented in Refs. 9 and 10. The photocath_ode structure paBugajski, O. Mauritz, and M. Godlewski, iRroceedings of the 24th In-
rametergSLAC-1) recovered from a comparison of the cal- ternational Conference on Physics of Semiconductd-Aviv, 1998
culated spectra with the experimental data of Refs. 9 and 1Q(World Scientific, Singapore, ;998 - .

; ; ; Yu. A. Mamaev, Yu. P. Yashin, A. V. Subashiev, M. S. Galaktionov,
are listed in the taple..'l_'he parameter values determined bY USB. S. Yavich, O. V. Kovalenkov, D. A. Vinokurov, and N. N. Faleev,
correspond to a significantly greater acceptor concentrationphys. (ow-Dimens. Semicond. Strug. 27 (1994).
than in our sample&f types 1 and R(which is in line with  **D. N. Mirlin and V. I. Perel’, “Hot-Electron Photoluminescence under
the data presented in Refs. 9 and add similar values of CW Pumping.” in Spectroscopy of Nonequilibrium Electrons and Pho-
the remaining parameters. This testifies to the similar quality tlogngszegn;ggby C. V. Shank and B. P. Zakharcher(orth-Holland,
of the samples and the reliability of the chosen calculational4y; | ’D’yakonov and V. I. Perel’, Zh. Esp. Teor. Fiz60, 1954 (1971

model. [Sov. Phys. JETB3, 1053(1971)].
15G. L. Bir and E. L. Ivchenko, Fiz. Tekh. Poluprovod®, 1300 (1975
[Sov. Phys. Semicon®, 1275(1975]. i
18G. L. Bir, A. G. Aronov, and G. E. Pikus, Zh.k8p. Teor. Fiz67, 1386

(1979 [sic].
CONCLUSIONS 17B. D. Oskotskij, A. V. Subashiev, and Yu. A. Mamaev, Phys. Low-

Our study of polarized luminescence spectra and polar- D'mens: Semicond. Struct/2, 77 (1997).
ized electron emission spectra in strained, heavily dopediranslated by Paul F. Schippnick



SEMICONDUCTORS VOLUME 33, NUMBER 11 NOVEMBER 1999

Deep-level transient spectroscopy of radiation-induced levels in 6H-SiC
V. S. Ballandovich

St. Petersburg State Electrotechnical University, 197376 St. Petersburg, Russia
(Submitted April 1, 1999; accepted for publication May 19, 1999
Fiz. Tekh. Poluprovodr33, 1314—-1319November 1999

The methods of capacitance and current deep level transient spectroscopy are used to investigate
single crystals of Lelin-SiC(6H) irradiated by 5-MeV electrons at doses of*40

—10"®cm2. Eleven deep levels belonging to the resulting radiation-induced intrinsic defects

were observed in the energy range 0.18—1.44 eV from the bottom of the conduction

band. Isochronous annealing of various samples showed that most of the observed defects were
stable up to a temperature 6f1000 °C. In addition, annealing of a deep level with

ionization energyE;=0.48—0.53 eV was observed in the temperature range-250 °C. It is

believed that this center is caused by a vacancy in the carbon sublattic&99®

American Institute of Physic§S1063-7829)00811-X]

Silicon carbide, by virtue of its unique physical and els, since the relative width of the DLTS peaks correspond-
chemical properties, is an attractive material for makinging to them decreases. An additional advantage of this
high-reliability electronic devices. In particular, its high sta- method is its low sensitivity to changes in the series resis-
bility against irradiation ensures that devices based on it catance of the sample, a matter of no small importance in view
operate at high radiation levels. The characteristics of suchf the strong dependence of the resistivity of SiC on tem-
devices under these conditions will be for the most part deperature.
termined by the presence of electrically active structural de- In this paper we describe our studies of radiation-
fects induced in the material during irradiation. Therefore,induced deep levels in-SiC single crystals using capacitive
the parameters of these centers, the conditions under whignd current DLTS. We paid particular attention to low-
they appear, and their annealing are of considerable interegemperature annealing of radiation-induced defects in light of
A further stimulus for the study of these questions is the usg¢he information published in Ref. 3. We discuss how low-
of ion doping technology to create various structural eletemperature annealing affects the DLTS spectrum of irradi-
ments based on SiC. ated SIiC crystals, taking into account the results of ESR

A method for determining the parameters of deep levelstudies of primary defecf
that is especially popular these days is deep level transient
spe_ctr_osc_opy(DLTS).l U?e .Of this method to stu_dy_ SAMPLES AND EXPERIMENTAL METHODS
radiation-induced defects in SiC has revealed that irradiating
silicon carbide with high-energy particles leads to the forma-  In our studies we used single crystals of LelH&SiC
tion of a large number of intrinsic defects with energy levelsdoped with nitrogen. Initial concentrations of weakly com-
located in the upper half of the band gap. The parameters gfensated donors in our samples, as derived from capacitance-
these centers have been enumerated in Refs. 2—4. Howevenltage characteristics, were in the rangex B°—8
despite the accumulating experimental material, many ques< 10'”cm™2 The samples were separated into three groups
tions remain open regarding the identification of radiation-and irradiated with 5-MeV electrons at doses ot%a0",
induced deep levels, their energy positions, charge stateand 168cm™2. Electron bombardment is the most conve-
etc.; therefore, the need for continuing investigations in thimient way to create point defects, since the concentration of
area remains. induced centers is relatively small and uniformly distributed

In the overwhelming majority of papers devoted to deepover the crystal volume. Because the samples were attached
levels in silicon carbide, the signal that records the DLTSto a cooled copper holder with low-temperature solder, their
spectra comes from capacitive relaxation gi-an junction  temperature never exceeded 50 °C in the course of the irra-
or Schottky barrier. However, it is well known that many of diation, after which the solder was removedTat 75 °C.
the radiation-induced deep levels in silicon carbide haverhe characteristics of these samples are presented in Table I.
similar ionization energies, so that DLTS spectra of irradi-  Before irradiation, Cr—SiC  Schottky barriers
ated crystals obtained by capacitive DLTS consist of broad ¢=0.5mm) were grown on the crystals, starting with an
bands formed by overlapping peaks, which hinders the proall-carbon crystal surface. The measurements were made in
cessing of the results. In this case, DLTS spectra obtained iyie temperature range 85-650 K. A reverse bias of 3-5 V
measuring current relaxation can be more informative. Sincevas applied to the barrier, and the traps were filled by de-
current signals are the first derivative with respect to time ofcreasing this bias to 0 V. The duration of the filling pulses
the change in space charge, current DLTS makes it possiblgas 1 ms. The ionization energy and capture cross section of
to improve the energy resolution of closely spaced deep lethe centers under study were determined from Arrhenius

1063-7826/99/33(11)/5/$15.00 1188 © 1999 American Institute of Physics
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TABLE |I. Irradiation dose and starting concentration of uncompensatec
donors in the test samples.

Radiation dose, ci?

10' 1047 10t ar
Sample Np—Np, Sample  Np—Na, Sample  Np—N,, .

10%cm3 107 cm3 10 cm 3 g
~
elé-1 8.0 el7-1 0.55 el8-1 7.3 ;
el6-2 3.1 el7-2 2.3 el8-2 3.0 2
el6-3 4.6 el7-3 1.9 el8-3 4.6 s
el7-4 3.9 a
~

el7-5 2.3 RS

plots. In making these plots, the “discrimination window”
was varied from 6.%10°s! to 67x10*s ! for current
DLTS, and 1.6X10°s ! to 9.19x10*s ! for capacitive
DLTS. In the temperature range 85-500 K we mostly usec :
current DLTS. At higher temperatures, where recording cur- 4 150 2270 31;0
rent DLTS spectra becomes difficult due to increasing leak 7, K

age current, the deep-level parameters were determined from

capacitive measurements. The DLTS spectra were measur&lp- 1- DLTS spectra for samplel6-1 irradiated with electronsE(

. " =5 MeV) at a dose 1§cm=2 and annealed in the temperature range 75
for 7,=1.49 and 10.88 ms in the current and capacitive re- ) ° ' peraiu 9

1 ” —250°C. Measurement methodd—4— current DLTS, 7,,=1.49 ms;

laxation regimes. The spectra of current DLTS were reduced _capacitance DLTS, r,,=10.88 ms. Anneal temperaturd,, °C:

to the formJo/AW, whereJ is the initial current density 1,1'—75, 2—150, 3— 200, 4—250 K. Dependences’, 1—4are denoted

through the barrier at the maximum of the DLTS peak andy: 1.1'—solid curves, 2—dotted curve,3—dashed curve4—dotted-

AW=W(V)—-W(0) is the change in the width of the space- dashed curve.

charge region at the instant the filling pulse passes through it.

In order to study the thermal stability of the induced

defects, the samples were subjected to isochronous 10-mfi/e to two centers, labelefl; /E,, with similar ionization

anneals up to a temperature of 1600°C. In the range 10energies. It is difficult to resolve the energy positions of

—500 °C they were annealed in vacuum while in the cryostathese centers when recording DLTS spectra in the capacitive

of the measurement apparatus. All spectra in this temperatufélaxation regimesee the curvd’ in Fig. 1); therefore, the

range were measured using the same barrier structure, alloy@nization energy reported in the literature is an average of

ing us to eliminate the effects of spatial nonuniformity of the both centers. Based on data from various sources in which

crystal properties on the measurement results. At higher tem> corrections were used, this amounts to 0.35-0.39:&W.

peratures the crystals were annealed in a special graphité clear from Fig. 1 that the resolution of pedksandL, is

furnace in an argon atmosphere. In this case the barriers weg#eatly improved by recording the DLTS spectra in the cur-

first removed and then re-made after each annealing stagefent relaxation regime, making it possible to determine the
following values of the ionization energies of the centers:

(0.37-0.40 and (0.40-0.44 eV. Here and in what follows,
the data are presented as pairs of numbers in parentheses,
Figure 1 shows current DLTS spectra of one of thewhere the first number is derived by assuming that
n-SiC(6H) samples irradiated with electrons at a dose of=const, the second by assuming that-T 2. These num-
10cm2 and annealed in the temperature interval 75bers are average values calculated from the results of mea-
—250°C. For comparison, we also show a DLTS spectrunsurements in various crystals. Scatter in the experimental
of this sample measured in the capacitive relaxation regimdata for each deep level did not excee&%. The peak ¢
(curvel’). was previously observed by the authors in Ref. 5. Capacitive
Two features usually dominate the low-temperature pormeasurements imply that the position of the deep level cor-
tions (T=<300K) of DLTS spectra taken from irradiated responding to this peak w&s.—0.44 eV. This peak appears
single crystals oh-SiC(6H) that are not subjected to special only in DLTS spectra of those samples for which barrier
annealing(the solid curves in Fig.)L One is a wide band structures were created before irradiation. The results of our
consisting of two overlapping peaks andL, with maxima  current DLTS measurements imply that the ionization energy
near 200 and 220 K, respectively, and an isolated peak def the center corresponding to the pelak equals(0.48—
noted byLg. The bandL;—L, is well known from the ear- 0.53 eV.
liest publications on radiation-induced defectt8iC(6H) A commonly encountered question is: to what extent do
crystals irradiated by electrons and investigated by DI'fS. the results of capacitance and current measurements corre-
In Ref. 7 this band was assigned to a le#gl—0.35eV. spond to one another? In order to answer this question, we
Zhanget al® showed that this band had a structure and wasnade comparative measurements on samples whose DLTS

RESULTS OF EXPERIMENTS AND DISCUSSION
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FIG. 2. Arrhenius plots for two deep levdlg andLg in 6H-SiC, plotted on
the basis of measurements of current-DLTS speoéid curve$ and ca-
pacitance DLTS spectr@ashed curvgs The corresponding activation en- . i |
ergies are printed next to the straight lines. 0 100 200 300
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spectra contained well-expressed isolated peaks. Figure PG: 3. Cument-DLTS spectrark=1.49 ms) of sampl@l18-1 irradiated
shows Arrhenius plOtS for Ievels4 andLG, using data from by electrons E°=5 MeV) at a dose 1’6cmo .and annealed in temperature

i a range 75-250 °C. Anneal temperaturg,, °C: 1—75, 2—250.
current DLTS spectrdsolid curve$ and capacitive DLTS
spectra(dashed curvgs Comparing the results, we note that
the activation energyshown in Fig. 2 and capture cross energy 0.42—0.46 eV appears in the neighborhood of 242 K.
section of the deep levels calculated from capacitance medn the majority of cases the pedék is observed as a “shoul-
surements are as a rule somewhat smaller than the same mker” on the high-temperature slope of bahd—L,. The
rameters obtained from current DLTS spectra. An analogoumtensities of the two signals that make up pebksL s are
difference was observed in Ref. 9 in investigations of deepelated to one another in arbitrary ways in different samples.
levels in light-emitting diodes made fromH6 SIiC. The rea-  This indicates that all three levels belong to different centers,
son for this discrepancy is probably the nonexponential nawhose relative concentrations depend on the individual fea-
ture of the transient process, which is rather typical of silicontures of the crystal. Pedk; disappears completely when the

carbide. samples are heated to a temperature of 250 °C. Subsequent
Increasing the radiation dose leads to broadening of thannealing of these crystals at temperatures in the range 250
DLTS spectra; in this case, the bahg—L, can merge ei- —500°C produces no further significant changes in the

ther partially or completely with peakg (Fig. 3). The ob- DLTS spectra near the bahg,—Ls.
served broadening of the DLTS peaks allows us to assert that High-temperature annealing of point defects in SiC has
when the concentrations of radiation-induced defects arbeen observed by a number of authors who used electron
large, the energy states corresponding to them are not dispin resonancéESR and positron diagnostics to investigate
crete but rather are distributed in some way over the bandilicon carbide irradiated by nuclear partichs!%! These
gap. Measurements show that the rate of filling of deep levauthors established that simple point defects, i.e., Frenkel
els slows down with increasing irradiation. The total concenairs and single vacancies, are annealed out in the range
tration of defect leveld ;3 and L, in samples irradiated at 100—-750°C; i.e., the thermal stability of these defects in
doses of 18, 10" and 138cm 2 are found to be in the SiC is considerably higher than in other diamond-lattice
ranges (3-5)x10% (2—-4)x10% and (5-8) semiconductors. Vacancy associates and impurity-defect
X 10'%cm™3, respectively. The concentrations lof centers  complexes have characteristic annealing temperatures that
in samples from the same groups were—(@)x 10, (1  exceed 100°C. Judging from these data we may conclude
—4)x10', and (5-9)x10%cm 3. that the centers responsible for leug] are a few primary
Annealing these crystals leads to a considerable transfointrinsic defects, some of which transform at a temperature
mation of the spectréFig. 1), even at temperatures as low as 150— 250 °C into more complicated centers, while the rest
150-200°C. The height of the pedlg decreases while the recombine or are captured at sinker example, disloca-
bandL;— L, shifts by several degrees to high temperaturestions).
and an additional peaks caused by a center with ionization The annealing dynamics of levek coincides with the
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<
behavior of a carbon vacand. in 3C-SiC.>® Both in the 7T
former and the latter cases, the majority of induced defect:
are annealed out in the temperature range 100—200 °C. Th
correspondence leads us to think that both centers are idel
tical, a conclusion that is not contradicted by studies of 0 e~
charge states of theg center using the double-correlation 400
DLTS method. Figure 4 shows Arrhenius plots for levels T, K
Ls—Ls made, from Curr?m DLTS spectra for t\_NO values of FIG. 5. DLTS spectra of samplel7—1 irradiated with electronsE(
the electric field intensityE~8x10*V/cm (solid curves  _g MeV) at a dose 1 cm™2 and annealed in the temperature range 900

andE~4x 10° V/cm (dashed curvésThese plots show that —1600°C. Measurement methods: a—current DLTS,=1.49 ms;
the position of peak.; and activation energy of the corre- b—capacitance DLTSz,,=10.88 ms. Annealing temperatufg, °C: solid
sponding center do not depend on the electric field intensitySUrves—1000, dashed curves— 1500.
while for E>10° V/cm the other peaks shift to lower tem-
peratures; this shift, which is most significant for lelgl, is
not accompanied by changes in activation energy. Thus, thia the DLTS spectra of irradiated crystals in the temperature
behavior of levelsL; and L, in an electric field suggests range 100-150 K(Figs. 1 and » The concentrations of
electron capture by neutral centers, implying thgtandL,  these defects, as a rule, are more than an order of magnitude
are levels of acceptor type. This conclusion agrees with themaller than those of centeks, L,, andLg. On the other
description of the charge state of centefdE, given in Ref.  hand, there are deep centers whose recharging occurs at
4. The presence of acceptor levels located not far from th&>300K. In samples that are not subjected to a special
bottom of the conduction band explains the fact that irradiaannealing, the presence of these centers can be seen from an
tion of n-SiC crystals leads to compensation of the primaryincrease in the barrier capacitance when the structures are
doping impurity, i.e., nitrogen, without decreasing the con-illuminated by impurity-energy light.
centration of uncompensated donors enough to account for Figure 5 shows DLTS spectra of one of the samples
the room-temperature concentration deduced from capacannealed in the temperature range 9d®00 °C. In addition
tance-voltage characteristi€€onversely, the activation en- to peaksL;—Lsg, the current DLTS spectra of irradiated
ergy of levelsLy andLg decreases with increasing electric samples measured above room temperature exhibit a wide
field intensity, indicating capture of electrons at positively band with two maximd.; andLg near 370 and 410 KFig.
charged centers; i.e., the cenitgrbehaves like a deep donor, 58, which correspond to deep levels & .—(0.60
which corresponds to the charge state of the carbon vacancy0.66) eV andE.—(0.63—0.70) eV. The energy positions
V¢ andVoC in p- andn-type 3C-SiC, respectively. of these levels are close to those reported for centers
Much weaker peaks caused by charging of electroni&,/Z,.3* The intensities of peakis, andLg are not related
traps with activation energies 0.18—-0.25 eV can be observeid any definite way; therefore, the shape of the bandLg
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TABLE II. lonization energiesk; and cross sections, for capture of L;—Ls occurs at varying rates. The most intense annealing
rgdlatlon-lnduced deep levels in single crystalsmSlC(_GH) irradiated of centersL, and Lg is characteristically at the start of the

with electrons at energies of 5 MeV. Results of calculations based on mod- h h 8k b domi in this band
els o, = const ando,~ T2 are shown. process, so that the pe K ecomes dominant In this band.

Although fewer in number, the defects that make up the pri-

o,=const o~T72 mary peaks in DLTS spectra remain in the crystal even after
Level Ei eV o, cn? Ei.ev oy, ont heating toT ;= 1600 °C. The residual concentrations of these
L, 0.18 4% 10-15 0.20 2% 10~ 14 centt_ars do not depend on the irradiation dose and are ap-
L, 0.21 1x 10718 0.23 8x 10715 proximately 10% 10" and 2<10*cm 2 for bandsL,
Ls 0.37 5% 10’1: 0.40 4x 10’1;‘ —Ls, Lg, L1, andLq,, respectively.
Ly 0.40 4107 0.44 3107 The parameters of these deep levels are shown in Table
Ls 0.42 2x10° 18 0.46 1x10 4 I
Lg 0.48 4x10° % 0.53 3x10 ¥ )
Lg 0.63 4x 107" 0.70 5x 10 16 Mokhov for assistance and useful discussions.
Lo 0.73 710V 0.81 6x 10716
L1o 1.17 5x10 % 1.27 2x10° 14
L1 134 510 *° 1.45 4x10° 1 1D, V. Lang, J. Appl. Phys45, 3023(1974.
2V. A. Ilin and V. S. Ballandovich, Defect Diffus. Forurh03-105, 633
(1993.

3G. Pensl and W. J. Choyke, PhysicalB5, 264 (1993.

. f le t | | b f 4T. Dalibor, G. Pensl, H. Matsunami, T. Kimoto, W. J. Choyke,
varies from sample 1o sample. In a number Of Cases &, gchmer, and N. Nordell, Phys. Status SolidiZ%2, 199 (1997.

“shoulder” Lg is observed on the high-temperature slope of 5H. itoh, M. Yoshikava, I. Nashiyama, S. Misava, H. Okumura, and
bandL,—Lg, caused by recharging of a deep levelEat Gﬁ- TtoihidAai i Electron. Q/Iaglhl,h_?w(law\} " | Nash S

: H . Iton, A. Kawasuso, |I. snima, . Yoshnikava, |I. asnlyama, .
—(0.73-0.81) e\./' St!” another peak, labeldd,, with a Tanigava, S. Misava, H. Okumura, and S. Yoshida, Phys. Statzs Solidi A
shoulderLy; on its high-temperature slope, was recorded 16, 173(1997.
near a temperature of 545 K when capacitive relaxation meaZv. s. Ballandovich and G. N. Violina, Cryst. Lattice Defects Amorphous
surements were madEig. 5b). With regard to intensity, this ~_Mater. 13, 189(1987.

: _ ; 8H. Zhang, G. Pensl, P. Glasow, and S. Levenzeder, ECS Extended Ab-
peak is second only to the bahd—Lg. Defect levell 14 is Stracts82. 2, 714 (1989,

well |_(nO_W” _from p_reViOUS StUd_ieS: in single crystals _Of 9N. I. Kuznetsov, Fiz. Tekh. Poluprovod@?, 1674 (1993 [Semiconduc-
6H-SiC irradiated with electrons it was observed for the first tors 27, 925(1993].

time in Ref. 7. The ionization energies of levelg, andL,;  '°A- Kawasuso, H. Itoh, S. Okada, and H. Okumura, J. Appl. PB§is5639

. 1996.
computed from capacitance DLTS spectra equdl7— 1.27 11,(A. I.G)Girka, V. A. Kuleshin, A. D. Mokrushin, E. N. Mokhov, S. V.

a.nd (1.34-1.43 eV, respectively. Structural defects respon- syirida, and A. V. Shishkin, Fiz. Tekh. Poluprovod2s, 2159 (1989
sible for these levels are probably vacancy assoctates. [Sov. Phys. Semicon@3, 1337(1989]. _

Most of the radiation-induced deep-level centers are an-A. I- Veinger, V. A. Ilin, Yu. M. Tairov, and V. F. Tsvetkov, Fiz. Tekh.
nealed out at temperatures above 1000 °C. From Fig. 5 it is " °luProvodns, 1557(1983 [Sov. Phys. Semicond5, 902(1983)
easy to see that annealing of defects responsible for bandsanslated by Frank J. Crowne
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The authors of this paper offer experimental proof that the method of solid-state reactions can be
used to make ternary lI-1V-V semiconductdtsing CdGeAs, for examplg. In this

method, the semiconductor group-IV component reacts with a vapor phase containing the group-
Il and group-V components of the compound. Initial results of studies of the physical

properties of CdGeAscrystals grown in this way and photosensitive heterostructures made from
these crystals indicate that this new growth technology promises to improve the quality of
II-IV=V semiconductors, thereby enabling novel practical applications of these materials.

© 1999 American Institute of Physids$S1063-782609)00911-4

Studies of multicomponent semiconductors have led tdnce the layers formed, they uniformly covered the surface
the discovery of ternary 11-IV—-V compounds with high val- of the starting plates, and were tightly bound to the substrate.
ues of the nonlinear optics coefficieds, which opens up When the films were sheared off or ground off the plates, a
new possibilities for increasing the efficiency of nonlinear-microscope clearly revealed a copy of the rugged surface of
optical frequency convertefs3 Among these materials, the the original boundary between the germanium plate and the

one with the largest value af;s=236 pm/V turns out to be layer that formed on it, which is characteristic of the diffu-
CdGeAs, which is still the most suitable material for dou- Sive mechanism for interface interactions. Measurements

bling the frequency of a CQlaser operating in the mid- Showed that the thickness of the layers that form on Ge is in
infrared from 9 to 11um.* Until now, the only widely used ~the range 3—7m, and is determined by a three-phase syn-
method for growing single crystals of CdGeAsas been the thesis reaction that occurs according to the equation
method of directed crystallization from a near-stoichiometric ~ Ge*+ Asl+ Cc¥« CdGeAs. (]
melt of the ternary compouritf In this paper we report the i )

first results of our investigations of the physical properties ofiray measurements confirmed the formation of a layer of
CdGeAs crystals obtained by a novel method which we CdGeAs at the surfaces of the substrates.

have developed. It involves solid-phase reaction of germat—h 2. A(‘icotrc_hng to ourt?e?surem?néggtaﬁ‘%n ttf;e sign of the
nium with a vapor phase of controlled composition, which ErMOEIECtric power, the 1ayers o gAkat form as a

eliminates the liquid phase. result of reactior{1) have electronic conductivity dt = 300

1. To obtain CdGeAs we start with plates op-type and 77 K.

. . . . By removing these layers from all but one side of the Ge
Ei;é?tic?: t\;vlltgscglzr:elciilIgnpgl\l/sar;iitselérﬁfaerst.z I:Z?r ? ]?'(I;)c:r;:) hasepIates, we obtained anisotropic heterostructures consisting of

h h . is th I di n-CdGeAs /p-Ge contacts. Figure 1 shows dark I-V char-
where the germanium Is thermally processed in a vapoécteristics for one of these heterostructures at 300 and 77 K.

phase containing cadmium and arsenic vapors. The parti is clear that the heterostructures we obtained exhibit recti-

bressures of the vapors of thes_e elements are contrplled l?f’(:ation, with the forward-bias direction corresponding to
their source temperatures, while the reaction rate is Corbositive polarity of the external bias on theGe substrates.

trolled by the temperature of the germanium. In order toa; pias voltagesu>0.5V, the forward branch of the I-V
suppress condensation of particles onto the plate surfaces,-f4racteristic usually follows the relation

gradient in temperature is set up in the system in such a way

that the highest temperature corresponds to the region in I=(U-Up)/R, @

which the germanium plates are located. where for these heterostructures the reference voltage
Our physical and technological investigations revealed~(.3 V and the residual resistanBe~ 1600 at T=300 K,

that once the processing is complete a continuous layaghich falls to ~100Q when the temperature is lowered to

forms at the Ge surface, which differs in color from the 77 K. This fact leads us to the qualitative conclusion that the

characteristic color of the original plates. The color of thisresistivity of the synthesized layers of CdGeAdoes not

layer is close to the natural color of CdGeAsThe outer increase with decreasing temperature, and hence that the do-

surfaces of these layers were found to be rather rugged antbr centers that determine their conductivity are rather shal-

uniformly colored, and reflection from them was diffuse. low. The falloff in R, serves as evidence either of degen-

1063-7826/99/33(11)/3/$15.00 1193 © 1999 American Institute of Physics
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FIG. 2. Spectral dependence of the relative photoconversion quantum effi-
ciency of a CdGeAs/p-Ge heterostructure aft=300 K (illumination by
unpolarized light at the end of the heterostructure
_5 -

. of the band gap resemble homojunctions more than hetero-
FIG. 1. Steady-state |-V characteristics ofi€CdGeAs /p-Ge heterostruc- . . . . . .
ture (T, K: 1 — 300, 2 — 77). The forward bias direction corresponds to junctions with regard to their photoelectric propgrtlles'. There-
positive polarity of the external bias on the Ge. fore, the long-wavelength edge of photosensitivity in these
heterostructures must be associated with interband absorp-
tion in the thin layer of ternary arsenide and {h&e sub-
eracy of the electron gas or of the decisive role of latticestrate.
scattering. It is obvious that an unambiguous explanation of  Special note should be taken of the fact that the long-
these features in the observed temperature variation of th@avelength photosensitivity edge of germanium heterostruc-
-V characteristics of these heterostructures requires an inttres obtained by low-temperature solid-phase reactions oc-
vestigation of the conductivities and Hall coefficients in Cdcurs well within the regions of fundamental absorption of the
GeAs layers, which must be grown on high-resistivity sub- constituent materials, and that photoabsorption takes place at
strates in order to eliminate the influence of the Ge conducphoton energies that exceed the energyAoftransitions
tivity. (hwp) In CdGeAs (hw>0.6eV). At the same time, it is
The reverse-bias 1-V characteristics of these heteroimportant to note that prior efforts to make photosensitive
structures follow a power law~U¢®, wherea~1.1. This  structures using melt-growp-CdGeAs crystald have led
behavior is primarily due to leakage current around the peto devices with increased long-wavelength photosensitivity
riphery of these structures. beginning at photon energigsw<fiw,. This is evidence
3. When these anisotropic heterostructures were illumifor a very far-reaching assertion: namely, that the concentra-
nated, we observed a photovoltaic effect. The photovoltagéon of centers responsible for the long-wavelength photo-
charged the layers of-CdGeAs negatively, consistent with conductivity of n-CdGeAs layers synthesized by solid-
the rectifying direction. phase reactions is much lower than in crystals obtained from
Figure 2 shows a typical spectral dependence of the relea melt. In our view, this decrease in the concentration of
tive photoconversion quantum efficienay for one of the lattice defects in layers afi-CdGeAs synthesized on ger-
n-CdGeAs /p-Ge heterostructures dt=300K. It is clear manium is associated with lowering the temperature at which
that the photosensitivity spectra of these heterostructures hdise ternary arsenide forms. This in turn leads to narrowing of
the form of a band with a maximum &tw,,~0.73eV and a the width of the homogeneity region and a decrease in the
full width at half-maximumé= 85— 100 meV, depending on concentration of the corresponding lattice defects.
the structure. The maximum voltage and current photosensi- In summary, we report the first successful use of solid-
tivities in the best heterostructures, which can be as large gshase synthesis to make the ternary compound Cdgkbys
100 mV/W and 5QuA/W at T=300K respectively, occur in thermally processing germanium in the presence of a vapor
the neighborhood of the fundamental absorption edges of thehase with controlled composition. The results we have ob-
contacting semiconductors, which nearly coincide due to théained in the course of these initial studiesriCdGeAs
closeness of the interband transition energies in the twdayers allow us to conclude that increased perfection of this
materials’® In light of this fact, these heterojunctions be- material, which is important for nonlinear optics, is an
tween different semiconductor materials with similar valueachievable goal.
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Estimates are obtained for the energy splitting of equivalent Jahn—Teller configurations of the
light-absorbing state ofvacancy GaYgg))— (tellurium (Tey)) complexes im-GaAs

generated by uniaxial stress along the directidrisl| and[001]. These estimates are based on
measuring the stress dependence of the polarization of photoluminescence associated with
these complexes dt=2 and 77 K. A phenomenological model of the complexes, which describes
how the donor (Tg) and the Jahn—Teller effect modify the initiglorbitals of the

vacancy component of the complex, is discussed as the effect of uniaxial strain. This model
makes it possible to relate measured values of the energy splitting of equivalent configurations
relative to the splitting of the origindl-state of the vacancy arising from the presence of

the donor and the Jahn—Teller effect. Comparison of calculations with experimental data shows
that the contribution of the Jahn—Teller effect to the formation of the light-absorbing state

of the complexXV g Texs exceeds the contribution due to the donor effect, although the two effects
are comparable. €1999 American Institute of Physid$$1063-78269)01011-X]

1. INTRODUCTION depend on the symmetry of the distorted center and the
direction of the axis of external straiisee, e.g., Refs. 2—-5
It is well known that the local point symmetry of a num- and 7.
ber of substitutional impurity centers and of very simple in-  The Jahn-Teller effect and equivalent configurations can
trinsic defects in cubic semiconductors is lower than thealso be present in more complex defects, whose initial sym-
point symmetry of the crystal as a whole by virtue of the metry may be lower than the crystal symmetry, although still
static Jahn—Teller effect. In this case, for each center therguite high. Complexes of vacancy-donor type in(Béfs. 8
will exist several equivalent configurations that differ in theand 9 and GaAs:>'*in which the donor is located in the
orientation of the axis or plane of symmetry of the center anchearest configuration sphere of the vacancy, belong to this
(or) its surroundings relative to the symmetry axes of theclass of centers. However, both the geometric position of the
crystal as a whole. Examples of such centers, which are saigtoms in the equivalent configurations of these complexes at
to be orientationally degenerate, are vacancies ihdéiep  equilibrium and the value of the energy splitting of these
acceptors created by Cu, Ag, or Au atoms replacing Ga irvonfigurations under uniaxial strain should differ from those
GaAs?® and Ga vacancies in GaAs. of an isolated vacancy due to the effect of the donor on the
External uniaxial strain applied to the crystlike other  vacancy orbitals and the vibrational properties of the com-
acceptor-related probesan disrupt the equivalence of vari- plex.
ous configurations of the center, i.e., it can change the total The goal of this work is to experimentally determine the
energy of these configurations by different amounts, therebgnergy splitting of equivalent configurations ®fgTexs
liting the orientational degeneracy. In cases where spontacomplexes inn-GaAs under the action of uniaxial elastic
neous oriention occur@ransitions between equivalent con- strain along various directions, and to use these data to un-
figurations of the centgmt low temperatures, this phenom- derstand the electronic properties of complexes and to esti-
enon leads to preferential population of the lowest-energynate the relative roles of the donor and Jahn—Teller effect in
configuration, i.e., the creation of Jahn—Teller distortions ingenerating vacancy-ionic states.
volving the entire defect system under study within the crys-
tal. The extent of this induced distortion and its |mportance2_ EXPERIMENT
as the temperature decreases depend on the value of the con-
figuration energy difference caused by the uniaxial strain. The energy splitting of various configurations of a Jahn—
For relatively small values of uniaxial strain, the lifting Teller center under external uniaxial strain can be determined
of the orientational degeneracy is due to changes in the erfrom the associated splitting of photoluminescefmeopti-
ergy of electronic defect states. This implies that the differ-cal absorptionlines connected with the different configura-
ence between energies of previously equivalent configuraions of the center, or from changes in the equilibrium
tions will be directly related to deformation potential populations of these configurations. Because the photolumi-
constants that are characteristic of a center that has not unescence(and light absorption spectra ofVg,Teys com-
dergone a Jahn—Teller distortion. Moreover, the splitting willplexes inn-GaAs consist of wide structureless bantishe

1063-7826/99/33(11)/6/$15.00 1196 © 1999 American Institute of Physics
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splitting of these bands under uniaxial strain cannot be ob- 25k
served. However, changes in the equilibrium population of b
various configurations leads to a change in the polarization
of the photoluminescence. In our prior work we have ob-
served such changes at low temperatd?é$;3and in this 2
paper we use our results to estimate the value of the energy
splitting of different configurations of a complex under the
action of uniaxial strair. 1.5k
Samples for these studies were cut franGaAs: Te 4
crystals grown by the Czochralski method and doped with Te
during growth. The free electron concentration in these crys-
tals was in the range %10'—2x10%cm 3. The light
used to excite the photoluminescence had wavelengths both
in the intrinsic absorption band of Ga&shoton energy 1.96
eV) and in the band of resonance excitation of the complexes
(photon energy 1.43 eV
In all cases, the photoluminescence spectra exhibited a
wide band dominated by a maximum at a photon energy of
~ 1.18 eV and a full width at half-maximum ef 170 meV,
which was assigned to radiative recombination of electrons
from the conduction band or from an excited level of a com-
plex with a hole localized in the ground state of the
complex!®~1* The polarization of this photoluminescence, 4 . | ! | .
which propagates perpendicular to the stress axis, was mea- 0 2 4 5 kb6 8 10
sured at temperaturds= 2 and 77 K for various values and » Roar
directions of the uniaxial stress. FIG. 1. Dependence of the photoluminescence polarization in the band with
The dependence of the polarization ratio of the photolu-a maximum at a photon energy of 1.18 eVrifGaAs : Te on the value of
minescence (the ratio of the intensities of light with electric the stress® along the[111] axis; a—sample 1, b—sample Bfle, eV:

. . . 1,3,4— 1.96 and2 — 1.43. Temperatur&, K: 1-3 — 2,4 — 77. Emis-
vectors parallel and pe_rpendlculgr t(_) the strain )aﬂ@ the sion was observed at a photon energy of 1.2 @Vand 3 and photon
magnitude of the stred3is shown in Figs. 1 and 2. Itis clear energies corresponding to the maximum of the photoluminescence(Band
from Fig. 1 that wherP|[111] andT= 2 K, the change in and 4.

r(P) asP increases from zero is first characterized by rapid

growth, which atP~ 2 kbar becomes a relatively slow linear

increase that extends to the end of the range of stresses eist in the crystal on the configuration enefgyThe large
investigated P=<10kbaj. According to the results of Refs. difference between the function§P) at 2 and 77 K(Fig. 1)

2-5 and 10, we can associate the initial step-like increase imdicates that the energy splitting of different configurations
r(P) with the lining up of distortions in the complexes. Ex- due to random stresses and fields is considerably smaller
periments show?that this occurs by spontaneous reorien-thankT at 77 K. Therefore, we may assume that the equilib-
tation of the distortion in the light-absorbing state of therium populations of the various configurations at 77 K are
complexes. The region of slow, linear increase rofat  determined by the sample temperature. Then the fact that the
P>2 kbar is probably determined by the splitting of the values ofr(P) at 2 and 77 K are observed to be equal when
emission bands of complexes with differing orientations ofthe pressure exceeds 9 kbéfig. 1) implies that when
the original vacancy-donor axis relative to the strain axis,T=77 K the lining up of the distortions is complete Bt

and possibly the rather small change in the wave functions o9 kbar. In other words, & =9 kbar the energy splitting of
the complexes induced by stress. The value of stress at whigquilibrium configurations is (3:54)kT, i.e., 23—26 meV.

the lining up of the distortion is completd®&2 kbap does WhenP||[001] (Fig. 2), no step-like increase is observed
not depend on the intensity of excitation and remains then the polarization of the light with increasiri®y However, at
same when the photoluminescence is resonantly ex@igd a temperaturef@® K partial lining up of the distortions of the

1). In this case the lifetime of an individual complex in its complexes probably does occur with increasi®gince the
light-absorbing state is at least 1 s, i.e., it exceeds by severablarization of the light in this case is higher than it is at
orders of magnitude the lifetime when the excitation is byT=77 K. The lack of a noticeable segment of step-like in-
intrinsic light. This allows us to assume that the degree oftrease in the polarization of the photoluminescence at 2 K,
occupancy of the various configurations of the complexedike the analogous segment in the functidi®) for P||[111],
corresponds to thermal equilibrium, and consequently that s connected with the relatively slow increase in the energy
(P=2 kbaw, for which the lining up is complete, the split- splitting of equivalent configurations fd?|[001], and also
ting of the energies of differing configurations 484k T, with the small value of the increase in polarization when the
where T is the effective temperature. At low temperatureslining up of the distortion is complete. The smallness of the
T exceeds the sample temperature, because it includes tpelarization increase is due to the relative closeness of the
effects of internal random stresses and electric fields thadirections of the emitting dipoles for the complexes to the

Polarization ratio
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FIG. 3. Initial positions of atoms in the compl&kg,Texs -
1.2F !
2 Thus, the initial one-electron,-state of the vacancy
component of the complex is split both by the presence of
| | | the donor(lowering the symmetry of the defect froify to
7.00 2 zl; 5 8 trigona) and by the Jahn—Teller effedobwering of the sym-
P, kbar metry of the defect to monoclinic

In order to analyze the effect of external uniaxial strain
FIG. 2. Dependence of the photoluminescence polarization in the band WitBn the energy of the equivalent configurations of the com-
a maximum at a photon energy of 1.18 eV in GaAs on the value of the stress . .
along the[001] axis; a—sample 3, b—sample Temperaturd, K: 1, 3— 2, plex, \_Ne use the phenome_nologlc_al mOd_eI_Of Ref. 13, which
2,4— 77. The photoluminescence was observed at photon energies corrélescribes the intracenter interactions within a compgtar
sponding to the maximum of the emission band. Jahn-Teller effect and the influence of the doras uniaxial
strains as well. The splittings of the initigl-state caused by

. hich litativel ith Vi fthese strains equal the splitting of thestate caused by the
(113) axis, which qualitatively agrees with an analysis o Jahn—Teller effect alone or the donor-related splitting alone,

polarization spectroscopy data for these defects in the singlegghectively. In this model it is natural to replace the effect of

deOIi approxwrr:atlorjf. . Lo hat the val the donor by a strain along the initial axis of the complex

The data s own in Fig. 2 |nd|c§1tet at the va ues (@) (the[111] axis in Fig. 3, and replace the Jahn—Teller distor-

at 2 and 77 K continue to differ, with practically no decrease;, . by a strain along another axis of typL 1) that does not

V<VIth IncreasingP, over the entire measurement rang@ (_ coincide with the original complex axis. This model, which

78 kbay. Th|s allows us to_conclude that Fhe energy Spllt'incorporates the observed monoclinic symmetry of the com-

ting of equivalent configurations &= 8 kbar is smaller than plex Vg.Tex 11 and which includes three equivalent con-

. . a S

KT at 77 K, i.e., it does not exceed 6 meV. figurations corresponding to possible directions of the Jahn—

Teller distortion (along any of the three equivalent axes

3. COMPUTATION OF THE ENERGY SPLITTING OF [111], [111], or[111] in Fig. 3), is in qualitative agree-
EQUIVALENT CONFIGURATIONS OF VACANCY-DONOR ment with all the photoluminescence-polarization and pi-

COMPLEXES AS A RESULT OF UNIAXIAL STRAIN ) 10-13
ezospectroscopy studies of thie,Te,s complex; since

The complexVg.Tess in GaAs like the vacancy-donor spontaneous reorientation of the Jahn—Teller distortions of
complex in SP*° contains components that are initially at the complex, as shown in Ref. 12, takes place only in the
neighboring lattice sites of GaA¢Fig. 3.1°°'* The pi- light-absorbing stat&.
ezospectroscopic and polarization properties of photolumi- Maoreover, this type of model ensures the necessary form
nescence connected with this complex can be understoanf the defect symmetry in limiting cases. In fact, for an iso-
qualitatively if we assume that the complex undergoes dated vacancyno donoj the model predicts trigonal symme-
static Jahn—Teller effect at low temperatures it, like thetry for the distortion due to the Jahn—Teller effect, which is
vacancy-donor complex in Si, and has not trigonal, but rathein agreement with experimental data of Ref. 6. In the other
monoclinic C1,(Cs) symmetry with a plane of symmetry limiting case, i.e., no Jahn—Teller interaction, the model also
{110 that contains the original axis of the compléthe predicts a trigonal center with the axis of symmetry coincid-
vacancy-donor axjs-°~*3There are three such planes in eaching with the vacancy-donor axis.
complex, and consequently the complex at each instant of Let us consider the change in energy of the various con-
time has one out of three equivalent configurations that diffefigurations when exposed to an external uniaxial strain
by the positions of their planes of symmetry. within this model of the complex. For the defect with initial
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axis [111] shown in Fig. 3, the splitting of th&,-vacancy -pP

state by the donor field is described by a uniaxial strain ten- &' = 6C,.’ (7)

sor in which the diagonal elements equal zero, while the

nondiagonal elements;; (i#j) equal the same quantity, where C,, is the elastic constant of GaAsCf,=6
which we denote by,. An analogous description can be x 10 dyne/cnf at temperature 0 KandP is the magnitude
used for the Jahn—Teller effect, with each of the three posef the uniaxial stress along the trigonal axier tension in
sible configurationsl, 2, 3 corresponding to uniaxial Jahn— the crystal the sign oP is negativé.

Teller strains along the directioid11], [111] or [111] Equations(4)—(6) allow us, following Ref. 16, to write
(Fig. 3. The nondiagonal components of these strain tensorslamiltonians for the energies of each of the possible con-
are also equal to one another in absolute value, but thefjgurations. Treating the splitting caused by the external
differ in sign. We will denote these componentsby ;rand  strain as a small perturbation compared to the splitting
—e3r. Then the components of the total effective strain tencaused by the Jahn—Teller effect and the donor, the energies
sor, which describes intracenter interactions of the comple®f configurationsl and2 (or 3) can be obtained using first-
(Fig. 3), in cofigurationsl, 2, and3 are, respectively, order perturbation theory. The difference between minimal
values of these energies gives the energy splitting of the
different configurations\;;, which determines the degree
of their population at equilibrium.

Exx=Eyy=877~0, &xy=&qteyT,

Eox™ Eyz= 8T 8T @) If the effect of the donor entering into the complex is
Exx=Eyy=E27=0, Exy=E5=Eq— €T, such that the triply degenerate single-electf@n single-
hole) t,-state of the vacancy is split in such a way that the
ey, =eqt€g1; 2 ground state becomes a doubly degeneeatate, then
Exx= Eyy= 2= 0, Exy= &y, ~Eq— €y, 8/3[ V8(1+p)2+(1—p)2+p+3]de’
= . (8)
s2=eat ey, ® " B(1+p)+ (1P [VB(1+p)?+ (1-p)*+3-3p]

Such expressions can be written for complexes whose initial

axes (the vacancy-donor axiscoincide with axe§111],
[111], or[111]. whered is the deformation potential constant for thestate

For an external strain along the directibﬁl] we can _Of the vacancy when the straln is along (h_la,b axis, andp
assign every complex in the crystal to one of two groups: irS the absolute value of the ratio of the splitting of tlgestatg
the first group the axis of external strain coincides with the®f the vacancy caused by the donor to the same quantity for
initial vacancy-donor axis, while in the second group it Co_the \_Jahn—T_eIIer effect. According to the definition of the
incides with the initial axis of one of the possible Jahn—elative strainsg ande,r, we have
Teller distortions. In the first group of complexes, the
equivalence of all the configurations is preserved, i.e, their p=
energies change by the same amount. In the second group of
complexes, those configurations whose main distortion coin- |, he opposite case, i.e., when the donor-induced split-
cides with the axis of the external load have an energy thgf, of the t,-state causes the ground state to become the
differs from the energy of the two other configurations. Th'Snondegeneratal-state, we have
difference does not depend on the position of the intial
vacancy-donor axis. Therefore, in order to determine the en-
ergy splitting of the various configurations it is sufficientto , 8V3[V8(1+p)2+(1-p)?~p-3]de’
consider only one complex of this group, namely that shown ™" /g1 1 p)21 (1—p)Z V8(1+ p)2t (1—p)2—3+3p]
in Fig. 3. For the directions of the external load shown
above, the components of the strain tensor for this complex
in configurationsl, 2, and3 are, respectively,

€d

egT

: (€)

(10

When the external uniaxial strain is along tf@01] axis,
Exx=Eyy=€,7=0, exy=eqtesrte’, complexes with any possible position of the Te atom are
equivalent; however, different configurations of the complex

— — _ I
EyxT T EdT 8T8 @) can have different energies, since the positions of their
Exx—Eyy—82=0, Exy—8q—eyrte’, plan'es of symmetry relative to the stress axis are different. In
particular, for the complex shown in Fig. 3 the axes of the
ey, =eqteyr—e’, enp—eq—eye; (5)  effective strains that represent the Jahn—Teller effect and the

influence of the donor are in the same plane as the axis of
external straif001] in configuration 1, but are not in the
same plane in configuratiorisand 3. It is well known that
strain along th¢001] axis leading to splitting of the energy
Heree' is the relative strain in the GaAs for loading along levels is described by the three diagonal components of the
an axis of typg(111), strain tensot® For the strain directions we have chosen

Exx=&yy=£,,7~0, ey =eq—egrte’,

— ! p— !
Ey;=8qTEJTE, Ex~E&qTETE . (6)
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exx=8eyy=—8&", &,,~2&". (11
Here
R — (12)
C11—Ca

whereC,; andC, are elastic constantfor GaAs atT=0 K,
C,;=12.26x 10 dyne/cnt and C1,=5.71x 10"

dyne/cnt). Thus, in order to compute the energies of the

Averkiev et al.

negatively charged. In such a case it is natural to assume that
it consists of {2, TeL) ~, i.e., the orbitals that are generated
from thea;- andt,- states oV, bind seven electrons. Since
the a;-state is located- 1 eV below thet,- state in energy,

this implies that initially thet,-orbitals of the vacancy con-
tain five electrons, i.e., one hole. Let us analyze the splitting
of the energy of equivalent configurations in this case. Stud-
ies of the vacancy-donor complex in Si have sh®Wthat

the splitting of thet,-state under the influence of the donor

various configurations it is necessary to replace the zero valy ses the ground state of the hole to become a doubly de-

ues of the diagonal components in Eq%)—(3) with the

generate single-electroa state. An analogous conclusion

expressiong11). Now, by treating the change in energy of may pe inferred from indirect information regarding tlge-

the configuration to linear order i&" we can obtain an ex-

pression for the energy splitting\gy,) of configurationsl
and2 (or 3). If the presence of the donor causes thstate

lium vacancy—donor complexes in GaAS. Within the
framework of the phenomenological model used here, this
implies that the difference in energy of equivalent configu-

of the vacancy to split so that the ground state becomes gyions for strain along th¢111] of001] axes should be

doubly degenerate-state, then
24pbe”

VB(L+p)+(1-p)7 VB(1+p)>+(1-p)?+3-3p]

(13
whereb is the deformation potential constant for thestate
of the vacancy for strain along tt{e01) axis. In the opposite
case

Aoor=

24pbe”

V8(1+p)2+(1— )4 V8(1+p)?+(1—p)2—3+3p]
(14

Aopr=

If the initial single-electror{single-hol¢ state of the vacancy

has symmetry'g rather thart,, and if the spin-orbit splitting

given by expression) or (13) when the spin-orbit interac-
tion can be ignored, or expressi¢h5) when the spin-orbit
interaction plays a dominant role. Since fBf[001] the
splitting of the configurations is nonzero, let us consider the
first case. It follows from Eqs(8) and (13) that p can be
estimated from the experimental magnitudes for the energy
splitting of equivalent configurations in this case if the mag-
nitudes of the initial deformation potential constadtandb
are known, or at least their ratio.

For the valence band and many defects in Gesk®, for
example, Ref. 15 b andd should be exactly related by the
empirical condition

d=(2.7-3)b (16)

greatly exceeds the splitting due to the presence of the dongin the spherical approximatiod= \/3b). Substituting Eq.
and the Jahn-Teller effect, then by using the deformationi6) into Egs.(8) and(13), we find
tensor components given above and the expression for the

energy corresponding to this case given in Ref. 16 we obtain

4de’

Apppm e
M B+ 2p+3p?

and AOOl: 0. (15)

Note also that we have no assurance that configurations
defects equivalent under the Jahn—Teller effect will rema

so under prespecified conditions for arbitrary valuep.dfor

example, if a single electron or single hole is present in th
initial t,-state of the vacancy, and if the action of the donor;
entering into the complex causes the state for which the ca
rier is localized to be nondegenerate even in the absence of'&
Jahn—Teller effect, then the appearance of equivalent co
figurations is possible only fqy<<1 due to the pseudo-Jahn—

Teller effect!’ For this reason, Eq$10), (14), and(15) are
meaningful only forpp<1, while expression&) and(13) are
valid for everyp.

4. ANALYSIS OF EXPERIMENTAL DATA

e

r_

n_

”

A0012 kp 8_
Apr B[VB(1+p) 2+ (1—p)2+3+ple’’

(17

where the value of the numerical coefficigntlies in the

6?ngek=1—1.11. From Eq.17), using Egs.(7) and (12
. and the experimental data fdry, andA ;1; presented in Sec.
™ for specific values of the uniaxial stress, it is easy to show

thatp=0.8. Substituting this estimate and the quantifies;
ande’ into Eq.(8), we then obtaird~ — (2.0—2.5) eV. Us-
ing the spherical approximation to replace E§6) in Egs.
(8) and (13) makes the value gb even smaller.

In addition, it should be noted that when Ed6) holds
roughly, Egs.(10) and (14) cannot explain the experimen-
tally observed difference in the energy splittings of equiva-
lent configurations for compression along axé41] and
[001] (Sec. 2, since for any values gf and the magnitudes
of the stress we have chosen the quaniity; obtained for
Eq. (14) greatly exceeds the quantity,;, from Eq. (10).
This contradiction shows that the splitting of thestate of

As we have already indicated, spontaneous reorientatiothe vacancy corresponding to Eq40) and (14) due to the
and the initial lining up of Jahn—Teller distortions of the presence of the donor in the compl&,Tess cannot be
Vgal €as complex inn-GaAs take place in the light-absorbing realized, and thus our previous assumptions are confirmed.

state of the comple¥ The number of electrons present in

Let us now consider the case of another charge state

this state is not precisely known for vacancy-ionic orbitals.postulated for the light-absorbing state of the complex

In a number of papersee, e.g., Refs. 18-2( is asserted

Vaal€ns- In Ref. 21 it was proposed that under equilibrium

that under equilibrium conditions this complex is singly conditions in n-GaAs this complex consists of a doubly



Semiconductors 33 (11), November 1999 Averkiev et al. 1201

negatively charged defecVé;TeZs) 2= In favor of this as- low temperatures both in the light-absorbing and in the light-emitting states.

sumption is the small cross section for capture of an electroHnder these conditions, the results of s_tudles of polar[zed photolumines-
cence of complexes could only be explained by assuming that the centers

H H — 20 .
by this complex ?-fter it captures a hole .(f@.— 10 _ cn?; remain monoclinic without any reorienting distortion. For this reason, fixed
see Ref. 22 In this case, all the vacancy-ionic orbitals of the strains were introduced only along two axes.
complex are occupied by electrons, and the distortion of the
complex in the light-absorbing state can be treated as result-
Ir_lg from the Jah.n._Te"er eﬁec.t' which in t.um takes plac.e by 'G. D. Watkins, in Radiation Damage in Semiconductpredited by
virtue of the mixing of the Ilght-absprblng ar_1d emitting  p. Baruch(Dunod, Paris, 1965 p. 97.
states of the complex due to interaction with incompletely 2N. S. Averkiev, T. K. Ashirov, and A. A. Gutkin, Fiz. Tekh. Poluprovodn.
symmetric phonons. Analysis shows that such vibrations, 17, 97 (1983 [Sov. Phys. Semicond7, 61 (1983].

. Lo . i . . N. S. Averkiev, A. A. Gutkin, E. B. Osipov, V. E. Sedov, and A. F.
which |n|t|aIIy consist Oﬂ:2 vibrations of the vacancy envi Tsatsul'nikov, Fiz. Tekh. Poluprovod@3, 2072(1989 [Sov. Phys. Semi-

ronment, give rise to distortions of the Iight—apsorbing state cond.23, 1282(1989].
of an isolated vacancy along the trigonal axis as well. An*A. A. Gutkin, V. E. Sedov, and A. F. Tsatsul'nikov, Fiz. Tekh. Polupro-
external stress will change the energy minima of the adia-_vodn.25 508(199] [Sov. Phys. Semicon@5, 307 (1991)].

. . . : e SA. A. Gutkin, in Defects in Semiconductols Proceedings of the 1st
batic potentials of the complex in this state by shifting the National Conference on Defects in SemiconductdBs. Petersburg,

analogous minima of the emitting state, in which a single Rrussia, April 26-30, 1998Scitec Publ. Ltd., Switzerland, 19pfDefect
hole is bound in the vacancy-ionic orbitals. Diffus. Forum103-106 13 (1993].
Because of the phenomenological character of the mode?Y- Q. Jia, H. J. von Bardeleben, D. Stivenard, and C. Delerue, Phys. Rev.

. .. . . B 45, 1645(1992.
we are proposing, and the mixing of the light-absorbing Stat(:"7N. S. Averkiev, A. A. Gutkin, E. B. Osipov, and V. E. Sedov, Fiz. Tekh.

with a state that binds a single hole in the vacancy-ionic poluprovodn21, 415 (1987 [Sov. Phys. Semicon@1, 258 (1987)].

orbitals, we can once more use expressi@)sand (13) to 8G. D. Watkins and J. W. Corbett, Phys. Ré34, A1359 (1964).

. . . . 9 i i
describe the behavior of the energy of equivalent configura;,E- - Elkin and G. D. Watkins, Phys. Ret74 881(1968.

. d | = hi h . OA. A. Gutkin, N. S. Averkiev, M. A. Reshchikov, and V. E. Seddve-
tions under an external stress. For this reason the estimates 0ﬂ(ects in Semiconductarp. 18(Proceedings of the 18th International Con-

the value9, d, andb given above are also correct when the ference on Defects in Semicon&endai, Japan, July 23—28, 199&dited
light-absorbing state of the complex has the form by M. Swezawa and H. Katayama-Yoshiddater. Sci. Foruni.96-201,
V37T 4+ N2— pt 1, 231(1995]

(VaaTend) -

A A. Gutkin, M. A. Reshchikov, and V. E. Sedov, Fiz. Tekh. Polupro-
Note also that only the charged states of the complex we o4 31, 1062(1997) [Semiconductor81, 908 (1997)].

have considered are in qualitative agreement with the result8a. A. Gutkin, M. A. Reshchikov, and V. E. Sedov, Zeitschriftrfu
of experimental observations, according to which the Jahn— Physikalische Chemig00 217 (1997.

. . . . N. S. Averkiev, A. A. Gutkin, E. B. Osipov, M. A. Reshchikov, and V. E.
Teller effect and barriers between equivalent configurations Sedov, Fiz. Tekh. Poluprovoda, 1269(1992 [Semiconductor&6, 708

in the emitting state are considerably larger than in the light- (1997,
absorbing state. 14E. W. Williams and H. B. Bebb, inSemiconductors and Semimetals
Thus, our investigations show that the Jahn—Teller effect edited by R. K. Willardson and A. C. BeeAcademic Press, New York,

L . . 1972, v. 8, p. 321.
affects the formation of the light-absorbing state of the COM=sy s Averkiev, Z. A. Adamiya, D. I. Aladashvili, T. K. Ashirov, A. A.
plex Vgaleas more than the presence of the donorade Gutkin, E. B. Osipov, and V. E. Sedov, Fiz. Tekh. Poluprovaih.421

although the two effects may be comparable. This conclusiogﬁ(1987) [Sov. Phys. Semicon@1, 262(1987].

is in agreement with the results of experiments in which the G.L.Birand G. E. Pil_/;usSymmetry and Strain Effects in Semiconductors
. . . . . . (Nauka, Moscow, 1972

direction Qf the op_tlcal d'POIe was mfe_rred_by describing the”l. B. Bersuker, Electronic Structure and Properties of Coordination Com-

complex in the single-dipole approximatiéh results that pounds(Khimiya, Leningrad, 1986 p. 287.

also give the magnitude of the relative contribution of the'°D. T. Hurle, J. Phys. Chem. Solidt, 639 (1979.

. . ; . 19 "
donor, which consists of an effective average of this contri- 'g"-gi- zg;g?igé;epse”* O. Gunnarsson, and R. M. Nieminen, Phys. Rev.

bution _in the light-absorbing qnd light-emitting states. 20G. Dlubek and R. Krause, Phys. Status SolidL@2, 443 (1987.
This work was supported in part by the Russian Fund for*A. A. Gutkin, M. A. Reshchikov, and V. R. SosnovikFiz. Tekh. Polu-
Fundamental Researc¢Brant 98-02-18327 provodn.27, 1516(1993 [Semiconductor27, 838 (1993].

22K. D. Glinchuk., A. V. Prokhorovich, and V. E. Rodionov, Fiz. Tekh.
L . . . ) _ Poluprovodn 11, 35 (1977 [Sov. Phys. Semicond.1, 18 (1977)].
Measurement of changes in the intensity of a magnetic resonance linsp A Gutkin, N. S. Averkiev, M. A. Reshchikov, and V. E. Sedov, in
corresponding to different configuratidtiscannot be used to study the  gemiconductor Optics. Proc. Intl. CorfUlyanovsk State Univ. Publ.,
;)/GaTeAs complex, because no magnetic resonance signal was observed.  lyanovsk, 1998 p. 122.
Previously, in Ref. 13, we modeled such a complex using three uniaxial
strains, since we assumed that the Jahn—Teller distortion reorients itself dranslated by Frank J. Crowne



SEMICONDUCTORS VOLUME 33, NUMBER 11 NOVEMBER 1999
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Using the temperature-dependent photovoltage to investigate porous silicon/silicon
structures
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Structures based on porous silicpor-Si/p-Si, both freshly prepared by chemical etching and
aged, exhibit a temperature-dependent photovoltage at high levels of electron-hole pair
generation by pulse trains of red and white light. These structures are investigated by measuring
this photovoltage, which is shown to consist of two components: a photovoltage generated

in p-Si, and an oppositely directed photovoltage that appeapoinSi, characterized by trapping

of nonequilibrium holes at the surface pbr-Si nanocrystals during the period of

illumination by the first pulse of white light. For aged structures capture of electrons in the oxide
of the por-Si is also observed. The concentration of interface electronic states and electron
traps at the interface gf-Si with por-Si is determined by measuring the photovoltage induced by
pulses of red light. ©1999 American Institute of Physid$51063-782609)01111-4

Photoluminescence of porous silicon in the visible re-tivity p=10 ()-cm) by processing the latter for 10 min in a
gion of the spectrum has prompted researchers to investigaselution with composition HF:HN@: H,0=1:3:5. For
its properties by various methods. Recently informationthese layers we observed “slow” red and “fast” blue bands
about the electronic properties of porous siligesilicon in the time-resolved photoluminescence spett@ontrol
structures por-Si/p-Si) prepared by electrochemical etch- samples op-Si with a smooth surface were made by etching
ing was obtained by investigating the photovoltageln in a solution with composition HF:HNgE=1:3. The
Ref. 1, studies of the photovoltage by the Kelvin methodpor-Si/p-Si structures were investigated both immediately
revealed for the first time that the photovoltage signal ariseafter preparation and after six months of aging them under
not only from p-Si but also frompor-Si. Studies of the natural conditions.
kinetics of the photovoltage excited by laser pulses with vari-  In order to measure the photovoltage across these
ous photon energiésevealed that nonequilibrium holes gen- por-Si/p-Si structures, the latter were monitored together
erated in thep-Si are captured in theor-Si. Experiments  with a capacitor consisting of a semitransparent conducting
have showhthat the photovoltage which appears in layers oflayer of SnQ(Sh) on mica. The capacitance of the capacitor
por-Si detached from the-Si can be both positive and was on the order of 100 pf/¢m The photovoltage signal was
negative, depending on the type of electrochemical etchingecorded on a memory oscilloscope when the capacitor was
used to make thpor-Si. illuminated by light pulses from an 1ISSh-100 flash lamp with

It is knowrf"® that por-Si layers obtained by chemical duration 10us and intensity 18 photons/crf-s. In order to
coloring etching also emit visible photoluminescence. How-optain the magnitude of the photovoltagé,) of the struc-
ever, in this case the process used to make the layers is mofigre, the signal taken from the oscilloscope was multiplied
controlled, allowing finer layer6<0.5-1 um) to be grown. by a calibration coefficient for the measurement surface,
In contrast, layers opor-Si grown by anodization are, as a which was determined using a calibration electrical pulse.
rule, thicker and of nonuniform thickness. The quantityV,, was measured in vacuum in a cryostat

Our goal in this study was to analyze the temperatureyt a residual pressure of 1HPa as the temperatufewas
dependence of the pulsed photovoltage and use the results|tfvered from 300 to 100 K. The functiovi,,(T) was plotted
investigate por-Si/p-Si structures obtained by chemical twice as thepor-Si/p-Si structure was exposed to pulse
etching ofp-Si without applying an electric field, both im-  trains of both white and red light. In the latter case we used
mediately after preparation and after a half a year of aging iy KS-19 spectral filter, which was transparent to light with
air. wavelengths of 700 to 2700 nm. This filter prevented the
porous silicon from absorbing light

In most cases, the photovoltayg, measured after the
first light pulse differed from its value after the second or any

Layers of porous silicon whose thickness was less thasubsequent pulses, which arrive at a repetition rate of 1 Hz.
1 um were made on a polished surface(d0) p-Si (resis-  This difference is associated with capture of nonequilibrium

EXPERIMENTAL PROCEDURE
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FIG. 2. Temperature dependences of the photovoltage of aged structures of
FIG. 1. Temperature dependences of the photovolggéor a p-Si surface por-Si/p-Si in white (1,1') and red(2,2') light. 1,2—first light pulse,
(1,17) and an as-growpor-Si/p-Si structure in whitg€2,2') and red(3,3) 1’,2’—second light pulse.
light. (1—3—first light pulse,(1'—3)—second light pulse.

1 and1’ for T<220K is due to trapping of nonequilibrium
holes or electrons at surface traps during the first pulseglectrons and surface traps within the illumination time by
which are filled by the time it endsThe time for retention of the first pulse, which gives rise to photomemory in the po-
the captured charge in these traps increases gréatlsev-  tential ¢s.’
eral hour$ at low temperatures; therefore, in order to cor- It is clear from Fig. 1 that for as-growpor-Si/p-Si
rectly measure the values 9f;,, the samples were heated to structure the function®/,(T) measured in white and red
a temperature high enough to empty the traps of capturelight differ significantly. Over the entire temperature range,
carriers after each measurement, and then once more cooléte values of-V, obtained after the first pulse of red light
in the dark to the temperature of the next measurement. Adre larger than-V,, obtained after the first pulse of white
this time, the first and second values\gf, were measured light (curves3 and2, respectively. This implies that white
again. light, in addition to generating a negative photovoltage by
flattening thep-Si energy bands, which also happens with
red light, generates a positive photovoltetfgg‘]’r when it is
absorbed bypor-Si nanocrystals. Recall thator-Si is be-

The light intensity we used was high enough to flattenlieved to be a two-phase system containing quantum-well
the energy bands of bofor-Si andp-Si during the illumi-  nanocrystalgnc-Si) in a porous SiQ host. In this case the
nation pulsé. Therefore, when the samples were illuminatedpor-Si/p-Si interface is made up of regions where the inter-
with red light the photovoltag¥,, became equal to the sur- faces arenc-Si/p-Si and SiQ/p-Si. Light absorbed in
face potential ofp-Si ¢, but with opposite sign. Note that por-Si also creates nonequilibrium holes that are captured at
the contribution of the Dember photovoltageMg, is insig-  traps of the internahc-Si/SiQ, surfaces within the time the
nificant due to the mutual scattering of carriers when thdirst light pulse acts, leading to larger values-e¥,, after
concentrations are high, which makes the diffusion coeffisubsequent light pulse&compare curve® and 2'). This
cients of electrons and holes eqdial. hole-generated photomemory is maintained at room tempera-

Figure 1 shows the functiong(T) obtained from a ture for~ 30 s, which is much longer than the retention time
control sample ofp-Si with a normal surfacécurvesl, 1') at 230 K of the photomemory associated with capture of
and from as-growmpor-Si/p-Si structure, along with curves electrons at surface traps of the more narrow ba$i when
for the same samples illuminated with white ligltirves2,  the sample is illuminated with red ligkéee curve8 and3’).

2') and red light(curves3, 3’). Curvesl, 2, and 3 were All these results suggest that the wider-bgrat-Si behaves
obtained after the samples were illuminated by the first lighlike an n-type semiconductor, in contrast o Si, which is
pulse, curved’, 2', and3’ after illumination by the second characterized by upward bending of the energy bands at the
and subsequent light pulses. For the surfacp-8f, the val-  surface and trapping of holes as minority carriers at the sur-
ues ofV, obtained in white and red light coincided. In this face under illumination.

case —Vp,= @5 at any temperature, which corresponds to For por-Si/p-Si structures aged for six months under
downward bending of the energy bangis; (whereq is the  natural conditions, th@or-Si also behaves like an-type
electron chargefor p-Si. The rather small increase i, as  semiconductor, but in this case the posit\':(,{ﬁfr is smaller in

the temperature decreases from 300 to 23(0cHrve 1) is  value and the trapping of holes at the-Si/SiQ, surfaces is
connected with filling of surface electronic states by holes asveaker(Fig. 2). It is clear that the difference between curves
the Fermi level inp-Si shifts toward the valence band. The 1 and2, which were plotted after the first pulses of white and
decrease inpg for T<230K is associated with reconstruc- red light, respectively, is not as significant as it was for an
tion of the system of electronic states caused by reversiblas-grown structure. Clear evidence of the weaker trapping of
structural changes at the semiconductor-oxide film interfacéoles in aged structures is the fact that in samples illumi-
as the temperature vari€s!® The difference between curves nated with white light at 220 K the photomemory changes

EXPERIMENTAL RESULTS AND DISCUSSION
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sign (curve 1'). At T>220K trapping of holes at the sur-
faces ofnc-Si dominates, while aff <220K trapping of
electrons at the Sigp-Si interface dominates. It is clear
from curves2 and2’, which were obtained under illumina-
tion with red light, that this begins even at= 240 K.

Yet another peculiarity of the ageguor-Si/p-Si struc-

tures is the photomemory that appears after a train of white-

light pulses. This memory is connected with charging of
traps in the silicon oxide by electrof$whose thickness
around thenc-Si increases with aging. While traps at the
nc-Si surfaces are saturated with holes and traps ap{B#

por-Si interface are saturated with electrons within the time

Venger et al.
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the first light pulse acts, about 120 white light pulses are

required to saturate the traps in the SiQn this case, at
room temperature the value efV, changes from 120 to
34 mV, while the time the photomemory is maintained ex-

FIG. 3. Temperature dependences of the concentratioh captured elec-
trons at the surface @ Si (1), and at the interface of an as-grog#) and an
agedpor-Si/p-Si structureg(3), and also the temperature dependences of the
photovoltageVpp" that appears irpor-Si for as-grown(4) and aged(5)

ceeds 10s. The number of electrons captured at oxide trapsstructures.

which can be estimated from calculations based on measur
ment of the photovoltage in red light, is found to exceed

e_

3x10"%cm 2. Note that since no detectable photomemoryBecause the traps are saturated with electrons by the first

of this kind was observed on an aged surfacp-8i, capture
of electrons inpor-Si/p-Si structures takes place within this
por-Si oxide.

light pulse, the function®N(T) also reflect the temperature
dependences of the trap concentration. The increase in the
value ofN with decreasing temperature is attributable to the

As we already noted, when red light pulses are usegbarticipation of increasing number of shallow traps located

—V,n equals the potentiapg of the p-Si substrate at the
interface withpor-Si. It is clear from Figs. 1 and 2 that the
surface potentialp, is always positive(depletion-related
bending of the energy bands downwgrdnd is larger in
magnitude on as-growpor-Si/p-Si structure. Furthermore,
once a certain temperatude is reachggdno longer increases
with decreasing temperature and starts to decrease. On t
segment wherep increases with decreasing temperature,
which is due to charging of surface electronic statep-&f

near the conduction band in trapping and holding electrons.
From Fig. 3 it is clear that while at higher temperatures
slightly more electrons are trapped by deep trapping centers
at the surface op-Si, at lower temperatures the traps with
the highest rate of electron capture-8x10*°cm 2) are
shallow traps at the interface for an as-gropar-Si/p-Si
ktructure. Note that the number of holes captured at surfaces
of nc-Si when the structure is illuminated with white light at
low temperatures can turn out to be even larger than 3

by holes as the Fermi level shifts towards the valence bandx 10'°cm™2, because the quantity V,, at the second pulse

we can calculafé the density of electronic surface states for
the region of thep-Si band gap that is being probed. We

found that the density of electronic surface states in the en-

increases despite the same capture of electrons taking place
in this case as occurs in red ligtiig. 1).
Figure 3 also shows the temperature dependences of the

ergy range 0.14-0.17 eV above the midpoint of the band gaphotovoltageviy" that appears in porous silicon, obtained by

—2
2

E; for an as-grown structure amounts tox30'cm
-eV~!, while for an aged structure it is »410"°cm™
-eV~1in the energy range 0.14—-0.22 eV bel&y. At the
surface ofp-Si the density of states is only>x310*°cm™?2
-eV~ 1 in the interval 0.08-0.13 eV belo&,. Thus, the
density of states clearly increases whemar-Si layer is
grown onp-Si, and decreases as tper-Si/p-Si structure
ages. The segment of the functig(T), whereg is found

subtracting the values of ,, measured after the first pulses
of white and red light. It is clear that the values\dj;" for

an as-grown structur@urve4) are considerably larger than
for an aged structuréurve5). This implies that thepor-Si

in an as-grown structure has a larger band bending upward at
the nc-Si thanpor-Si in an aged structure. The fact that the
temperature dependences\gl;" are so distinct for freshly
prepared and aged structures clearly indicates that the

to decrease with decreasing temperature, is explained by ramount of oxidation ohc-Si and the structural changes at

construction of the system of surface electronic states due the nanocrystal

structural changes at theSi/por-Si interface as the tempera-
ture changes. For an agear-Si/p-Si structure these struc-
tural changes begin at a higher temperature than for a fresh
prepared structure.

lllumination with red light at temperatures below 230—
220 K indicates that the photomemory ¢f is connected

surfaces with decreasing
strongly affect the band bending.

temperature

Ie‘.‘(ONCLUSIONS

We measured the temperature dependence of the pulsed
photovoltage in order to investigate the electronic properties

with capture of nonequilibrium electrons at surface traps obf por-Si/p-Si structures in which thpor-Si was obtained

p-Si (Figs. 1 and 2 Figure 3 shows calculatédependences
of the number of captured electrons on temperaN(€) at
a planar surface gf-Si (Fig. 1) and at gp-Si/por-Si interface
for freshly preparedcurve 2) and agedcurve 3) structures.

by chemical etching without applying an electric field. By
illuminating the por-Si/p-Si structures with white light
pulses, which were absorbed in both her-Si and thep-Si,
and red light pulses, which were absorbed only in the
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Epitaxial films grown by low-temperature liquid phase epitaxypetype 4H-SiC were used as
strongly doped subcontact layers for making low-resistance contacts petyipe material.

The layers had a bulk resistivity of 0.02()-cm and an aluminum atom concentration-ef.5

x 107%°cm™2. The absence of polytype inclusions and the distinct crystalline quality of the
strongly doped subcontact layers was confirmed-bagy diffraction methods. Ohmic contacts with
resistivities less than 1¢ Q- cn? were prepared by depositing and then annealing multilayer
metal mixtures containing Al and Ti. The structural properties and energy characteristics

of the resulting ohmic contacts are discussed. 1999 American Institute of Physics.
[S1063-78269)01211-9

INTRODUCTION other metallizations, because it is determined by the depen-
N o N _ dence of the tunneling current through the Schottky barrier
Silicon carbide is one of the most promising semicon-on the level of &1-SiC doping. Thus, in order to obtain
ductor materials for making devices used in solid-state hightow-resistance contacts toH4 and 6H-SiC with hole con-
power and microwave electronics. In fabricating silicon- ductivity it is necessary, above all, to create a strongly doped
carbide bipolar devices, the creation of low-resistancesypcontact semiconductor layer.
contacts to #- and 64-SiC with p-type conductivity re- It is possible to increase the doping level of the semicon-
mains a key problem, because these polytypes of silicon cagyctor subcontact region by using aluminum and boron, i.e.,
bide have wide band gag8.28 and 3.09 eV at room tem- chemical elements that are acceptor impurities in SiC, to
perature, respectively In nature there are no metals With ¢eate the contacts. Once they have diffused into silicon car-
work functions greater than 6 eV, which would make it pos-,;e gjther during the time of deposition or after a subse-
sible to obtain ohmic contacts by decreasing the height of th‘auent annealing, they should increase the level of doping of

Schottkyt/_ ba:rler. Il-!en(;e, such cotn':)acts Ca': betobtallnedd Ong‘we subcontact layer. However, because the diffusion coeffi-
y crealing tunneling-transparent barrers 1o strongly dopegq - impurities in silicon carbide are extremely small,

i(r:ﬁic%rngzcgfagggngghly'ghegei)tgg ?gﬁtgctit ttse g}ettal'short—time annealing of contacts at temperatures of order
Y- POy yp(zi\lOOO °C does not increase the level of doping of the subcon-

4H-SIC are obtained by magnetron sputtering of tA& tact layer. Although annealing at higher temperature on

with a subsequent annealing for 20 min at 700 “The mini- th g ' A 17(;109% f' gl '9 I'p t'u N d_

mum resistivity R.on) that can be achieved in this way is € order o & — orfor lohger annealiing imes does
lead to the formation of a contact via recrystallization of the

3.8x10 °Q-cn?, but reproducibly obtainable values are , ,
aboutR,,=10"*Q-cr?. The epitaxial layers have an ac- semiconductor surface laygf, such high-temperature an-

ceptor concentration of $10°cm3. The best contact to nealing is not compatible with technologies for making de-
polytype 84-SiC (Ruon=4% 106 Q- crr?) was obtained on vices withp—n junctions just below the surface.

expitaxial layers with an acceptor concentration of 20'° Another way to increase the doping level of the subcon-
cm 3, using Co+ Si metallization and a long anneal: 5 tact layer is to grow an additional strongly doped epitaxial
hours at 500 °C plus 2 hours at 900 °C, leading to the formalayer or create one by ion doping. The maximum concentra-
tion of cobalt silicide? This value of the contact resistivity is tion of aluminum atoms that can be incorporated into the SiC
in rather good agreement with experimental dependence ¢fystal lattice and play the role of electrically active impuri-
Reont ON the doping level for Ti- and Al/Ti-contacts type  ties depends on the methods of epitaxy or doping. The high-
6H-SiC>* which in turn repeat the dependence of theest concentration of aluminum atoms ever incorporated into
Schottky barrier transparency on the doping level of the sili-silicon carbide, on the order of210?*cm™3, was obtained
con carbide subcontact region. In Ref. 3 it was concludedy doping during epitaxy of B-SiC, using the sublimation
that the dependence of the resistivity of Ti/Al-contacts on thesandwich method.Epitaxial layers grown in this way have
concentration of acceptor impurities is also typical of all high crystal quality, and the aluminum atoms are almost all

1063-7826/99/33(11)/6/$15.00 1206 © 1999 American Institute of Physics
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electrically active. On the other hand, the higher growth temin the current density, local heating, and consequently
perature(~2000 °Q means that this method cannot be usedburning-out of the mesa structure.
for direct deposition of the contact layer onto a prepared Finally, strongly doped layers gi-type 4H- and -
device structure, and the impossibility of controlling the SiC can be grown by low-temperature liquid-phase epitaxy
level of doping during the growth process prevents the cre{LTLPE)."® The monitored rate of growth in this process is
ation of the working structure and the subcontact layer at théound to be in the range 0.1-dm/h, which makes it pos-
same time. sible to grow thin layers, while the growth temperature is
A strongly doped contact layer can also be obtained byelatively low and lies in the range 1100-1200 °C. The con-
ion implantation of aluminum with subsequent annealing.centration of aluminum atoms in such layers, which was
Thus, this method has been used to create subcontact laydp§asured by secondary ion mass spectros¢SpyS), was
for contacts top-type 6H-SIC made of Ti/Al(Refs. 8—1p  found to be 2X10°cm 2, which is lower than the highest
and Al (Ref. 11. The highest concentration of aluminum doping level obtained by the sublimation sandwich method
atoms in silicon carbide obtained by ion doping at room@nd ionic doping but exceeds the maximum doping level
temperature was 210"cm 3. In this case the concentra- Obtained for vapor-phase epitaxy. The distinctive crystalline
tion of electrically active atoms was ¥&m~3 (Ref. 12. quality qf these layers was confirmed kyay diffraction, as .
Combined implantation of Al and C intoH6-SiC at room well as its successful use as a substrate for subsequent epi-

temperature, or at higher temperatur@90°0, makes it taxy of gallium nitride and the creation of-GaNp-SiC
possible to increase the atomic concentration of Al tOheterostructure%fi.All this makes the LTLPE method attrac-
2% 10Pcm 2 (Ref. 11, but activation of the impurities and tive for making strongly doped subcontact layers to decrease
o e ) the resistivity of contacts tp-type 4H- and 6H-SiC.
recrystallization of the amorphous SiC layer that forms at 4 ) : L
The topic of this paper is the fabrication of low-

such high implantation doses (A=10cm™2?) requires a : ; e .
long high-temperature anneal for 30 min at 1550 °C in areS|stance ohmic contacts ftype 4H-SiC by growing

. . _strongly doped subcontact layers using LTLPE, and the in-
special geometry that prevents the decomposition of the S_'éestigation of structural properties and electrical characteris-

s:u_rface layer. Although or51m|c contacts with a contact resiSii < of these contacts.
tivity on the order of 10°Q-cn? can be made to these
layers!! strong diffusion of the implanted impurities is ob-
served at the same time, leading to washing-out of the dog~ABRICATION OF OHMIC CONTACTS TO p-TYPE 4H-SIC
ing profile of the working structure and to depletion of the

st byor, e oyl s of 0 S0 1 o o s 1w s
: y 9 " layer grown by LTLPE(an LTLPE laye).'>' The substrate

Bec_a use ""%‘por'ph"?‘se epitaxy makes accurate control r this layer was provided by a homoepitaxial structtire,
the doping profile possible, strongly doped subcontact Iay(,aréonsisting of an epitaxial layer of-SiC with a thickness of

could be grown by this method at the same time as a devicg, m grown on the “silicon” facet of am-type 4H-SiC

structl;]re. Hovgever, Fhe dn;axljmum cgngentrat!on _Or alum'r;semiconductor crystal having a concentration of uncompen-
nhum that can be attained for doping during epitaxial growth 4164 acceptors on the order of @808 cm 2. The LTLPE

from a vapor phase is roughly>210*cm™* for epitaxial layer had a thickness of 300 nm, while the atomic concen-
layers of 64-SiC, i.e., almost an order of magnitude smaller .~iion of aluminum in it, as measured by SIMS, was 1.5
than that obtained by the two preceding methtidShe o 120cm 3.

growth rate of these layers wasun/h at a growth tempera- In order to make ohmic contacts, metals were deposited
ture of 1550 °C. It was shown in Ref. 14 that practically all gt the LTLPE layer by vacuum sputtering via evaporation
the Al atoms are electrically active. However, at the highesgs 4 target by an electron beam. Before deposition the
concentrations of around>210?*cm* a number of triangu-  samples were subjected to standard chemical cleaning, after
lar defects were observed in the layers. Those defects weignich photoresist was deposited on them and patterns were
interpreted as inclusions of theC3SiC polytype. A number  created for measuring the contact resistance. Immediately be-
of strongly broadened lines were also observed on the rockpre deposition the samples were held for 2 minutes in a 10%
ing curves obtained from these layers, which is evidence 0§o|ution of hydrofluoric acid and washed in deionized water.
strong disruption of the crystal lattice induced by the ex-Syccessive deposition of all the metals took place in a single
tremely high Al concentrations. Contacts to these layers wergrocess while the residual pressure in the chamber of the
made by direct deposition of the composition Al/Ti/Al and deposition apparatus was held belowk #20~7 Torr. The
annealing at temperatures from 650 to 950 °C. Because loweontact metallization consisted of metals deposited in the
resistance contacts with resistivities L0~ % Q - cn? were following sequence: T3 nm — adhesion layer; Al(50
obtained only for Al concentrations of 2x107%cm 2 in  nm)—Ti (100 mm — contact layer; Pd10 nm—Ni (50 nm

the epitaxial layers, we may conclude that the presence of- protective coating. After deposition and flash photo-
lattice defects and inclusions of th€3SiC polytype play an  lithograpy, the samples were annealed to create the ohmic
important role in lowering the contact resistivity. These de-contact. The annealing took place over various time intervals
fects and inclusions can affect the reliability and lifetime of at a temperature of1200 °C in a hydrogen flux, and a pres-
the contacts, while in devices that are operating under exsure of 500 Pa in a quartz chamber with cooled walls. Before
tremely high power densities they can cause nonuniformitieannealing, the chamber was evacuated to a pressure of 5 Pa.

Our strongly doped subcontact layer for making low-



1208 Semiconductors 33 (11), November 1999 Vasilevski et al.

The time required to increase the temperature from room § S
temperature to the anneal temperature was 40 sec. Annealin « 10 . . v
in a hydrogen flux and the Pd—Ni coating were used to sup- gm—n/.—:r‘""——_
press oxidation of the metals during the anneal. 4r @ N
~1075F N
a € ° M
8 3 B Qu L . ; /(/
< 500 550 600 650 PR o=
. R, 52/ e
ENERGY CHARACTERISTICS OF OHMIC CONTACTS éz
We used the Shockley method to measure the contaci
resistance, modified for a cylindrical contact geometry, as
described in Ref. 17. The low surface resistivity of the met-
allization compared to the resistance of the epitaxial layer is
an important condition for the use of this method to be valid. : L
o o . 0 1.0
The surface resistivity of the metallization was Q.51 im- n (D/d)

mediately after deposition, and increased to(4/2] after

annealing at 1150°C for 11 min. Despite the fact that theFIG. 1. Dependence d?, on In(D/d) for an annealed Ti/Al/Ti/Pd/Ni con-
resistance of the metallization increased as a result of th@ct o strongly doped#-SiC.

annealing, it remained much smaller than the surface resis-

tivity of the p-SiC layer (~600Q/]).
y P ver ( ) STRUCTURAL PROPERTIES OF THE STRONGLY DOPED
The pattern formed on the metallization to measure the, 5 -\ TACT 4 H-SIC LAYER AND THE CONTACT

contact resistance had a set of point contacts with diametgh=1aL | 1zATION

d=40 um, surrounded by outer contacts whose inner diam-

eter (D) varied from 100 to 50Qum. The resistance of the The structural properties of the LTLPEHASIC layer
ohmic contacts was determined by plotting the dependencdere studied byx-ray diffraction. Figure 2 shows rocking
of the total resistance between the inner and outer conta&trves in modes«) and (w, 26) measured using two- and

Ry 0N IN(D/d). The tangent of the slope angle of the straight-three-crystal spectrometers operating on(0@94 CuK,, re-
line approximation to this function equalRy/27, whereRg flection. Asymmetry of the pfaaks is observed in bth curves.
is the surface resistivity of the epitaxial layer, while the in- 1€ half-widths of the rocking curves measured in modes

tersection with theR,, axis equals the resistance of the inner(“’,)f and ((j“," 23) were ;:%mpl)arat_)le, aI_IOW|hng us to gsl,slume a
point contactR;. The value of the contact resistivitg.qn uniform distribution of dislocations in the epitaxial layer.

can be obtained by numerically solving the transcendentaThIS assumptlondln. tulr)n t""h”OWS dus t.o tdecomposefthe rocklgg
cauaion gven by he funcit— (R, ) Not tha. SIS TGS 1 Dol Tl 0 & S o ures €
in this method of measuring the quantRy,,,; the resistance y . : . 9

. . .. ure, each rocking curve is well approximated by a sum of
of the outer contact is assumed to be negligible. In reality

the resistance of the outer contact ranged from R,O8 two curves that are signals from the strongly doped LTLPE

. . layer (1) and the weakly dopeg-type layer and substrate
0.2%R; as the outer diameter of the mask varied from 500 to . .
100 um for the anticipated values dRe=10000/0] and (2). The half-width of the peak of the rocking curve from the

_ S layer was 37.2for a half-width of the peak from the sub-
~10-40). ; .
Reon=10"" Q- e, This implies that the value dReop; cal strate equal to 12on the curve measured in the)-mode,

culated from these measurements is an upper bound for the,ih shows the rather high structural quality of the strongly
value of the contact resistivity. o doped LTLPEp-type layer. The angular distance between
The current-voltage(l-V) characteristics of the test o peaks from the substrate and the strongly dqpége
s:_:lmples became linear after annealing for 50 sec at 1150 O%yer on the rocking curve measured in the @6)-scanning
Figure 1 shows the dependenceRyf; on In(D/d) for several  gaometry is 0.00253°, which corresponds to a concentration
periods of the photolithographic mask. A considerable scatyf Al in the LTLPE layer of about 1.5 102cm™3 (Ref. 19.
ter in results at various points on the film is noticeable; how-This value of the Al concentration is in good agreement with
ever, plots ofRyy versus InD/d) based on points measured the results obtained from SIMS.
within a single period of multiplicatiori1200 xm) are well In order to study the changes that occur in the composi-
approximated by a straight-line function. The value of thetion of the metallic layer as the ohmic contact forms, we
specific contact resistance obtained from this function rangegheasured Auger profiles of the samples immediately after
from 6.0< 10 ° to 8.9 10" * Q- cn?¥ for various regions on  deposition and after annealing. The results are shown in Fig.
the film, which also differed in their values 8. An aver- 3. It is clear that as a result of annealing, oxidation occurs
age value ofRgy,=1.5%X10*Q-cn? was obtained for only at the metallization surface, and that there is no oxygen
Rs<600€)/0. Subsequent annealings of these contacts foat the (silicon carbidé—metal boundary. Despite the fact
periods as long as 300 sec at 1200 °C led to an increase in thleat, on the whole, the protective Pd—Ni layer fulfilled its
contact resistance to 8&L0 4 -cn?, although the 1-V  function and prevented oxidation of the contact Ti—Al layer
characteristics remained linear in this case. during the anneal time, it must be noted that the Pd diffuses
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FIG. 2. Diffractive reflection curves in modes: a«+(26), b—(w). The experimental points lie on a curve that is the sum of two Gaussians which are shown
by the thin curves and explained in the text.

in the Ti layer even during the deposition process. In fact, agnough for mutual diffusion of Pd and Ti. This process is
shown in Ref. 20, it is necessary for oxygen to be present imlso observable in the Auger profiles of the samples imme-
the surrounding atmosphere in order that there be no mutudliately after deposition.

diffusion of Pd and Ti, because oxygen itself diffuses  Another distinctive feature of the metallization on
through the palladium and forms titanium oxide at the Pd—Tisamples after annealing is the presence of a layer containing
boundary, which intrinsically plays the role of a barrier for carbon and titanium close to thilicon carbidg¢- metal

Pd and prevents its diffusion into the Ti. For a deposition ofboundary X-ray phase analysis of the contact layer after an-
metals under high-vacuum condition, i.e., in the absence afiealing shows that peaks for pure Ni and Ti appear on the
oxygen, the use of the additional Pd layer turns out to baliffraction pattern, and also a peak that can be interpreted as
unnecessary. Although the substrate was not heated intenerresponding to AIPd or TiC. Comparison with the results
tionally, the deposited metal increased its temperaturef Auger analysis, for which neither Al nor Pd were ob-

a
é Ti Si =
:? — r N~ N . g
_(.% . '/ ~ \ L .D
- | Ni -~ A S|
é‘ 1 \ '/'~\\ >:.
©n ! LS =
o V! \ w2
O ~ 1 ! \ =
= | T 2
- p— '] Y
CU,j . l ;' \ i
< Pdx10 -\ s
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FIG. 3. Auger profile of the contact composition of the metals: a—immediately after deposition, b—after annealing for 50 sec at 1150 °C in a flux of
hydrogen.
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FIG. 4. SIMS profile of contact com-
position of metals after annealing for
50 sec at 1150 °C in a flux of hydro-
gen.

I, arb. units

0 400 800 1200
Sputtering time, s

served(which implies that their concentrations do not exceedThe magnitude of the resistivity of the subcontact layer
1%), allows us to assert that titanium carbide forms in theRs=600(/], obtained by measuring the contact resistance
contact layer as a result of annealing. In order to obtain theorresponds to a bulk resistivity of the LTLPEA4SIC layer
Al distribution in the contact layer we used SIMS, which of ~0.02Q)-cm. From what we can gather from published
allowed us to detect very low concentrations of Al down todata, this value is close to the resistivity of the very highest-
~10cm 3. The SIMS profile for the distribution of ele- conductivity epitaxial layers ofp-type 4H-SiC (0.025()
ments in the contact layer after annealing is shown in Fig. 4: cm) made by doping during vapor-phase epitaxigeeping
Although the SIMS method does not give correct quantitain mind that layers grown by low-temperature liquid-phase
tive estimates for such high concentrations, the correlatioepitaxy have high structural quality, these results should find
between SIMS and the Auger profiles is quite clear: bothapplication in making contacts in bipolar high-power and
methods show the presence of a layer enriched with Ti andigh-frequency silicon-carbide devices.
C. It is also clear from Fig. 4 that some of the aluminum We wish to thank M. A. Yakobina for carrying out the
atoms diffuse through the titanium layer towards the surfacex-ray phase analysis of the samples.
while the rest of the Al atoms remain close to the TiC-SiC  This work was supported by the INTAS progra@rants
boundary. We assume that the Al forms a high-temperatur87-1386 and 96-0254 The work of one of ugK. Vasi-
alloy with Ti in a very thin layer near the boundary, becauselevskii) was also supported under the NATO Science
the contact remains stable as a result of the subsequent afellowship-1998 Program.
neal.

Dsilicon carbide films with an epitaxial layer were purchased at CREE
CONCLUSIONS Research, Inc(USA).
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Effect of low-temperature charge redistributions on the conductivity of surface electron
channels at the Si/SiO , interface
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The behavior of the electron density at the Si/sSifiterface with temperature is investigated by
measuring the rf conductivity of band-edge surface electronic channels that shunt Schottky
barriers inn-type Si. The results are explained within a model in which the “metallic” character
of the temperature behavior of the conductivity reflects a redistribution of electron charge
between the oxide and the silicon lattice in the vicinity of characteristic temperatures of the oxygen
subsystem of the oxide. @999 American Institute of Physid$S1063-782609)01311-3

1. The electronic properties of the Si/SiOnterface thermal oxidation of silicon are of considerable interest.
form the basis for devices used in silicon electronics and the  Our goal was to investigate and compare the temperature
classical two-dimensional electronic system, and as suchehavior of the conductivity of surface channels in Schottky
have been studied extensively. However, recently there hatiodes made fromm-type Si, channels that form at the inter-
been an ongoing elaboration of new model representations @¢ce between the Si and natural and thermally generated ox-
electronic states at this interface and in the oxide. These neigdes, and to take into account a possible relationship between
representations are required in order to understand the prthe “metallic” temperature character of the conductivity and
cesses by which these states are modified by changes in tenedistributions of electron charge between the oxide and
perature, electric field, and illumination, and the role of hy-crystal silicon at the Si/SiQinterface that occur in the
drogen in these processks.Observations of a metal- neighborhood of “intrinsic” temperatures of the oxide’s
insulator transition in the two-dimensional electron gasoxygen subsystem.
contained in silicon field-effect transistors at liquid-helium 2. In these investigations we used films of high-
temperature$,and its interpretation based on an assumedesistivity n-type Si with resistivities of 2 ®&-cm which con-
relation between the metallic conductivity and the temperatain surface stacking faults surrounded by partial dislocations
ture dependence of the occupation of scattering centers-that penetrate to a depth eflum. The defects are intro-
charged hole traps in SiO(Ref. 4 — has also attracted duced by oxidizing the Si in dry oxygen at an oxidation
attention to this problem. Note that the “metallic” behavior temperature 8561050°C for 1 hour, according to the
of the conductivity of electron channels at the Si/$iO method described in Ref. 10. In order to create the Schottky
boundary at liquid-nitrogen temperatures is connected witharrier, a layer of Si@is first removed within a window
the dominance of electron-phonon scattefigpwever, the ~ With area 3<5 mn?. A layer of Au is then deposited on the
nonmonotonic temperature behavior of the mobility ob-film with area 3.5¢5.5 mn¥, forming a structure with a wide

served in experimentésee, e.g., Ref.)requires that other €lectrode. In control samples, the layer of thermally gener-
mechanisms be invoked. ated oxide is removed from the entire Si surface before de-

One such mechanism could be a low-temperature Changtg)siting the Au. In order to measure the layer conductivity in
in the spectrum of surface states and band bending of the sd#tPortion of the film, the thermal oxide with the defective
observed in G&.Si® and GaA< In these cases. measure- surface is not removed. Ohmic Ni contacts are made on the
ments of the conductivity of surface channels can give inforPackside of the films.

mation about the nature of electrical activity of surface cen- 3+ Structures with a wide electrode exhibit a consider-
ters. In Ref. 10 it was shown that the temperatureable excess current which increases as the temperature is

dependence of the high-frequency conductivity of shuntin owered. This ig iI_Iustrated by the .tem_perature dependence of
surface electronic channels in barrier structures and relaf'® d¢ conductivityG(T), shown in Fig. 1 by curve. At
ation spectra of the conductivity can also be informative. Inhigh frequencies the active conductivi(T) of all the di-

Ge and Si, for example, these dependences are found to haQdes exhibits a tendency toward nonmonotonic changes with
well-defined steps and peaks near the same temperatur@gcreasing temperatufeurves2, 3, 6, and7). The change in
when surface structural defects are pres@htallowing us  the capacitive component of the rf conductaag®(T) with

to hypothetically associate them with the intrinsic behaviort€mperaturéwhereC is the measured capacity of the diodes,
of oxygen and hydrogen-oxygen complexes at the bounda@ndw:zm‘; heref is the freq~uency of the~prob|ng voltage
between the crystals and the natural oXid8uch investiga- is illustrated by the functiorB(T), where B=w(C—Cy),

tions of barrier structures with electronic surface channel$o=C(T=300K) (Fig. 1, curve4). The correlation between
induced by positive charge that forms in the oxide during thethe traces of curve&(T) andB(T) indicates that the tem-

1063-7826/99/33(11)/4/$15.00 1212 © 1999 American Institute of Physics
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FIG. 1. Temperature dependences of the dc conductageg (1), its active | i the 1f g

= ; . = FIG. 2. Relaxation spectra of the capacitive component of the rf conductiv-
component(T) (2, 3, &, 7) s capacitive componer8i(T) (4), and the ity of a surface channel at the boundary of Si with its natufidl and
modulus of the rf conductivity' (T) (5, 8) of surface channels at the bound- thermally grown oxidd?2, 3). t,=2 ms,t,= 10 ms.f = 160 kHz. Switching:
aries between Si and its thern{al-5) and natural oxide&—-8), and also the 1,2 — (045 V), 3—(1-2.5 V)
layer conductance of a Si sample with a thermal oX&€T) after holding ' o o
the sample for several day8) and several month@0) under natural con-
ditions. The arrows denote temperature positions of the peaks of spectrum 1
in Fig. 2. For curved-5, 7, and8 the left-hand scale is used, for cur&s

9, and 10 the right-hand scale. The oxidation temperature, ¢€:8) —  high-resistance Si excludes the possibility that effects of
1050,(9, 100 —850.U, 6 —0.5;2—1.5;3,4—25;1,5,7—35;8—  charging deep levels will appear in the spectra, because the
8. =160 kHz.

width of the depletion region even under equilibrium condi-
tions greatly exceeds the penetration depth of the stacking

) faults (<1 uwm) and when the voltage is switched, the edge
perature features of the measured capacitance are caused {%ne space-charge region sweeps through a region without

changes in the reactive conductivity of the leakage chann&jefects. The spectra of control samples are identical to those
with temperature. Note that the functio®T), G(T), and  observed in Ref. 10 in Si with surface packing faults; they
wC(T) are reversible under thermal cycling. contain five basic peaks with maximdg (94 K), A, (126 K),

The temperature dependences of the modulus of thg, (187 K), C (226 K), andD (273 K). From Fig. 2 it is clear
high-frequency admittanc&=(G?+B?)¥2 are shown in that in structures with a wide electrode, despite the consid-
Fig. 1 by curves and8. The temperature curves of the layer erable monotonic background, peaks in the spectra are ob-
admittance of the sampleS4(T) are similar in character, served near the same temperatures.
reflecting the temperature behavior of the surface admittance 4. The correlation of the temperature dependeftgE)
o(T), because the ”jgasyged valueQxf exceeds the bulk 504 AB(T) with the function G4(T) can be interpreted
conductivity (~1Xx107°Q"" at 300 K (Fig. 1, curves9  ithin the model discussed in Ref. 10, which established a
and10). From~ Fig. 1~|t is cIearNthat the nonmonotonic nature .q|ation between the density of electrons at the Si43i©
of the curvesG(T), B(T), andY(T) in samples with a ther-  terface and the admittance of the electron channel that shunts
mal oxide is less clearly defined than in the control sampleshe potential barrier. In this model it is assumed that an ex-
but the changes in slope are observed at similar temperaturasrnal voltage changes not only the width of the space-charge

Such behavior of the conductivity with temperature inregion and the depth of the channel, but also the width of the
the samples under study is even more strikingly evident irthannel, because a transverse field appears at its boundary
the relaxation spectréFig. 2), which consist of temperature due to the different distributions of longitudinal field in the
curves for the nonstationary capacitive admittand®(T) channel and in the depletion region. When this field is
= w[ C(t,) —C(t1)] and which are obtained by the standardscreened, the channel narrows at the source and broadens
method used for capacitive deep-level transient spectrogewards the drain. Negative feedback in the channel affects
copy. As already noted in Ref. 10, the choice to investigatehe screening time significantly. When the voltage is in-
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creased in a stepwise manner, for example, the increase i the peak8;, C, andD in our study, the authors of Ref.
current as a result of broadening of the channel at the draifg gpserved peaks in the thermodesorbed spectra, reflecting

suppresses the redistribution of voltage along the channej, |oss of stability of hydrogen-oxygen complexes at 190,
causing narrowing of the channel at the source. The subse>q and 280 K.

quent decay of the current and narrowing at the drain slows  Registribution of charge at a silicon-oxide interface
down the broadening at the source. Negative feedback broagy intrinsic temperatures of the oxygen subsystem of the
ens the frequency characteristics both in the regions of higQyide. Within the same temperature intervals as the peaks
and low frequencies, decreasing the timeT)~ o *(T) for A;, A,, B3, C, andD, a succession of structural phase tran-
the current to grow and increasing the timgT)~os(T) I sjtions is observed when solid hydrogen-oxygen condensates

which it slowly falls off? At high frequencies, due to the synthesized at 80 K are heated: amorphous condensate
oscillating width of the channel, measurements of the admitgjntering— softening— viscous liquid— crystallization—

tance reflect the conductivity of an “opened” channel andmnelting — liquid — gas® as well as amorphous solid water
the temperature dependeneagT) are clearly manifested in - ,_H,0 (Ref. 17. As a result of these transformations, the
the functionsG(T), B(T), andY(T) but more weakly in the  concentrations of molecular ions of oxygen peroxidg O
functionsG(T), which to a large degree reflects the overlapand G ions, and also @ and Q structures containing a

of the channel by the depletion region and the effect of anoQ- bond, decrease nonmonotonically with temperature,
increase of the diffusion potential as the temperature is lowghijle the concentrations of atomic ions Cand &~ in-
ered. In addition, ators~ 1 the temperature change iny  crease: @—0, -02 -0~ —0?" (Ref. 16. Note also
leads to a change in the rat®/B, which also makes itself that in the temperature range corresponding to pAak®8s,

felt in the shapes of the curvé(T) andB(T). The depen- C, and D, the authors of Ref. 18, using ESR, observed a
dencers=f(og) accounts for a number of peaks in the re- stepwise decrease in the concentration of peroxide radicals

laxation spectra adB(T)= w[C(t,) — C(t;)] changes for a =Si-00- during post-irradiation annealing of amorphous
given choice oft, andt; for the relaxation time window.  SiO; with a high content of dissolved Onolecules.

5. We have presented some information about possib'e The analogies formulated here a.”OW us to assume tha.t in
connections between the temperature-dependent changesti oxygen subsystem of SjGhere are a number of tem-
the admittance of surface band-edge channels and the surfae@ratures in the range 7800 K at which the interaction
density of electrons and temperature-induced redistributiongnergy in the oxygen complexes containing the bond -OO-
of electron charge between the oxide and silicon, based oghange reversibly, which is accompanied by a change in
low-temperature properties of oxygen in adsorbed oxygeiheir electronegativity and a redistribution of electron charge
and hydrogen-oxygen condensates that are known from tH@tWGen the oxide and the silicon Crystal. As a result, the
literature, and also in the solid phase. density of bound and free electrons at the Si surface can also

Analogy with the temperature transition from donor to change. These temperatures in the final analysis are related to
acceptor activation of oxygen adsorbed complexes. Oxygetemperature phase transitions: boiling of the oxy¢e® K)
can be both an acceptor and a donor of electrons. Donor-likénd 0zong161 K); breaking of the molecular bond -OO- in
behavior of oxygen centers at the surface of Si crystals, likenolecular @ ions (145 K) and oxygen peroxide $ ; the
oxygen thermal donors in its bulk, is connected with elec-beginning of decomposition of the solid condensate
trons of unshared-pair orbitals in super-coordinated oxygel,O,—H,0 (190 K) and melting of the eutectic D,—H,0
atoms. Increasing the number of oxygen atoms in a complex220 K); melting of ice(273 K), sintering(~100 K), glassi-
and also increasing the binding energy and decreasing tHigation (~ 136 K) and crystallizatior{~ 158 K) of the solid
interatomic distances, leads to ejection of electronic level$lydrogen-oxygen condensatés! In this case the change in
into the conduction bantf. The force that drives the tem- electron density at the Si/SjOnterface in the neighborhood
perature dependence of the electronegativity and the convedf these temperatures depends on real structural features of
sion of submonolayer oxygen adsorbed on a cold substrat®iO, and defects at the Si surface, and also the presence of
from donor to acceptor is a structural transition that is ob-hydrogen in SiQ.
served with increasing temperature. Oxygen adsorbed at 100 Analogy with the temperature mechanism for inter-

K on a Si surface, for example, exhibits electropositive propdayer charge transfer in layered oxides.The qualitative
erties, and decreases the work function, forming a downwarehodel considerations stated above are also based on the
band bending at the surface. Upon heating, the work functiofioxygen-hole” model of quasi-two-dimensional conductiv-
increases and the bands bend upwards, which is attributabity and superconductivity in layered oxides based on the spa-
to a changeover from molecular adsorbed oxygen to chemiial separation of electrons and holes between planes with
sorbed oxygen® The transformation of the molecular form differing oxygen concentratiohdand on the decisive role of

of oxygen to its atomic form observed in Ref. 14 in sub-the oxide’'s oxygen subsystem. In these models, the binding
monolayers of oxygen adsorbed at 100 K at the surface of Caf electrons in a layer with an oxygen deficit leads to an
is accompanied by a step-like increase in the work functionincrease in the concentration of holes in the conducting
at the same temperatures as the pe&ksB;, C, D in the  layer. It is assumed that dimerization of holes 26 2e
relaxation spectra in this paper. An analogous change in the-20™— 03 and binding of the holes at oxygen peroxides
work function is also observed in the systemQ40,/Cu o§* leads to superconductivity in the neighborhood 90 K
(Ref. 15. In this case, in the region of the same temperaturesRefs. 20 and 2lland that the temperature dependence of the
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conductivity is controlled by thermal drift of oxygen atoms Si/SiO, interface upon exposure to electric field, illumina-
in oxygen bridges between layefsComparison of the ex- tion, and temperature.

perimental data allows us to identify the general characteris- 6. Based on analysis of the results obtained here, and
tic temperatures for changes of interatomic distances in layusing literature data that are relevant, we may conclude that
ered oxides controlled by the density of holes in conductinghe observed nonmonotonic increase in the conductance of
layers?? and changes in the density of electrons at theelectronic channels at the Si/Si®oundary with decreasing
Si/SiQ, interface based on data from our study. This is antemperature is controlled by temperature-induced redistribu-
indication of a possible generality of electronic chemicaltion of electrons and holes between Si and Si©the neigh-
processes responsible for interlayer charge redistributiorborhood of intrinsic temperatures of the oxide’s oxygen sub-
The analogy we have mentioned is confirmed by the modegystem, leading to the formation of a surface layer enriched
representation put forth in this paper for microscopic phaséy electrons near 80 K.

transitions at the Si/SiQinterface as the physical cause of We wish to thank the participants of the Scientific Semi-
the temperature correlation of electronic and structural proppar from the Laboratory for Nonequilibrium Processes in
erties, and indirectly confirms that the temperature transforSemiconductors at the A. F. loffe Physicotechnical Institute
mations between molecular and atomic forms of oxygen irof the Russian Academy of Sciences for a discussion of this
the oxide are reversible under temperature cycling. Thisvork.

analogy also allows us to assume that the increase in electron

density at the Si/SiQinterface as a result of cooling can be

accompanied by an increase in the bond length of the bridg-E: H- Poindexter, C. F. Young, and G. J. Gerardyrimdamental Aspects

. . . . of Ultrathin Dielectrics on Si-based Devicesdited by E. Garfunkedt al.
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The mechanism for switching on a microplasma in gallium phosppid@ junctions is

investigated. It is shown that changing the distribution function of the statistical breakdown delay
with respect to distance makes it possible to determine the energy spectrum of deep levels
localized in the microplasma channels. In these experimental studies, commercial gallium
phosphide AL102 red-light LEDs were used. In the temperature range 100-380 K the

influence of a number of energy levels was detected. In these diodes, deep levels were observed
to have an unusually strong effect on the statistical breakdown delay when their charge

states are changed by a fractional decrease in the voltage acrgss thpinction. © 1999

American Institute of Physic§S1063-78209)01411-§

INTRODUCTION We will consider the influence of deep levels in a micro-
plasma channel on the probability of the channel switching
Avalanche breakdown of—n junctions usually has a on, and the possibility of determining deep-level parameters
microplasma character with a defaypeep levels located in  from measurements of the distribution function for the length
the space-charge region opa-n junction are found to have of delay before static breakdown of the microplasma.
a large effect on the breakdown defay At high concentra-
tions pf th(_ase levels, when theT electric_field in_tensity i_n theDISTRIBUTIOI\I OF STATIC BREAKDOWN DELAY VERSUS
p—n junction changes appreciably during their charging, aysTance
relaxational breakdown delay appeér$.the concentration
of deep levels is low, then they affect the statistical break- ~ Consider ap—n junction in which a uniform distribu-
down delay of the microplasma. For silicgn-n junctions ~ tion of deep levels is present with an energy level in the
these issues were investigated in Ref. 5, and in Ref. 6 forPper half of the band gap. In this case, as a rule, the emis-
gallium phosphidep—n junctions. However, the results ob- sion of electrons from a deep level is considerably larger
tained, as the authors of these papers themselves remark, &@n the emission of holes, i.e,>e,. Let thep—n junc-
too imprecise and contradictory. tion support a voltagel,,, for a sufficiently long time so that
In our view, many of the problems are connected withstationary occupation of the deep levels is achieved. Let us
the fact that charging of deep levels takes place by passagiscontinuously increase the voltage frds, to U>Uy,
of the avalanche current through the microplasma channel. IWhereUy is the voltage for microplasma breakdown. The
this case, the deep levels can capture both electrons arfifuation in the microplasma channel for a certain tiraéter
holes. The occupation of deep levels occurs over the entirhe discontinuous change in voltage is shown schematically
space-charge region, including the region of maximum fieldin Fig. 1.
Therefore, effects of Frenkel—Poole type or tunneling can Whene,>e,, the deep levels in the region fromL ; to
manifest themselves during re-emission of the captureém are nearly empty, and from them we will alternately see
charge carriers. The passage of a filling current pulse heagMission of holes and electrons. In the region fiogto L,
the channel of the microplasma. Because emission of carriegfarting with the instant of the voltage jump, all the deep
occurs over a short time, problems arise with the definitiorlevels will be completely occupied by electrons. In this re-
of temperature. gion we will observe primarily electron emission.
In this paper we study the effect of deep levels on sta-  The probability of switching on the microplasma after
tistical breakdown delay as these levels are filled by decrea@PPlying an overvoltage can be expressed in the form
ing the reverse voltage acros®a n junction. In this case t
trapping of only charge carrier@lectrons from then-base PM=1—9XF{—f P01(t)dt},
side and holes from thp-base sideoccurs. Filling of deep 0
levels can take place within a bounded region near the edgeghere Py, is the probability of a transition from the
of the space-charge region, where the electric field intensityswitched off” state to the “switched on” state per unit
is considerably lower than its maximum field intensity in thetime. It is determined by the frequency for the appearance of
p—n junction. triggering carriers in the microplasma channel and the prob-

1063-7826/99/33(11)/5/$15.00 1216 © 1999 American Institute of Physics
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T Based on Eqg1)—(4) for the distribution function of the
ﬁ ﬁ I§ breakdown delay with respect to distanthe probability
'ﬁ E‘ : Kg that during timet the microplasma will not switch onwe
then have
— P | N :é N —
ene Ln
E : ﬁ 1-Py=expj —SuN; . tf Pn(Xx)
- ™ ~ | entep Jou,
|
! é 62 t
L 0 L, L, +P,(x))dx+ —n( 1—e?>
P p(X)) (ent+ep)?

FIG. 1. Schematic illustration of p—n junction.

Ln e, (Ln
X f P,(x)dx— —pf Pp(x)dx)H. (5)
Lm €n Lm
ability of avalanche being triggered by them. In the casdn GaP the coefficients of collisional ionization of electrons
under study, switching on of the microplasma is caused bwnd holes are equal, i.ex,=ap=a. In this case the prob-
electrons and holes emitted from the deep levels. ability of triggering an avalanche by an elect®p(x) and a
The probability that in a time after applying the over- hole P,(x) starting from a poink in the space-charge region
voltage the microplasma does not switch on is determined bis determined by the expressidns
the expression

P,(X)=1—exp

LFI
—Pnpfx a(x")dx

1-Py= exp{ ~ Sy fotfl [Ga(X,H)Pp(X,t)
p

Pp(X)=1—exp , (6)

X
- Pan a(x")dx

+Gp(x,t)Pp(x,t)]dxdt], (1)
whereP,,, is the probability of triggering an avalanche by an

whereG,(x,t) andG(x,t) are the rates of emission of elec- electron-hole pair. When the ionization of electrons is the
trons and holes from the deep levels, respectively(x,t) same as that of the holes, this quantity does not depend on
and P,(x,t) are the probabilities that they will trigger an the location of the pair generation, and is determined by the
avalanche, an®,, is the cross section of the microplasma transcendental equation
channel.

In the first portion of the space-charge region from 1-P,p,=exp
—L, to L, we have a stationary occupation of the deep
levels and the rate of emission of electrons and holes is the |t follows from Eq. (5) that in a semilogarithmic system
same: of coordinates the distribution function for breakdown delay

consists of linear and nonlinear parts:

Ln
—PnpﬁL a(x)dx|.

p

)

€n€p
Cn=Cpn=g e N @ M (Lo ene
nor f(t)=— —J [P(X)+Py(x)JdX———-t, ()
" - L)L entep
wheree,, ande, are emission coefficients for electrons and P
holes from the deep levels, an is the deep level concen- M Ly ep (L
tration. e(t)=— T L Pn(x)dx— e_fL P,(x)dx
In the second region frorh, to L, there is nonstation- m nem
ary occupation of the deep levels. The rate of emission in e2 .
. . . . . n -
this region is given by the relations —| 1-e f), 9
(entep)
e t e . . .
Grho=enN; " e+ P ) (3) whereM is the number of deep levels in the microplasma
€nt € €t & channel.
ee . For purely electronic trapsef,=0), the linear term
Gpa=— N 1-e 7|, r=(e,+e,) * (4)  equals zero, and the distribution function for breakdown de-
entep lay has the form
In this case it is assumed thattat O occupation of the t
deep levels is complete in this region. We also assume that 1-— PMzexp{A< 1—exp( — —)” (10

the concentration of deep levelg is small compared to the

concentration of doping impurities, and that the electric fieldin this caseA is always negative, which corresponds to a
has is no effect on the emission of charge carriers from thelecrease in the statistical breakdown delay. If, however,
deep levels. In this case, and e, do not depend on the e,#0, then the linear term can be eliminated from consider-
coordinates, whild,, L,, P,, andP, are independent of ation if we measure the distribution function without filling
time. the deep levels. In this case for small overvoltaggs=L
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0.4 In real p—n junctions, along with emission of carriers
from the deep levels there are some other mechanisms which

0.2 supply carriers for triggering an avalanche. Another term,
usually a linear term,in this case should be added to the
0 exponent on the right side of expressi@. Its contribution
can also be included when measuring the distribution func-
< -0.2 tion of the breakdown delay without filling of the deep levels
(background triggering
-0.4
-0.6 EXPERIMENTAL RESULTS
234 By studying the effect of deep levels on the breakdown
-p 8L 5 - .
0.8 \ . ) , . . 7 / delay of the microplasma we can determine the parameters
0 002 004 006 008 0.10 012 0.14 of the deep levels located in the microplasma channels. This
bp-Lm, ™ can be done either by measuring the distribution function of

_ _ _ the breakdown delay, or by studying the effect of the déjay
T oo o o e M, erfor  votagely, . We restrct the analysis (0 determining the
U-Uy=0.7V.e,/e,: 1 — <1073, 2— 102, 3 — 2x10°2 4—3 Pparameters of the deep levels directly from the distribution
%1072, 5—5x1072. function for breakdown delay.
Measurements were made on a series of gallium phos-

phide red-light emitting diodes AL102. The capacitance-
and, according to E(5), f(t) is measured. Thus, the ques- voltage characteristics are shown for the example of a distri-
tion can be reduced to analyzing the functipfit) which  bution of doping impurities that is linear in character within
contains the basic information about the influence of deephe space-charge region for a concentration gradient of about
levels on the breakdown delay, and which also has the fordx 10??cm™*. The steady-state breakdown voltage of the
of Eqg. (10). It follows from Eq.(9) that in this caséA can first microplasmas in various diodes varied in the range of 18
have both negative and positive signs. The latter implies thab 19 V. For these measurements we chose diodes in which
the filling of deep levels by majority carriers increases thethe breakdown voltage for the second microplasma exceeded
statistical delay of the microplasma. by more tha 1 V the voltage for first breakdown.

Figure 2 shows the change in the paramétexith in- Analysis of the LEDs under study showed that the ap-
creasing width of the region of filling for a smooth gallium pearance of a microplasma is always accompanied by the
phosphidgy—n junction withM = 100. In these calculations appearance of a glowing point that is yellow-orange in color.
we used ionization coefficients from Ref. 7. It is clear from In all cases, these points are located outside the edge of the
the figure that for equal ionization coefficients of electronsp—n junction contour. This is probably explained by the fact
and holes it is harder to see the increase in the static breakhat near the edges of the space-charge region the concentra-
down delay than it is to observe its decrease. As the deefion of doping impurities is~6x 10" cm 2. Surface states
levels fill near the edge of the space-charge regbonQ, but  at such high concentrations of impurities are unable to have
in absolute value it is small. This hinders its separation fromany important effect on the field distribution, and the-n
the overall distribution functions for breakdown delay. Thejunction breakdown is bulk-like in character.
situation is somewhat more favorable in abrupt asymmetric  The temperature range for these investigations was 100
p—n junctions. When other conditions are approximately theto 380 K. The samples were placed in a cryogenic thermostat
same, the values & near maximum are an order of magni- that emitted no light, which accurately maintained a tempera-
tude greater in these junctions. ture of ~0.1 K. The temperature of the samples was con-

It is even easier to observe the increase in the statisticdtolled by a platinum resistance thermometer TSPM-5. The
breakdown delay when the collisional ionization coefficientvoltage across thp—n junction was varied using a genera-
for majority carriers is smaller than the coefficient for minor- tor of step voltages with a leading edge whose width was
ity carriers(for example, in silicomm™ —p junctions. Here  about 10us. The breakdown delay time was measured by a
the occupation of deep levels by holes leads to a timeCHZ-54 frequency meter.
dependent decrease in electron emission, whose contribution When observed at constant voltage, the microplasma
to triggering avalanche is considerably higher. pulses had a well-defined “packet” character in the entire

We easily can obtain the distribution function for break- temperature range. This observation was evidence of the
down delay for the case where the voltage is switched opresence of deep levels in the microplasma channel. How-
with a built-in delay. In other words, we increase the voltageever, no relaxation of the barrier capacitance with time was
from U,, to Uy, pause for a time&y, and then increase the observed. The temperature dependence of the capacitance
voltage toU>U,, . For rather small overvoltagdd —U,, had a smooth monotonic character. All of this indicates ei-
this reduces to adding a factor expty/7) to the expression ther a low concentration of deep levels in the diodes or their
for the nonlinear part in Eq9). The effect of such a delay localization in the microplasma channels.
is equivalent to incomplete occupation of the deep levels in  In order to eliminate the influence of previous break-
the region fromL, to L,,. down cycles, in measuring the breakdown delay we allowed
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FIG. 3. Distribution function for the static breakdown delay with respect to FIG- 4. Arrhenius curves for the observed levels.
time. 1—Without filling of deep levels,2—with filling of deep levels,
3—the difference curve corresponding to expressip) for A = 2.40 and
=78.2 msT=320.9K;Uy=18.45V;U—U=0.35V;U,=13.0 V.
Figure 4 shows dependences ©bn T in the form of
Arrhenius curves. Six values of activation energy were found
enough of a time lag for the diode to undergo a filling volt- (in eV): 0.49+0.01, 0.350.01, 0.23-0.01, 0.16-:0.01,
age U,,. Depending on temperature, this time was either0.084=0.005, and 0.036.001. The first five values of acti-
fractions of a second at high temperatures or several seconsstion energy can be assigned to individual energy levels.
at low temperatures. However, it is impossible to determine from which band we
Without filling of the deep levels, the distribution func- should measure these energy values, because the diodes un-
tion for breakdown delay is linear in semilogarithmic coor- der study have almost symmetrical structure. The lost acti-
dinates. If re-emission of trapped carriers from the deep levvation energy appears at low temperatures over a rather wide
els is eliminated, then avalanches are triggered by electroriange. Possibly it is connected with fluctuations in the band
hole pairs that were generatétie entry of minority carriers ~potential from the space-charge region of fhen junction®
into the microplasma channel from the base regions idNear the boundaries of the space-charge region they can lead
equivalent to the generation of electron-hole pairs at the edg® the appearance of local regions that capture majority car-
of the space-charge regiprit is easy to show that the aver- riers and hold them for a long time.

age duration of breakdown del&yfor equal collisional ion- It should be noted that within the entire temperature
ization coefficients of electrons and holes can in this case beange the occupation of deep levels by decreasing the voltage
written in the form led to a decrease in the statistical breakdown delay. In this
_ case an anomalously high sensitivity was observed to the
tO=(VPnp) l, (11) y N9 Y

filling of deep levels, especially at low temperatures. Even
wherev is the frequency of appearance of electron-hole pairdor a rather small change in the voltage across phen
in the microplasma channel. HeR,, does not depend on junction (Uy—U,=0.5-4\) a decrease in the average
the location where the pairs were generated and is given bgelay to breakdown was observed and the value of the
expression7). Using Eq.(11), we find thatry changes very parameteA reached 1-2 in absolute value. Meanwhile, cal-
slowly with temperature and depends strongly on the appliedulations using the ionization coefficients of Ref. 7 for rea-
voltage. This indicates that in the temperature interval undesonable assumptions about the geometric dimensions of the
study a large contribution to the supply of charge carriers fomicroplasma and deep level concentrations give value# for
triggering an avalanche comes from a tunneling mechanisrthat are smaller by ten orders of magnitude. As follows from
for generating electron-hole pairs. Fig. 2, for the diodes under study the considerable increase
In order to experimentally measure the distribution func-in A with increasing range of occupation should be observed
tion for breakdown delay it is necessary to ensure the condifor L,—L,,=0.3Lg, wherelLg is the width of the space-
tion to>27. This can be done by choosing the overvoltagecharge region at the microplasma breakdown voltage.
(U-U,,) at the diode or by varying the temperature. In order to explain the anomalously high sensitivity of
Figure 3 shows the distribution function for breakdown breakdown delay to deep level filling we offer the following
delay 1- Py, atT= 320.9 K. The function + P, is defined assumptions.
as the ratio of the number of step-voltage pulses for which 1. The electric field distribution in the microplasma
breakdown delay exceeds a tindo the total number of channel differs considerably from the distribution of field in
applied pulse$1000. It is clear from the figure that all the the p—n junctions under study and is more similar to the
curves correspond to relatiorts) and (8)—(10). At certain  field distribution in ap*—n—n* structure. In this case,
temperatures the resulting cur8es described by the sum of even when the deep levels near the edges of the space-charge
two exponentials of the forn(10) with time constants that region are filled, they turn out to be in regions of relatively
differ by almost an order of magnitude. This allows us tohigh field. The increase in sensitivity to filling of deep levels
separately determinein these cases. with decreasing temperature is connected with the increase in
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the width of edge layer of the space-charge region, in whichtheory of avalanche triggering should be reconsidered.
the deep levels are always completely filled. At this time, there is no basis for preferring one of these
2. The collisional ionization coefficients in GaP and theirassumptions over the others.
temperature dependences in weak fields are considerably This work was carried out with the support of the Rus-
larger than the values obtained by extrapolating the data afian Fund for Fundamental Reseaf@rant 98-02-03334
Ref. 7 would suggest. In this paper the ionization coefficients
were measured in the range of fields (5—%3)0° V/cm,
whereas the maximum value of the field in the region where, ) ) )
the d | | filled fdd —U =4V i th d I. V. Grekhov and Yu. N. Serezhnidvalanche Breakdown in Semicon-
€ aeep levels are fille M m= IS on the order ductor p—n Junctions(Energiya, Leningrad, 1980
of 10° vV/em. o ) ) ) 2C. Kimura and J. Nishizawa, Jpn. J. Appl. Phys1453(1968.
3. Although the distribution function for carriers in GaP M. w. Nield and J. H. Leck, Br. J. Appl. Phy48, 185(1967.
in strong fields is assumed to be spherically symmetric, there“P-c}/- /ikgnov, '1 \; Gfekho;ha”d Yu. N. i‘frim;f‘i '?Z- Tekh. Polupro-
are a small number of carriers that are able to avoid colli-s,’ Ian;tt;g:n(dgMQVElscl)\lviéld ?&S‘?&Lﬁznaécﬁgﬂé iscz]iwa
sions with phonon¢Shockley electrons These carriers play 6. Ferenczi, Solid-State Electron7, 903 (1974,
the primary role in triggering an avalanche as carriers are;R. A. Logan and H. G. White, J. Appl. Phy86, 3945(1965.
emitted from the deep levels. In this case, in calculating the ,S-X-IBU'YSS"‘ a’;d'\;\‘- S. Grgfhtk%e’?eri‘)“%’l"Rﬁcomb'”T'g‘)’g”spfocesses
probability for triggering an avalanche the use of average in Active ElementgMoscow State Univ. Publ., Moscow,
values of the collisional ionization is inadequate, and theTranslated by Frank J. Crowne
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The effect of vacuum heat treatment on the electronic state of a (G@@ssurface coated with

island layer of gold is investigated. It is found that the effective band bending in the

depletion layer decreases monotonically with increasing anneal temperature in the range
100-500°C. The Fermi level at the surface remains approximately 0.8 eV below the conduction-
band bottom. The transformation of the potential barrier is due to the formation of a

strongly doped region near the surface with high tunneling transmittance. It is shown that the
photoelectric properties of thin GaAs films can be controlled by adsorption of gold and

heat treatment. €1999 American Institute of Physid$$1063-78209)01511-2

1. INTRODUCTION possible to use for diagnostics of metal-semiconductor in-
The high density of electron states localized on a freeterf,aCeS phptosensitive methods basgd on the study of longi-
GaAs surface and at interfaces between GaAs and metals &dlnal carrier transport near t.he sgmlconductor surfptze
insulators is one of the most important physicotechnical’@" conduction, photoconduction, field effect, and othed$
problems impeding the full realization of the well-known greqt interest is the pos§|b|I|ty of controlling thg potential
advantages of gallium arsenide over silicon in practical apParrier near the surface in GaAs by photoelectric methods,
plications. In Schottky diodes, surface states cause the Fermince photoelectronic processes in this material are especially
level to be pinned near the center of the band gap in GaA$ensitive to the state of the surface because the photocarriers
thereby sharply decreasing the “sensitivity” of the potential@re located primarily within the depletion layer near the
barrier to the work function of the methPinning makes the surface’’
technology for fabricating diodes with a low barrier =~ We have investigated the submicramGaAs films
height?~* which are necessary for a number of technical ap{@bout 0.5xm thick) doped(Ge) to ~10"" cm™* and grown
plications (for example, the production of millimeter-range by vapor-phase epitaxyMOCVD) on the (100 surface of
detectors and mixets much more complicated. Definite dif- semi-insulating GaAs. An island surface structure was ob-
ficulties also arise in the development of GaAs-based thintained by adsorption of gold from a water solution of
film photosensitive componerts. HAuCl,, using the method described in Ref. 9. The Au con-
The possibility of controlling the electric characteristics centration in the solution was 1.6x 10" * g-ions/liter, and
of a number of IlFV—metal contact systems by heat treat-the adsorption time was-2 min. Electron-microscopic
ment(right up to a transition of contacts from rectifying into analysis confirmed the island character, established in Ref. 9,
ohmic) has been reported elsewh&f& The changes occur- of the adsorbed gold layer. Typical values of the island den-
ring in the electric properties of Schottky diodes are ex-sity were~10'" cm 2, the characteristic size of the islands
plained by the “repinning” of the Fermi level near the was ~10 nm, and the degree of filling of the surface with
conduction-band bottom as a result of the rearrangement gfietal was~0.4—0.5.
the energy spectrum of surface stditds.the present paper Heat treatment was conducted in~al0™ 4 Pa vacuum
we report the first results of an experimental investigation ofor 1 h. The anneal temperatufe,,,was varied in the range
the effect of heat treatment on the electrical and photoelectri¢go—500 °C. Control specimens, which were subjected to all
properties of a GaAs surface coated with an island layer oétages of preliminary treatment except treatment in the
gold. They attest to a change in the shape and effectivejaycl, solution, were prepared for identifying the effects
height of a barrier near the surface while the Fermi levely,e to the presence of gold atoms on the semiconductor sur-
remains pinned near the center of the band gap. face.
The surface band bendinds, the positionUggof the
Fermi level relative to the conduction-band bottom at the
A GaAs surface coated with an island layer of gold is asurface, and the densityss of surface states near the Fermi
methodologically convenient model system whose electronitevel were determined from combined measurements of the
properties are similar to those of a completely metallizedplanar (surface-barrigr photoconductivity, surface photo-
GaAs surfacé. The methodological advantages are due tovoltage, and differential field effect. The algorithm used to
the absence of a surface conducting phase with relativelgnalyze the results of the photoelectric measurements has
small fillings of the surface with the adsorbate. This makes ibeen described previoust{:*2The electrostatic potential of

2. EXPERIMENTAL METHODS

1063-7826/99/33(11)/4/$15.00 1221 © 1999 American Institute of Physics
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the surface(the work functiony) and the photovoltag¥,, ~ results;**it can be concluded that the effect of vacuum heat

on the surface barrier were measured by the dynamic capadiéatment on the electronic state of a GaAs surface is due to
tor method(Kelvin probe. reconstruction of the skin layer as a result of the desorption
of arsenic and the formation of a polycrystalline phase of
Ga0,. The additional structural surface disordering arising
in the process results in a higher density of surface states and
Comparing the properties of a surface coated with arsurface band bendin¢according to our data, &f,+~450
island layer of gold and the properties of the initial surface—500°C the band bending increases by an amount of the
showed that band bending in the first cased(75—-0.8 eV) order of 0.2 eV. A consequence of these processes is the
is much greater than in the second case0(55-0.6 eV). experimentally observed increase in the work function and
According to the field-effect data, the increase in band bendsurface photovoltage.
ing and the corresponding shift of the Fermi level to the  For samples with a gold layer the effect of heat treatment
valence band4{Urs=0.2 e\) are due to an increase in the on the photovoltage had the opposite sign and was more
density of surface states. As a result of the adsorption of Au,
the value ofgsg increased from (£2)x 102 to (4—5)
X 10'2 cm™2. eV~L. Therefore the position of the Fermi
level on a GaAs surface coated with islands of gbldg

3. RESULTS AND DISCUSSION

=0.8 eV is close to the usual barrier height in Au—GaAs 1
Schottky diodes ¢ 0.9 eV; Refs. 13-16 5001 10.2
Figure 1 shows the typical photoconductiviC) spec- 2

tra obtained at various heating temperatures on the control
and gold-coated samples. The photoconductivity was mea-
sured with modulated illumination in a weak-sigiihear in
the illumination intensity regime and resulted in the same
number of photons incident on the sample. It is evident that
the adsorption of Au changes the character of the effect of
heat treatment on the magnitude of the PC sigiat). An
increaseA oy, reaching~20% for T,,=400°C (Fig. 1a,
is observed with increasing,,, for samples with a free sur-
face. When an island gold structure is present, the photocon-
ductivity decreases in the entire spectral range. Starting at .
Tan=400°C, Aoy, decreases by more than an order of 100 Joo
magnitude(Fig. 1b. Tann, °C
Figure 2 shows the surface photovoltagg, versus the
anneal temperature and the corresponding changes in tifS: 2 Surface photovoltagdy, (left-hand scale, curved and 2) and
. changeA y of the work function(right-hand scale, curve3 and4) versus
work function y. When the control samples were annealed e annealing temperature for the control sanifile8) and a sample with a
Vpn and x iuncreased. Taking into account the previousgold layer on the surface, 4).

Vih » mV
+~
Ay, eV

500
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- FIG. 3. Model of the energy band
diagram of a GaAs/Au interface be-
fore (a) and after(b) heat treatment.

pronounced. AT ,,+~500 °C, for example, the photovoltage at variance with the data on the pinning of the Fermi level at
decreased in magnitude by more than 0.4 eV. Interestinghthe surface. However, this discrepancy can be easily re-
no substantial changes of the work function could be dismoved by assuming that heat treatment gives rise to a thin,
cerned in the process. As one can see from FigAR, heavily dopedn™ region with a high transmittance for elec-
<0.05 eV, irrespective of the annealing temperature. Thigron tunneling near the boundary with a metal. The part of
shows that the heat-treatment-induced change in the positidhe contact potential that falls across theé region, because
of the Fermi leve at a surface modified with Au atoms isof the tunneling transmission of carriers through the top of
negligible. Estimates show that after annealing at temperahe barrier, will then virtually have no part in barrier photo-
tures T,,>>350°C the density of states of such a surfaceeffects. For this reason, the photoconductivity and photovolt-
exceeds 1 cm 2.eV! (the value ofgss could not be age under these conditions should be determined not by the
determined more accurately because of the extremely lowue height but rather by the effective height of the surface
values of the mobility in the presence of the field effect barrierugﬁ, equal to the band bending in the depletion layer
Therefore, to interpret the experimental data it is neceseutside then™ region (Fig. 3).
sary to take into consideration the fact that during vacuum  The transformation of the barrier increases witfy,,:
heat treatment the position of the pinned Fermi leMgk  The voltage drop in the™ region increases antigff de-
~0.8 eV remains essentially the same at a GaAs surfacereases. The effective barrier height can therefore be con-
coated with an island layer of gold. This result agrees withtrolled by varying the annealing temperature, similarly to the
the data obtained in a study of the internal photoemission ofvay this is done in Schottky diodes by special subsurface
Au—GaAs Schottky diode®¥ and it can be easily interpreted doping of a semiconductor before metallizatfdn.
from the standpoint of the theory of disorder-induced surface  The hypothesis that a heavily doped layer appears near
states(DIGS model®). Indeed, thermal activation of inter- the surface agrees with the existing theory of interphase in-
phase interactions and reactions at a metal—semiconductteractions in the system Au—GaAs**® According to these
interface is accompanied by an increase in the structuralideas, the restructuring of the GaAs/Au interface as a result
chemical disordering of the boundary layét>Accordingto  of heat treatment is accompanied by a breakdown of stoichi-
theory!® disordering of this kind should result in higher val- ometry in the skin layer as a result of gallium atoms escaping
ues ofgssand in pinning of the Fermi level near the electric- from the semiconductor into the metalutdiffusion and the
neutrality level of the system of surface states. Calculation$ormation of an Au—Ga solid solution and an intermetallic
based on the DIGS modébee, for example, Ref. 14how  phase AyGa (at T,,»>350°C). It is natural to infer that
that in GaAs the electric-neutrality level lies approximatelyfavorable conditions for the localization of germanigdop-

0.9 eV below the conduction-band bottom; this is close to thent) in the Ga sublattice and manifestation of its donor prop-
experimental value of) 5. erties arise as a result of gallium autdiffusion and the gen-
A phenomenological analysis of the data on the effect oferation of point defects of the typés,. Thus, as a result of
heat treatment on the photoelectric properties of a goldthe accumulation of germanium near the surface, partial
modified GaAs surface, just as analysis of the current-eompensation of the initial negative charge of the surface by

voltage and capacitance—voltage characteristics of Schottikihe positive charge of donor centers of the type,Gand, as
diodes®~®leads to the conclusion that the surface band benda result, a decrease of the effective height of the barrier near
ing decreases with increasifg,,,. A calculation ofUgfrom  the surface occur.

the dependence of the stationary photoconductivity on the The above-examined nechanism of transformation of a
photovoltage on a surface barrier shows that My, barrier at a GaAs surface coated with an island layer of gold
~450-500°C the band bending does not exceed 0.3 e\also agrees with the results of an experimental investigation
The conclusion that the band bending decreases is formallgf the morphology and chemical composition of the interface
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Intraminiband absorption of light by electrons in a quantum superlattice in a quantizing electric
field is investigated theoretically taking into account the electron—phonon interaction. It is
assumed that the interaction with optical dispersion-free phonons makes the main contribution to
electron scattering. It is shown that the poist wq (w is the light frequency, and, is

the optical phonon frequengygonditionally divides thes dependence of the absorption into two
parts:w<wq, the region of exponentially weak absorption ant v, the region of

““strong” absorption. An electric field shifts the region of strong absorption in the red direction

of the spectrum. ©1999 American Institute of Physid$$1063-782609)01611-7

Electroabsorption of light in semiconductor structuresHere() is the Stark frequency)=eEd/# is the Stark fre-
could become a basis for the development of a variety ofjuency,E, is the strength of the electric field, andis an
optoelectronic devicés(optical modulator$, optical logic  integer.
gates’ laser diodes with mode lockirfyand others In ad- Stark quantization appears when the following condi-
dition, experiments on interband electroabsorptibave re- tions are satisfied:
liably confirmed the Stark quantization of the energy spec-

trum of charge carriers in superlattic€3Ls). Qr>1, 3
The theory of interband absorption of light in a SL in a
quantizing electric field has been developed by Zhifi¢h- hQ<E,. (4)

traband absorption of light in a classically strong electric

field has been investigated theoretically by Maleviaho  Here 7 is the relaxation time, ané, is the miniband gap.

took into account the dynamic effe¢hot associated with The condition(4) means that we restrict the analysis to the

carrier heating of a constant electric field on the electron single-miniband approximation. The inequalit@) corre-

scattering by phonons. sponds to discrete levels which are not broadened by electron
In the present paper we report the results of an experiqg|lisions with lattice irregularities.

mental Study Of the mu|tiph0t0n intraband absorption Of ||ght Let us assume that a Strong’ |inear|y po'arized electro-

by a semiconductor SL in a quantizing electric field. Wemagnetic wave, whose electric field vector lies in the

point out several specific features of this effect which arepjane, is incident on the SL. Under these conditions the elec-

promising in terms of their use for pl’aCtica| app|ica’[i0ns. tron wave functior(disregarding the photon momentmh‘as
We assume that the electronic energy spectrum in théhe form

absence of an external perturbation can be approximated by

the relation L A
W ( V)= 7 d —
2+ 2 pxd pZipyv dv v—x/d hLQ

ZrA 1—005(7> , (1)

_by
whereA is the half-width of a conduction minibang,, py,
andp, are the projections of the quasimomentum onto the

Xexp[,';[pyw pZZ+f(pL)—e(p)t]], ®)

coordinate axesnis the effective mass of current carriers in eEp 2E2
a plane perpendicular to the SL axike x axis), andd is the f(p,)= ; sin(wt) — 3 sin(2wt),
period of the SL. Mo 8mw

When a strong electric field oriented along the axis of

the superstructure is applied, the energy spectrum of the eletthereL, is the size of the normalization volunwealong the
trons becomes quasidiscréte: x axis, J,(x) is a first-order Bessel functioi, is a the elec-

tric field vector of the electromagnetic waye, is the com-
ponent of the electron quasimomentum in 4 plane, and
w is the angular frequency of the incident wave.

2+2

PytP
€(Pz.Py v) = —5 =+ Q. 2)

1063-7826/99/33(11)/4/$15.00 1225 © 1999 American Institute of Physics
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The wave function(5) is a product of two functions cor- The function n(p,) can therefore be written in the
responding to a constant Stark ladtfeand a state that takes form'?
into account exactly the influence of a strong electromag- ) 2
netic wave'’ 2mdn Py
e . . . n(p.)= Tkt P T ameT) (11)
Treating the interaction between electrons and optical mkT 2mkT
phonons as a perturbation, we find the absorption, which wi
determine in the standard mannes the ratio of the energy
absorbed per unit volume of the matter per unit time to th
flux density of the incident light We assume the phonons to
be dispersion-free and the phonon frequengy= const.
Thus, we write the light absorption as

fheren is the electron density in the conduction miniband.
Investigating the case of ultraquantum field¢/2<1),
Sve can expand expressign) in a series and retain the terms
of order (A/AQ)?. Only the terms withw—»'=0, =1 will
then remain in the sum overandv’.
If the intensity of the incident light is moderately high,
27w, 5 so thatag<a (a is the period of the crystal lattice along the
a(w)= cuV 2 E 2 n(p,)H?M, ,/(dy) )|? Oy and @z axes, then the expressiofB) can also be ex-
AT panded in a series, retaining the first nonvanishing terms.
Retaining in the sum oves only terms of order
X E S|GS(QL)|25[E(pi)_E(pL)_i_ﬁwO (ao-qi)z, we shall examine the single-photon absorption
s=— (s==1).
~BQ(v—1")~sholdy p g (6) For a nonpolar crystal we havg,=Cy= const. In this
+ case we obtain an expression fafw) in the zeroth-order
Here u is the radiation energy densitg,is the velocity of ~ approximation in §/%(2)?
light in vacuum,ng is the refractive index of the medium, 1
n(p,) is the function for electron distribution over perpen- a(w)= A E F{ h k—|«])
dicular values of the quasimomentump,, H 3 2kT
=Vhl(2wopVCqy, Cqis a coupling constanp is the density
of the crystal,M ,,(q,) [Gs(q,)] is the matrix element of Cine’kTm

|
1+ ﬁ) (12)

the operator expg,x) [exp(q, -r,)] which takes into ac- " dn #3cpw '
count the effect of a static fieldight) on the absorption; 0 0
specifically, for the energy spectrut®) we have wherek=sw— wg.
A q For a polar crystaC,=C/q. In this case the absorption
2_ = coefficient has the form
My (2= 22| sin =7 |, (7)  coefficient has the f
5 12 B o h K | k|
|GS(QJ_)| :Js(aoqj_)r (8) a(w):_3521 sex KT |K|K1 >kT) (13
w3
wherea,=eE/mw? is the amplitude of electron oscillations
in the field of the wave. The expressi6P is presented, for 5 V27 C?né?
example, in Refs. 8 and 9, and the expressi@ncan be 2cn0pw0h\/_'l"

obtained using the standard relafibfsee also Ref. 10
whereQ; is a modified Bessel function of the first kind.
e izsin(a) — 2 J(z)e s, From the expressiond2) and(13) and Fig. 1(curvel)
s=— and Fig. 2(curvel) it is evident that the poinb= wq con-
ditionally divides the single-photon absorption as a function
of w into two parts: w<wg, the region of exponentially
weak absorption an@d> wg, the region of strong absorption.
The width of the region of exponentially weak absorption is
Aw~KkT/h. We note that the poinb= w, corresponds to
the threshold for the creation of an optical phonon.
ﬁQ>A_2 th(@) © A similar situation is also observed in the absence of a
' quantizing field.

Zﬁwo
In the next approximation inX/%Q)? the absorption

In the expression6), processes with absorption of a
phonon are ignoreghis is possible whett wy>kT).

In general, substantial difficulties arise in the calculation
of n(p,). We shall therefore restrict the discussion to the
case

e’E2 KT i :
LA (10) has the foIIowmg form for a nonpolar crystal:
ime® fio
h ||
The inequality(9) signifies that there are virtually no transi- #(@)= T W3 52_1 lZ sMex 2kT(K_|K|) 1+ 2KkT
tions between Stark sublevels, and that equilibrium is estab- (14)

lished within each Stark subbak@We note that numerical N

values ofw on the order of) are important in the problem, and for a polar crystal it is

so that on the basis of E(3) we assumev7>1. The condi- g 2 1

tion (10) then makes it possible to ignore the heating of w)=— sexp< ) K) (15)
current carriers by the field of the electromagnetic wavé. ( w® SZ— :2 2k "1l
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ﬁ|K|),

r F(r)=[r|Kye| 5o

| - ho (> 72 ) xk’m 1 dl &
o (= 2m)o &P " amkT¢ " 2kT 29406
L]
:-Tr” K=Sw— wy— Q.
oD
AAS It is evident from the expressiorn&4) and(15) and Fig.
50 1 (curve 2) and Fig. 2(curve 2) that the region of strong
3 single-photon absorption in the first-order approximation in
R (A/2Q)? shifts in the direction of lower frequencies by the

amount(). An appreciable absorption of light with frequency
less than the frequency of an optical phonon is therefore
e ———— possible. Specifically, the inequality>wo— ) should be
satisfied. However, the absorption of light at frequency
'Z‘, 1075~ 4 J w~wy—Q is suppressed by the factakQ/A)?. This situ-

’ ation resembles the Franz—Keldysh effect in interband ab-
FIG. 1. Absorption coefficient for a nonpolar crystal in the zeroth approxi- sorption, where an electric field shifts the absorption edge
mation (1) and in the first approximatio2) with respect to §/40)% into the interior region of the band gap. A physical reason for
wo=4X10%s7, 0=2%10"s7", andT=5 K. the shift of the region of strong single-photon absorption is

the possibility of an electron hopping downwards along the
Stark ladder. As a result, the energy required to excite an
Here optical phonon is taken not only from the electromagnetic
wave but also from the static field.
A \?2 Let us write the expression for the two-photon absorp-
_> ' tion for a nonpolar crystal in an approximation of zeroth-
order in A/AQ)?:
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wherek=iw—wy—1Q, andx’=2iw— wy—11.

Thus it is evident that the dependence of the two-photon
absorption on the light frequency can also be conditionally
divided into two regions: For absorption not to be exponen-
tially small, the condition @ > w, must be satisfied.

We shall now make some numerical estimates. The ideas
developed here are applicable fow,=3x10 2 eV, T<10
K, E<5x10? V/icm (~2 CGS unit}, A<10 ? eV, and
hQO=2x10"2 eV. If, moreover, the density is1=10'°
cm 3, then a numerical estimate of the light absorption gives
a(w)=10Fcm 1.

Finally, we note that the above-described characteristic
features of electroabsorption of light are strongly coupled
with the fact that electrons are scattered by dispersion-free
FIG. 2. Absorption coefficient for a polar crystal in the zeroth approxima—optlcz_il phon_ons. In general, d|sperS|on of_optlcal phonons
tion (1) and in the first approximatior2) with respect to 4/2Q)2.  and interaction of electrons with acoustic phonons can
wo=4x10%s7%, 0=2%x108s"!, andT=5 K, m=10"?g. change the picture described above. To observe the charac-

J
w, 107577
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teristic features predicted in our study, dispersion must b@redominates, it can thus be expected that the above-
quite weak. This effect can be estimated by expressing thdescribed features of electroabsorption of light can be ob-
phonon frequency as = wy— @g? (q is the quasiwave vec- served experimentally.
tor of a phonon, in order of magnitudeis estimated to be
a~nh/2M, andM is the mass of an atomDispersion can be | , _
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Multilayer InAs—GaAs structures with an array of vertically aligned InAs quantum dots in a

GaAs matrix, grown by molecular-beam epitaxy, were investigated by crystal truncation rods and
high-resolution x-ray diffractometry methods. It was shown that the formation of scattering
objects such as vertically aligned quantum dots in the structures strongly influences the mechanism
of diffraction scattering of x-rays and changes the spatial distribution of the diffracted

radiation. This is explained by the appearance of additional long-range order in the lateral
arrangement of the scattering objects in the periodic structures, by the curving of the
crystallographic planes in the periodic part of the structure, and by the quasiperiodicity of the
deformation profile due to the vertically coupled quantum dots. The observed spatial

distribution of the diffracted intensity can be explained qualitatively on the basis of a new model
where the scattering layers with quantum dots consist of defect-free, coherently coupled,

InAs and GaAs clusters. €999 American Institute of Physids$S1063-7829)01711-]

1. INTRODUCTION studies will help to establish the mechanism leading to the
formation of QDs and to determine the characteristic features
Epitaxial heterostructures with arrays of vertically of the relaxation of elastic stresses in structures of this type.
aligned quantum dots® are interesting objects for studying All this is important for understanding the physical charac-
their possible applications in various optomicroelectronic deteristics of low-dimensional quantum-well objects.
vices, for example, laser diodes. In this connection, it is im-
portant to investigate the stru_ctural prope_-rt|e_s of such struc(:]é' EXPERIMENTAL METHODS
tures, to study the mechanisms of epitaxial growth an
relaxation of elastic stresses, and to determine the character- The experimental samples were grown on precisely ori-
istic features of the diffraction interaction of x-rays with entedn*-GaAg001) substrates by molecular-beam epitaxy
scattering objects of this type. It is well known that the for-in a Riber 32P system with a solid-state arsenic source. To
mation of an array of quantum dot®Ds) on a growth sur- decrease segregation and reevaporation of In, the substrate
face changes the mechanism of epitaxial growth of intermetemperature during formation of a multilayer structure with
diate GaAs layers and influences the distribution of theQDs and deposition of a 100-A-thick GaAs layer covering
elastic stresses in and the planarity of the layers. Duringhe array of quantum dots was lowered to 480°C. The
growth of multilayer structures an ordered structure of QDsgrowth temperature for the rest of the structure was 620 °C.
is formed in the direction of epitaxial growthgqf) — an  Growth was conducted under As-stabilized conditions. An
array of vertically aligned dots — and in the plane of thearray of vertically aligned dots was formed on approximately
heterojunction(lateral directionsy, andqy). The parameters 1.2-um-thick GaAs buffer layers as a result of three-, six-,
of QDs and the character of their spatial ordering are deterand tenfold deposition of QD layers separated by 50-A-thick
mined by the conditions of epitaxial growth. GaAs layers. The effective thickness of InAs layers was 5.5—
It is known that the formation of quantum dots in the 6.0 A. The InAs—GaAs periodic structures were buried with
structures substantially changes the physical parameters afGaAs layer of the order of 0.4—0wbm thick. Transmission
the structures. Specifically, a change produced in the spatialectron microscopyTEM) showed the InAs QDs formed in
distribution of deformation in epitaxial layers by the pres-this manner to be close in shape and size and weakly ordered
ence of QDs should appreciably affect the conditions of dif-in lateral directions. Correspondingly, the periodic structures
fraction of x-rays and change the character of the spatiatontaining InAs QDs are arrays of vertically aligned QDs in
distribution of the intensity. The results of x-ray diffraction a GaAs matriX However, because TEM methods are local,

1063-7826/99/33(11)/9/$15.00 1229 © 1999 American Institute of Physics
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the presence of long-range order in the lateral arrangement ¢dnalogs ofw curves. These curves were later used to obtain
InAs QDs requires that these data be confirmed by x-rayiumerical data on the structures.
diffractometry, which is highly sensitive to structural order- The high-resolution x-ray diffraction studies were per-
ing. formed on a Rigaku(Japan high-transmission, double-
Structures with additional spatial ordering of layers incrystal #— 6 diffractometer with a slit-type G601) double
the direction of epitaxial growtksuperlatticesas objects of monochromator using @&y,; radiation. Thew—26 and w
investigations were chosen because in x-ray diffraction exscanning methods were used to record the diffraction reflec-
periments on perfect periodic structures, just as on structurggon curves(DRC9 and the intensity distribution in recipro-
of interference type, spatial resolution comparable to thecal space(reciprocal space mapping — RSMA narrow
resolution of transmission electron microscp¥ can be receiving slit in front of the detector was used to separate the
attained and substantial information about the structure ofoherent and diffuse components of the diffracted radiation.
the layers and interfaces can be obtained.
Measurements by the crystal truncathn rod3TR) 3. EXPERIMENTAL RESULTS
method were performed on a two-crystal diffractometer at
station BL6A of the photon factory in Tsukuba, Japan using  For accurate estimation of the crystallographic structural
synchrotron radiation from a storage ring with 2.5-GeV pos-perfection, the samples were first investigated neaf@bé)
itrons (the ring current — 380—-250 mAMonochromatiza- GaAs reflection in a TRS-1 double-crystal diffractometer
tion and collimation of the synchrotron radiation were per-with high angular resolutiofthe divergence of the radiation
formed using a curved quartz mirror and a trianguldf 1) after the asymmetric G801) monochromator was 1.0-12
crystal, curved to form a quasiparallel beam of monochromaA characteristic feature of the experimental structures is that
tized radiation. Special light-sensitive platésiaging plate  the intermediate layers containing InAs QDs serve as inter-
— IP) were used to record the two-dimensional diffractionference interlayers for radiation diffracted by the top GaAs
patterns. Information from the plates was read opticKlly.  layer. As a result of the large mismatch of the average lattice
The CTR patterns were recorded near {084 GaAs parameters in layers with QDs, the top GaAs layer is spa-
reflection at the wavelength 1.6 Aof the synchrotron radia+ially shifted relative to the substrate and the GaAs buffer
tion. After information was read from the IP and the inco- layer. In turn, the latter is spatially displaced relative to the
herent background was removed, the diffraction curves wersubstrate because of the presence of a silicon-doped GaAs
reconstructed from the complete two-dimensional patterns itayer on its bottom interface. In crystallographically perfect
the direction of the diffraction vectay, (analogs ofw—26 heterostructures the presence of such interlayers results in the
x-ray diffraction curvesand in a perpendicular directiaq, ~ appearance of extended interference patterns in the DRCs.

(004)GaAs
+1SL

8-8g,., deg

FIG. 1. CTR patterns of the spatial distribution of the radiation intensity neafO® GaAs reflection for structures with @), 6 (b), and 10(c) pairs of
InAs—GaAs layers. The wavelength of the synchrotron radiation is 1.6 A.
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TABLE |. Parameters, obtained by the CTR method, for the experimentadirection g, and in the directiorqx(qy) changes as the total
structures. number of pairs of layer§inAs + QD)—-GaAs increases.
Sample n te, Aty Aag, Xigas fpes Appremable changes in the, direction — decrease of the _
No. A A 1072 A % A linear extent of superstructural spots, appearance of addi-
tional thickness oscillations — are all manifestations of a
! 3 24 26 oad 763 415 dynamical effect due to an increase of the coherent-scatterin
2 6 527 92 7.69 91 a8 W 9
3 10 52.0 9.0 757 9.00 465 Volume. But the shape of the superstructural peaks also
changes at the same time in a perpendicdktera) direc-
Note: n— number of pairs of INGA-GaAs layers;, — period of the  tjon, Becoming narrower in thg, direction, the distant su-

InAs(QDs)—GaAs superstructuréyt; — broadening of the interface in the : :
superstructure;Aag; — mismatch of the lattice parameters in the perStrUCtural spots become appreC|any extended 'm;he

INAS(QDS -GsAs superstructure, determined by x-ray diffractometry meth-direction, and chords, whose length increases from the
ods according to the position of the OSL peak, corresponding to the average 1 SL peak to the- 3SL peak, appear near them. The shape
composition (mismatcl).in 'the superstructure, ip the diffractipn curve; and parameters of the CTR curves for the—1SL and
XinAs — InAs concentration in the syperstructlﬁastlmated according to the —2SL peaks showed that the broadening of the spots in the
mismatch parameter and the period of the superstructtfgs — InAs . . . .
thickness in the superstructufscaled to pure InAs gy direction is much greater than the instrumental error of
the method due to the finite size of the incident beam. It can
therefore be inferred that the experimentally observed elon-
The crystallographic perfection of the buffer and top GaAsgation of the diffraction spots in the lateral direction is due to
layers can be determined according to the shape and paraitie appearance of certain features, due primarily to the for-
eters of these patterns, and the planarity of epitaxial layermation of InAs QDs, in the periodic part of the structures.
producing the interference pattern can be estimated from the Numerical analysis of thes—26 CTR curves showed
angular extent of the thickness oscillatidisThe measure- that the thicknesses of the quantum-well layers in multilayer
ment results showed that the experimental structures possestsuctures are close to the prescribed val(esble ). The
high crystalline perfection, and the density of growth defectglanarity of the InAs/GaAs heterojunctions of the periodic
(predominantly of the point types low. Extended structural part of the structures, estimated according to the total extent
defects of the type dislocation loops ata) misfit disloca-  of the diffraction patterns, was 3—4 monolayers. The differ-
tions are virtually completely absent in the experimentalences between the CTR and x-ray diffraction data did not

structures. exceed 1.5 A, despite the much higher 10* times inten-
It is known that most crystallographic defects in epitax-sity of the synchrotron radiation.
ial structures are formed during epitaxial growth'® Mi- Comparison with the results of investigations of InAs—

grating along the structure, defects formed on the growthGaAs periodic structures of different typgés® shows that
surface strongly affect the crystallographic perfection of bothsuch broadening of the InAs/GaAs heteroboundaries is char-
the upper- and lower-lying layers, including the acteristic of a GaA®01) surface and is determined by the
substraté®*® For this reason, data on the structural perfec-morphology of the growth surfacé This allows us to assert
tion of thick adjoining layers make it possible to estimate thethat in epitaxial structures with a low density of growth de-
degree of perfection of the intermediate layers that contaifiects (<10*—10° cm ) the broadening or nonplanarity of
guantum dots and to interpret correctly the results of furthethe heteroboundaries, which is due to the morphology of the
diffraction studies. For heterostructures with a high crystal-growth surface, is the main factor which decreases the extent
lographic perfection, determined by the structural perfectiorof the informative part of the coherent DRCs and limits the
of each layer individually, this makes it possible to comparespatial resolution of diffraction methods.
directly the characteristic features of the x-ray diffraction Data from high-resolution x-ray diffraction measure-
data with the true structure of the experimental objects, foments(Table Il) confirmed the results obtained by the CTR
example, quantum dots. For epitaxial layers with low crys-method. A comparison shows that the differences in the
tallographic perfection, the structural defects formed have atructural parameters are negligible and fall within the mea-
predominant effect on x-ray scattering, changing the characsurement error. Numerical simulation of the coherent diffrac-
ter of the diffraction patterns substantially. tion reflection curves was used to refine the geometric pa-
Analysis of the CTR diffraction pattern&ig. 1) shows rameters of the structures. The calculations were performed
that the character of the spatial distribution of intensity in theusing the standard dynamical theory of diffraction based on

TABLE Il. Structural parameters obtained from high resolution x-ray diffractometry data and by numerical
simulation of experimental diffraction reflection curves. .

Aag , Computed values
Sample tcava tSLv Atif 1 st XinAs 1 tInAsv
No. nm A A 102 A % A e, A x@ 0t A
1 505+ 24 54.2 11 6.58 7.8 4.22 55 9.8 5.40
2 410+28 52.3 10.8 7.60 9.0 4.70 53 9.5 5.04
3 450+23 52.4 10.5 7.66 9.05 4.75 52 9.6 5.00

Note t,,. — thickness of the top GaAs layer in the structure
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FIG. 2. Experimenta(1) and computed2 and 3) coherentd—24 diffraction curves for a structure containing 10 pairs of INnAs—GaAs laye&) GaAs
reflection, CK,, radiation.

the Takagi equatior®. Quantum dots were simulated by a tural peaks. Just as in the CTR patterns, the size of the main
InGaAs layer of variable composition with an InAs wetting diffraction spots decreases in thgdirection but increases in
layer at the heterojunction. In the dynamical approximationthe g,(q,) direction upon transition from the central super-
ignoring the real broadening of the InAs/GaAs boundariesstructural maximun{OSL peak to the lateral superstructural
and the characteristic features of the internal structure of thenaxima. Moreover, a distinguishing feature of the RSM pat-
layers containing quantum dots, good agreement was olierns is the presence of extendedchords not only in the
tained between the experimental cur¢em. 2, curvel) and  superstructural peaks but also in the substrate peak.
the computed curves only in a limited angular range — near The o curves measured near the superstructural peaks
the central(OSL) and the closest£1SL) superstructural showed that instead of a single peak characteristic of planar
peaks(Fig. 2, curve2). Taking into account the broadening structures the curves can possess two or more diffraction
of the InAs/GaAs boundaries somewhat changed the shapgmeaks, whose shape and parameters seem to be determined
of the distant superstructural peaks, but, as expected, it didy the ordering in the system of quantum dots. In the sym-
not lead to any fundamental changes in the pattern as metric (004) reflection the most extended chords in the
whole (Fig. 2, curve3). The computational results are also q,(q,) direction are observed for the 1SL peak and the
presented in Table Il. The computed values of the periods ofentral (004) GaAs reflection. In the central section of the
the superstructures agree well with the experimental values; 1SL peak, for example, two maxima are observed indghe
while the thicknesses of the InAs layers calculated takingcurves(Fig. 4), and away from the exact angular position
into account Vegard's law are closer to the technologicaktorresponding to the- 1SL peak their number increases to 5.
parameters. This can be explained by the dynamical effect ofhe average sizes of the scattering clusters in the azimuthal
scattering by thin layers, shown for single-layer structures irdirection[110], estimated according to the distance between
Ref. 21. the peaks in thev curves, correspond to scattering by com-
The results of the x-ray diffraction analysis of the spatialplexes with average sizes 64 and 26-2 nm, which is
distribution of the diffracted intensityRSM) and the shape close to the average sizes of GaAs and InAs clusters. For the
and parameters of the curves completely confirmed the (100) azimuthal direction the character of the distribution of
CTR data. The RSM patterrigig. 3) showed that the spatial the diffractive intensity does not change as a whole. The
distribution of the diffracted intensity differs substantially average size of GaAs clusters is 90.0 nm. The change in the
from similar curves for planar periodic structures or struc-shape of thes curves and the appearance of additional peaks
tures with an artificially produced periodicity in the lateral in them attest to the formation of long-range order in the
direction?? The largest differences in the intensity distribu- arrangement of the scattering centers. The character of the
tion are observed near the substrate peak and the superstraetrange in the shape of the superstructural spots in the RSM
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FIG. 3. Diffraction patterns of the diffracted intensity distribution in reciprocal space nedd@de GaAs layers for structures with (&), 6 (b), and 10(c)
pairs of InAs—GaAs layers. Radiation — K.
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o

FIG. 4. w curve near the center of the
superstructural peak 1SL. The result-
ing fit of the curve with a Lorentzian is
presented(004) GaAs reflection, Ci{,,
radiation.
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patterns suggests that the degree of lateral ordering in layers
with QDs increases with increasing total number of pairs of
layers, which is confirmed by the calculations and the experi-
mental(TEM) data?®?*

The x-ray diffraction measurements gave a detailed pic-
ture of the spatial distribution of the diffracted intensity near
the (004) GaAs central diffraction spot. The RSM pattern
showed clearly the presence of anchord for the substrate
peak, while because of the limited dynamic range of the
detecting plates, strong background illumination is always
present in the CTR patterns near the main structural maxima,g
making it difficult to study the details of the spatial distribu-
tion of the diffracted intensity.

FIG. 5. Electron-microscopic image of a structure with 20 pairs of InAs—
4. DISCUSSION OF THE RESULTS GaAs layers in the cross-sectional geometyy002).

Analysis of the experimental results shows that the lat-
eral scattering of x-rays is influenced mainly by InAs—GaAs
superlattices containing InAs QDs. In addition, it is neces-n the lateral directions, in the new model the GaAs layer
sary to take into account the appreciable bending of the cryssontaining InAs QDs is regarded as a system of quantum-
tallographic planes due to the presence of QDs on the difwell InAs and GaAs clusters that possess finite sizes in all
fraction scattering of x-rays as well as the effect of thedirections. It is assumed that under optimal growth condi-
quasiperiodic deformation potential induced by verticallytions clusters are formed without formation of extended
aligned quantum dots in the adjoining part of the GaAs layerstructural defects along the boundaries. As a monolayer
This suggested a structural model of the scattering layerstructure grows, the variance of their intrinsic sizes de-
that qualitatively explains the experimental results. In thecreases, and a system of InAs—GaAs clusters with indica-
standard model the InAs quantum dots lying on an InAstions of long-range order in lateral directions forms as a re-
wetting layer are treated coherently as ideal, elasticallysult of vertical alignment of the QDs. In addition, the
stressed InAs clusters of definite size and shape, i.e., withowurvature of the crystallographic planes, which is due to co-
structural defects, built into a perfect GaAs matrix. It is as-herent embedding of strained InAs QDs in the matrix of the
sumed that the elastic stresses introduced by the QDs do notain materialFig. 5), must be taken into account. It is evi-
strongly influence the structure of the intermediate GaAs laydent in photomicrographs that the curvature of the crystallo-
ers and the stress distribution in them, i.e. the GaAs layergraphic planes increases with the total number of pairs of
are planar and uniform with respect to structural parametersayers in the periodic part of the structure. In addition, the
The curvature of the crystallographic planes is disregardedcurvature is inherited by the upper-lying GaAs layer, gradu-
In such a model the main factor that can appreciablyally decreasing away from the layers with QDs.
influence the diffraction scattering of x-rays are the InAs  Using the model presented here, we shall examine the
QDs. In the case of random spatial distribution and if theprocess of relative ordering of GaAs and InAs clusters in the
intrinsic sizes are markedly nonuniform, they will contribute (001) plane and we shall analyze the associated features of
only to diffuse scattering, which will be weak because theirthe spatial distribution of the diffracted intensity. For a com-
total scattering volume is negligible and there are no expletely disordered arrangement of clusters, diffraction scat-
tended structural defects associated with them. Comparisaering will be diffuse and due mainly to scattering by GaAs
with the experimental results shows that this model disre€lusters as a result of their large scattering voluime the
gards certain features of the structure of scattering layers armtder of 90% of the total volume of the periodic structyres
requires refinement. As a result, the scattering will be localized near the corre-
The results obtained show that the elastic stresses intrgponding GaAs site, as shown in Ref. 26. In the presence of
duced by quantum dots strongly affect the structure of theoeriodicity in the direction of epitaxial growthqg), diffuse
intermediate GaAs layers. Taking into account the characteiscattering should also appear near the superstructural peaks.
istic features of the formation of quantum-well layers with Ordering of a cluster system in the vertical and lateral direc-
elastically strained clusters and the character of the stres®mns, as well as the variance of the characteristic sizes of
distribution in thent® the GaAs layers with built-in InAs InAs and GaAs clusters should increase the local static
quantum dots cannot be regarded as planar and uniform. IBebye—Waller factdf and, ultimately, the intensity of co-
our model the periodic structure is formed by layers consistherent scattering in the, (q,) direction near the superstruc-
ing of pyramidal InAs clusters separated by coherentlytural peaks and lead to the appearance of additional peaks in
coupled GaAs clusters in the form of inverted pyramids. Athe w curves.
layer of such clusters is bounded below by an InAs wetting  The sharp increase in length of the chords for theSL
layer and above by a thin GaAs layer. In contrast to theand —2SL peaks, as compared with the OSL peak, can be
preceding model, where the GaAs layer containing InAsexplained by the fact that as the angular deflection from the
QDs was regarded as a standard epitaxial layer, unboundegntral peak increases, the sensitivity of the shape of the
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superstructural peaks to nonuniformities in the structural paeount, together with the curvature of the planes, for the non-
rameters, for example, to the gradient of the period of theuniformly distributed deformation profile in the GaAs lying
superstructure and the curvature of the crystallographiat the top. In aggregate, this should result in the appearance
planes increases substantially. At the same time, the relativef additional quasicoherent scattering in the directiops
contribution of the top part of the structure to scattering(qy) near the(004) GaAs peak, as was indeed observed in
increases® This is very important, since the vertical and the experimental RSM data in the form of narremties. The
lateral ordering of the cluster system increases in each sulglifference in the experimental and theoretical patterns can
sequent layet>?* As a result, the position of clusters at the likewise be explained by the fact that diffuse scattering was
top of the structures is more ordered, and their sizes are mofgnored in the simulation, and it undoubtedly makes a sub-
uniform. At the same time, the curvature of the crystallo-stantial contribution to the distribution of the diffracted ra-
graphic planes also increases. This should be most clearfiation.
seen as a change in the shape ofaheurves — appearance In general, the question of the degree of coherence of the
of additional peaks in therflateral orderinggand increase in diffracted radiation is very complicated, and it is now in the
length of thew chords near the distant superstructural peakénvestigatory stage. We note only the following circum-
and the substrate pedkdditional diffuse scattering due to stance, referring to the question of the degree of coherence of
local deformation of the crystal lattice near the QDs, resultihe radiation. In the directior, the half-width of thew
ing in curvature of the crystallographic plapess is ob- chords, observed in the RSM patterns, in argection does
served experimentally. The large difference in the shape ofiot exceed their half-width in the centrél—26 section,
the chords for the- 1SL and+ 1SL satellites seems to be Which is determined by the total thickness of the periodic
due to a difference in the mechanisms of phase interaction gitructure. Just as narrow chords in the directigpsndqy
the waves diffracted by the substrate and epitaxial structurére also observed in the asymmetld reflection with a
Using the above-described physical model as a basis, wemall entry angle. This can be explained by the fact that the
shall use as a computational model the ordered, on the avefiegree of spatial ordering of the system in the direction of
age, arrangement of quantum dots in the directions ofkthe €pitaxial growth is much greater than in the lateral direction,
andy axes with the same average step. To describe this sygrimarily because of the radical difference in the mecha-
tem we introduce am-dimensional normal distribution, Nhisms leading to their formation. For this reason, the phase
wheren is the average number of quantum dots in one perio@orrelations in the direction, are stronger than in the direc-
of the superlattice. For simplicity, we assume that the rantionsdy andqy, in which further ordering of the statistically
dom displacements of the QDs from the average positiongisordered clusteréor QDs only starts to appear. Nonethe-
are uncorrelated, i.e., they are statistically independent. WSS, our data show that the rate of lateral ordering of clusters
also assume that in each period the variances of the displacé real structures is much higher than in the computed
ments, the QD sizes, and the average distances between Qm@del” since the choice of the initial position for InAs
are the same. By changing the variance, the average distan@gantum dots and their conditions of formation in a real
between QDs, and the average QD size from period to periogtructure are not random but rather are determined by the
we can simulate the variation of the vertical and lateral cormechanism of epitaxial growth and the quality of the initial
relations in the QD parameters. The intensity distribution ingrowth surface in the process of formation of layers with
reciprocal space was simulated on the basis of the theor§uantum dots.
which was described by Paviov and Punegoand which We note another important circumstance concerning the
was extended to a multicrystal diffraction scheme. The simuguestion of the coherence of the diffracted radiation. The
lation results are presented in Fig. 6. The form of the comdata obtained show that in the investigated structures defor-
puted coherent intensity distribution in the reciprocal spacdnation curvature of the crystallographic planes, in contrast to
is in many respects the same as the experimental resulile breakdown of planarity of the layers and heterobound-
which confirms the assumption that the coherent componer@fies, does not seem to have a large effect on the coherence
makes the main contribution to the scattered intensity. W&f the diffracted radiation and therefore on the spatial reso-
note that the working model makes it possible to describéution of x-ray diffractometry methods.
only the most general features of the structure of the quan-
tum dots that are actually formed. As a result, only qualita-
tive agreement between the experimental and theoretical data
was attained. In the future, we plan to use multiparticle cors. coNCLUSIONS
relation functions in the calculations in order to obtain a
more accurate description of correlations in the parameters of The crystal truncation rodCTR) and high-resolution
guantum dots. x-ray diffractometry methods were used to investigate the
It is also necessary to take into account in the model therystallographically perfect multilayer periodic InAs—GaAs
effect on the scattering of x-rays of the curvature of the crysstructures with InAs quantum dots. The characteristic laws of
tallographic planes and elastic stresses that penetrate frothe diffraction scattering of x-rays by structures of this type
layers with QDs into the upper-lying GaAs layer. Allowance were found. Using the CTR patterns and the patterns of the
should also be made for the changes due to the built-in quarspatial distribution of the diffracted intensity, it was shown
tum dots, which affect the distances that are large comparetthat long, narrow chords in thg, (qy) direction form paral-
with the sizes of the QDs themselvésee Fig. 5 and ac- lel to the surface near the superstructural peaks and reflec-



1236 Semiconductors 33 (11), November 1999 Faleev et al.

-1SL OSL  (004)GaAs  +1SL

i |

-2 | -1 .0 R 1
g, 107 7A77

FIG. 6. Computed diffracted intensity distribution in reciprocal space ne@04 GaAs reflection for a structure with 10 pairs of InAs—GaAs layers.
Radiation — Ci;.

tions from the substrate. This indicates curvature of the crysmodel takes into account the curvatures of the crystallo-
tallographic planes in regions containing QDs and in thegraphic planes, due to local deformations near InAs QDs,
upper adjoining layers. and the additional deformation potential induced in the
It is shown that as the number of pairs of layers in aypper-lying GaAs layer. The calculations performed on the
periodic structure increases, the length of thechords in- pasis of the proposed model showed that the results obtained

creases and t_he pattern of the spatial distribution of the difrargely agree with the experimental results, thereby confirm-
fracted intensity changes. The shape and parameters betheing that the coherent component of the diffracted radiation

curves near the superstructural peaks attest to the formatiorﬂakes a large contribution to the scattered intensity. It was

.Of long-range order in the lateral a.rranger.nent of th? S(.:atters_hown that the formation of an additional deformation poten-
ing centers(QDs, GaAs cluste)sin multilayer periodic

structures. It was shown that in a direction toward the surfac[eIal and the adjoining GaAs layer at the top and the curvature

lateral ordering of clusters grows in the layers and the siz&f the crystallographic plane strongly influence the spatial
variance decreases. distribution of the diffracted intensity and lead to the appear-

A new model of quantum-well layers of quantum dots ance of an additionab chord for the substrate peak.
was proposed. The layers consist of defect-free, coherently It was shown that the nonplanarity or broadening of the
coupled InAs and GaAs clusters. The formation of a systeninterfaces in perfect heterostructures is the main factor lim-
of clusters is due to the presence of nonuniformly distributedting the spatial resolution of x-ray diffractometry methods.
elastic strains around the buried InAs quantum dots. Thén contrast to this effect, the deformation curvature of crys-
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tallographic planes does not seem to greatly influence théEpitaxial Microstructuresedited by A. C. Gossar@Semiconductors and

spatial resolution of the method.

The crystal truncation rods and high-resolution x-ray dif-

SemimetalsAcademic Press, Boston, 1994, Vol.)40
9P. N. Brunkov, A. A. Suvorova, N. A. Bert, and A. R. Kovsh, Fiz. Tekh.
Poluprovodn32, 1229(1998 [Semiconductor82, 1096(1998].

fractometry methods complement one another, making ito, Tapfer and K. Ploog, Phys. Rev. B0, 9802 (1989; L. Tapfer,
possible to establish the particular features of the diffraction m. ospelt, and H. Kanel, J. Appl. Phyg7, 1298(1990.

scattering of x-rays by complex scattering objects.

We wish thank A. A. Suvorova and Yu. G. Musikhin for
kindly providing the results of electron-microscopic investi-
gations.

1N. N. Faleev, I. K. Solomin, L. I. Flaks, S. V. Batashova, and S. G.
Konnikov, Phys. Status Solidi A20, 327 (1990.

127, Shimura and J. Harada, J. Appl. Crystallog, 151 (1993.

A, M. Afanas’ev, P. A. Aleksandrov, S. S. Fanchenko, V. A. Chaplanov,
and S. S. Yakimov, Acta Crystallogd2, 116 (1986.

This work was performed as part of the scientific pro-'*N. Faleev, R. Stabenow, M. Sinitsyn, B. Yavich, A. Haase, and A. Grud-
gram of the Monbusho Project “Venture Business Labora- _Sky, Mater. Sci. Forum66-169 293 (1994.

tory” at Nagoya State UniversityJapan and supported in

V. G. Gruzdov, A. O. Kosogov, and N. N. Faleev, Pis'ma Zh. Tekh. Fiz.
20(14), 1 (19949 [Tech. Phys. Lett20, 561 (1994].

part by a grant from the Daiko Foundati_on. This work wasis|_ Dong, J. Schnitker, R. W. Smith, and D. J. Srtolovitz, J. Appl. PBgs.
also supported by grants from the Russian Fund for Funda-217(199s.
mental Research, the Ministry of General and ProfessionafM. A. Bert, Yu. G. Musikhin, V. V. PreobrazhenskM. A. Putyato, B. R.

Education in RussiéGrant No. §—-2-7.2—11pand INTAS
(Grants Nos. 95-618 and 96-0328nd the “Physics of
Solid-State Nanostructures” program of the Ministry of Sci-
ence of the Russian Federation.

*)E-mail: Faleev@pop.ioffe.rssi.ru

1Y. Arakawa and H. Sakaki, Appl. Phys. Le#t0, 939 (1982.
2M. Asada, Y. Miyamoto, and Y. Suematsu, Jpn. J. Appl. Pis.L95
(1985.

L. Goldstein, F. Glas, J. Y. Marzin, M. N. Charasse, and G. LeRoux,

Appl. Phys. Lett.47, 1099(1985.
4Y. Arakawa and A. Yariv, IEEE J. Quantum ElectroQE-22, 1887
(1986.

5M. Asada, Y. Miyamoto, and Y. Suematsu, |IEEE J. Quantum Electron.

QE-22, 1915(1986.

8M. Tabuchi, S. Noda, and A. Sasaki, Stience and Technology of Me-
soscopic Structuresedited by S. Namba, C. Hamaguchi, T. Ando
(Springer-Verlag, Tokyo, 1992

“Nanostructures and Qantum Effectdited by H. Sakaki and H. Noge
(Springer-Verlag, Berlin, 1994

Semyagin, A. A. Suvorova, V. V. Chaldyshev, and P. Werner, Fiz. Tekh.
Poluprovodn32, 769(1998 [Semiconductor82, 683(1998].

8N. N. Faleev, V. V. Chaldyshev, A. E. Kunitsyn, V. V. Preobrazhehski
M. A. Putyato, B. R. Semyagin, and V. V. Tret'yakov, Fiz. Tekh. Polu-
provodn.32, 24 (1998 [Semiconductor§2, 19 (1998].

19D, Suzuki, H. Yamaguchi, and Y. Horikoshi, Jpn. J. Appl. Pt8/&.758
(1998.

203, Takagi, J. Phys. Soc. Jp?6, 1239 (1969.

21p_ F. Fewster and C. J. Curling, J. Appl. Phgg, 4154(1987.

22\ Holy, A. A. Darhuber, G. Bauer, P. D. Wang, Y. P. Song, C. M.
Sotomayor Torres, and M. C. Holland, Phys. Re\5B 8348(1995.

23], Tersoff, C. Teichert, and M. G. Lagally, Phys. Rev. L&®, 1675
(1996.

243, Rouvimoyv, Z. Liliental-Weber, W. Swider, J. Washburn, E. R. Weber,
A. Sasaki, A. Wakahara, Y. Furkawa, T. Abe, and S. Noda, J. Electron.
Mater. 27, 427 (1998.

M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev58 11 969
(1995.

2. A. Darhuber, V. Holy, J. Stangl, G. Bauer, A. Krost, F. Heinrichsdorff,
M. Grundmann, D. Bimberf, V. M. Ustinov, P. S. Kop’ev, A. O. Kosogov,
and P. Werner, Appl. Phys. Left0, 955 (1997.

27K. M. Pavlov and V. I. Punegov, Acta Crystallodi4, 214 (1998.

Translated by M. E. Alferieff



SEMICONDUCTORS VOLUME 33, NUMBER 11 NOVEMBER 1999

Quantum Hall effect in a single-mode wire

Z. D. Kvon,*) E. B. Ol'shanestki , M. I. Katkov, A. E. Plotnikov, A. I. Toropov,
and N. T. Moshegov

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia

M. Casse

High Magnetic Field Laboratory CNRS, F-38042 Grenoble, France
J. C. Portal

INSA—Toulouse, F-31077 Toulouse, France
(Submitted February 8, 1999; accepted for publication April 13, 1999
Fiz. Tekh. Poluprovodr33, 1369—-1371(November 1999

The quantum Hall effect in a single-mode wire is studied for the first time. It is established that

a well-expressed quantum Hall resistance for filling facterd and 2 is observed in

magnetic fields in which the magnetic length becomes less than the width of the wire. Breakdown
of proportionality with respect to the magnetic field in the arrangement of the Hall

quantization plateau and the dissipative conductivity minima is observedl99® American

Institute of Physicg.S1063-782809)01811-9

The behavior of the quantum Hall effe@HE) in wires  resistances of the samples described were measured. The
and point contacts is one of the interesting features arising imeasurements were performed at 40 mK temperature in
the study of this effect. Unitl now, however, it has not beenmagnetic fields up to 15 T. The measuring current was 0.1-1
studied exhaustively. There are several workslevoted to  nA in order to prevent effects due to heating. It should be
an experimental investigation of the QHE in wires. The ob-noted that in the absence of a bias on the gate all experimen-
ject of investigation in all of these cases were wide wirestal samples were closed, and a conducting channel appeared
whose widthW was much greater than the electron wave-only when a positive bias was applied to the gate.
length; i.e., in fact, in those studies the QHE in a situation  Figure 2 shows the results of measurements of the
where the energy spectrum was essentially the same as in tAdaranov—Bohm oscillations of one of the above-described
macroscopic situation was studied, and all effects analyzestructures withV,=455 mV andT=30 mK. It is evident
in Refs. 1 and 2 were studied in a situation where the widththat the amplitude of these oscillations is not uniform in the
of the wire was much greater than the electron wavelengthmagnetic field, but rather it is marked with beats. This is
We have carried out for the first time a study of the quantunclearly seen in the inset in Fig. 2, which shows the same
Hall effect in a one-mode quantum wire, where the situatioroscillations but without the constant component. The Fourier
is reversed in some sense, i.e. the wire width is such that ispectrum, shown in the same figure, also confirms the exis-
a zero magnetic field the wire is a conducting channel wheréence of beats. As was established in Refs. 3 and 4, the
the electrons fill only the ground quantum-well subband. Atpresence of beats of the Aharonov—Bohm oscillations is im-
first glance, a QHE should be impossible in such a wireportant evidence of uniformity of the wires used to fabricate
However, since a single-mode wire has a finite width on thehe ring. The beats are due to the lifting of the clockwise—
order of\, it can be inferred that the QHE will still occur in  anticlockwise degeneracy in a finite-size ring by a magnetic
magnetic fields such that the magnetic lengthkcA. Our  field. Besides the indications of a single mode, the beats,
objective was to verify this conjecture experimentally and tomore accurately their frequency, also make it possible to
study the possible features of the QHE in a one-mode quarestimate the wire width, which is 40—60 nm in order of mag-
tum wire. nitude, i.e. the electron wavelength in the initial-

The experimental samples consisted of wires curved intaimensional gas. The Aharonov—Bohm oscillations de-
aring and equipped with potentiometric contacts, which conscribed above therefore make it possible to talk more or less
sisted of the same kind of wirgsee the inset in Fig.)1L  uniquely about a single-mode nature of the experimental
They were fabricated on the basis of a two-dimensional elecwires, where the resistance of a wireBat 0 exceeds 20R.
tron gas with high mobility on a AlGaAs/GaAs heterojunc- Figure 1 shows typical results of measurements of the
tion with a 60-nm-thick spacer. The electron density andHall Ry and dissipativeR, resistances of wires in strong
mobility were 2<10'* cm 2 and 16 cm?/(V-s), respec- magnetic fields. The curves are presented for two values of
tively. Next, a TiAu metal gate was deposited on the structhe gate voltag®/y=630 mV (a) and V=580 mV (b). We
ture. It was used to change the width of the wire. The dissiconsider first the curves in Fig. 1a, which correspond to a
pative R, (Ris34 Or Ryo5¢9 and Hall Ry (Ri235 Or Rys49 large, positive bias and actually larger wire width. In the first

1063-7826/99/33(11)/3/$15.00 1238 © 1999 American Institute of Physics
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place, it is evident that the resistanRegof a wire in a zero
magnetic field is 11.2 R, which would suggest that at least
two one-dimensional subbands are filled. In this case, even in
magnetic fieldB>2 T clearly defined quantum Hall resis-
tance is observed for filling factoris=4,2, and 1 and the
corresponding minima oR, . The observation of a plateau
with i=4 confirms the assumption made above that a wire
with V=630 mV is not a single-mode system. As the mag-
netic field increases, the plateau width and correspondingly
the width and depth of the minima iR, increase, as is
usually observed in macroscopic samples and wide wires.
Resistance fluctuations which are of a mesoscopic nature and
are characteristic of submicron-long wires are also observed.
Let us now analyze the curves in Figs. 1b, corresponding to
a lower value of the gate voltage and actually a smaller wire
width. They are of special interest. The resistance of a wire
in the absence of a magnetic field for this state of the sample
is 37 K, which attests to realization of a single-mode re-
gime. As one can see, in a strong magnetic field clearly ex-
pressed Hall quantization plateaus are observed for filling
factorsi=2 andi=1. A more detailed comparison and
analysis of the curves in Figs. 1la and 1b shows two unex-
pected effects: In the first place, even though the deep
minima vanish, wherR"" is several orders of magnitude
less thanR"® (in Fig. 1b the value oR_ at a minimum is
greater than the value & at a maximum by only a factor

of 2 or 3, in the curvesRy(B) the Hall-quantization pla-
teaus for the same filling factors are essentially identical to
the plateaus in Fig. 1a. In the second place, the position of
the center of the plateau is no longer proportional to the
filling factor: the center of the first plateau corresponding to
i=2 occurs aB=3.2 T, and the center of the plateau cor-

1.2 a

—_—

,——...L--a’

1.0
0.8
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FIG. 1. Dissipative R_, solid lines and Hall (R, dashed linesresis-
tances with different gate voltageg,, mV: a — 630, b — 580. Inset:

Schematic diagram of the geometry of the experimental samples. responding td =1 occurs aB=7 T. Therefore, the experi-
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FIG. 2. Dissipative resistand®_(B) of a structure in weak magnetic fields. Inset: Same dependence without the constant component and its Fourier spectrum.
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mental results presented above show that the Hall quantizéhe peculiarities of the QHE in such a wire. Still, an exhaus-

tion in a one-mode wire of submicron length exhibits ative explanation of the results described in this paper requires

number of features which do not fit into the standard picturdurther theoretical and experimental investigations.

of the QHE. This work was supported by Grant 98-1101 from the
We shall now briefly discuss the possible reasons for this§Physics of Solid-State Nanostructures” program of the

behavior. It is obvious that the QHE in a one-mode wireMinistry of Science and Technology Policy and grant

must be analyzed in terms of edge current stdESSs, HTECH.LG971304 from the NATO Linkage program.

which describe well the QHE in bounded wifesFrom the

standpoint of the theory of ECSs the described anomalies ifg-mail: kvon@thermo.isp.nsc.ru

the behavior of the QHE in a one-mode wire can be ex-

plained as follows. When edge current states are introduced,

it is always implicitly assumed that the wire width is such 1 7 znang, K. k. Choi, D. C. Tsui, and G. Weimann, Phys. Rev. Lett.

that states can be sharply divided into localized volume 55, 1144(1985.

states and edge states that transport the current. This divisior: A- Simmons, S. W. Hwang, D. C. Tsui, H. P. Wei, L. W. Engel, and M.
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The results of using molecular-beam epitaxy for growing piezoelectric AIN films di =)
substrates suitable for device applications are reported. The technological conditions for
growth of stoichiometric AIN by controlling the surface reconstruction occurring under various
thermodynamic conditions on the growth surface are determined. The films of the

hexagonal polytype of AIN possess high crystalline perfection and an atomically smooth
epitaxial surface. The mechanism for relaxation of the AIN crystal lattice over a distance of one
monolayer from the heterojunction is found. It is demonstrated that the AIN film is
piezoelectric. Investigations of the temporal characteristics of a SAW attest to a low level of
scattering of the wave during propagation. The electromechanical coupling constant is measured in
interdigital transducer geometry\=16 mm) and is found to be 0.07 % at a frequency
f=286 MHz, in good agreement with the theoretical value for a Ju6%thick AIN film.

© 1999 American Institute of PhysidsS1063-782809)01911-7

1. INTRODUCTION have been obtained by reactive rf sputtering, where the AIN
growth temperature was lowered to 500®C! Nonetheless,
One of the promising applications of aluminum nitride the decrease in the propagation velocity of SAW in AIN
involves the development of new SAW devitéand its use  epitaxial layers is due mainly to the roughness of the surface
as a buffer layer for subsequent deposition of heterostrucyng the defectiveness of the AIN layérs Although the
tures based on the solid solutions AIN-GaN and INN-GaNg;rctures in the interdigital transducer geometry with a pe-
Its high SAW velocity; excellent insulating properties, and 1o of several microns can be obtained on AIN layers with a
chemical and thermal stability make AIN a promising mate'rough surface, layers with an atomically smooth surface

g:l‘_l' I_grlo t;agsducers tOperztIEngat frequ.znines adb(?ve Jmake it possible to decrease the period of the transducer to
- oday, quartz and LiNbgare widely used for 0.5 um, which is an important achievement in applications

these applications, espemally in radlotelecommumcatlpnOf SAW deviceS” In some cases, the surfaces of the AIN
technology. Most papers published thus far reported ma|nl¥ilm must b lished in order to improve their piezoelectri
the results of experimental studies of the acoustic properties S MUSt be polishe orderto Improve their piezoelectric

iad 4.6
of the system AIN/AJO;, obtained by reactive sputterifig, properties. _ |
vapor-phase epitax§/vapor-phase epitaxy from metalloor- Thus, the use of AIN layers as a basis for SAW devices

ganic compound$MOCVD),” and molecular-beam epitaxy and as a buffer layer for subsequent deposition of the work-
(MBE) 2 ’ ing optoelectronics components based on AlGaN and InGaN

It is of interest to use silicon substrates for growing pi- Neterostructures imposes stringent requirements on the crys-
ezoelectric AIN layers. This is promising for integration of talline perfection of AIN layers, on the quality of their sur-
the technology of group Ill metal nitrides with the cheap andface, and on their transport properties.
well-developed silicon technology. Only a few papers con-  AIN has been less studied than GaN. Many problems
sidered the application of the piezoelectric AIN layers grownattributable to the thermodynamic conditions of epitaxy,
on silicon substrates for SAW filter devices: the high growthwhich are necessary for initiating and growing crystal-
temperature required in the MOCVD meth@e1200 °Q perfect AIN layers on strongly lattice-mismatched substrates,
makes this method less promising for use in the conventiondlave not yet been resolved. Previous investigations of epi-
technology of structures.Positive results in this direction taxial growth of AIN by MBE, MOCVD, and reactive sput-

1063-7826/99/33(11)/6/$15.00 1241 © 1999 American Institute of Physics
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tering on Si substrates attest to a columnar structure of thesjuipped with a standard aluminum effusion cell and a tur-
layers?~17 bomolecular pump with an effective evacuation rate of 1500
The relatively low epitaxy temperatures and growthliters/s. The background pressure in the growth chamber was
rates, as well as the better controllability of the epitaxy pro-10-1° mpar. An MPD21(Oxford Applied Researohhigh-
cess make the method of modified molecular-beam epitaxyequency(13.56 MH2 source of plasma-activated nitrogen
with a plasma-activated nitrogen source very promising fof, o5 sed to activate the nitrogen. At a working pressure of

growth of piezoelectric AIN layers. Recently published pa- 0~5 mbar the flow of molecular nitrogen,Ninto the growth
pers have reported the successful application of this metho

: . . . Chamber was one standard cubic centimeter per minute
for growing AIN layers in a two-dimensional growth mode th itv of Al and & Th wth mod
on GaN (Ref. 18 and S{11D) (Refs. 19-21 In addition, ~(SCCM: the purity of Al and I} was 6\. The growth mode,

there exists some information on the surface reconstructiof|!® Structure of the layers, and the surface reconstructions
of AIN: (2x2) and (3x3) surface reconstructions of AIN WEre monltored. by'RHEED. _
epitaxial layers grown on §i11) were noted in Refs. 20 and The AIN epitaxial layers were grown gnitype S{111)
22 and in Refs. 23 and 24, respectively. Surface reconstrugubstrates with resistivity exceeding Skcm. A modified
tion of the type (/3 /3)R30° for MBE-grown AIN on SiC ~ Chirac method was used to prepare the substfafBise sub-
has been reported in Ref. 25. However, the physical picturstrates were heat-cleaned in a growth chamber at 920 °C.
of nucleation and epitaxy and the appearance of the abové&kemoval of the passivating layer from the surface was ac-
indicated reconstructions as a function of the flux ratios ofcompanied by the appearance(@k 7)—type surface recon-
group-V and group-Ill elements were not considered in Refsstruction of S{111) at a temperature on the order of 780 °C;
18-24. _ _ _ this reconstruction was replaced tiyx1)—type volume re-

In this paper we will determine the thermodynamic con-construction with sharp Kikuchi lines at a temperature of the

ditions for initiation and epitaxial growth of AIN on &i11)  4ger of 830 °C. Lowering the substrate temperature restored
substrates. We will consider the structural properties and SUthe previous RHEED pattern

face morphology of the grown AIN epitaxial layers, which
allow us to use this heterosystem AIN/EL1) as composite
substrates for growing other nitride compounds and soli

The roughness of the surface of the epitaxial layers was
dﬂeasured with a TMX-2010 topometric atomic-force micro-

solutions based on them. We will describe the mechanisrSCCPe: X-ray diffraction analysis and transmission electron
for relaxation of the crystal lattice of the strongly mis- MCroSCOPY(TEM) method were used to estimate the degree

matched AIN/Si111) system. We will also present the re- Of crystalline perfection of the epitaxial layers. TEM and

sults of an investigation of the SAW characteristics for oneghigh-resolution TEM investigations were performed with
of the epitaxial layers of aluminum nitride. JEM-1200 and JEM-4000 microscopes.

An aluminum structure with the configuration of a 100-
nm-thick interdigital transducer with 20 pairs of fingers and
an 8um period was deposited on one of the epitaxial AIN

The AIN films were grown in a three-chamber films to determine the piezoelectric parameters of AIN. The
molecular-beam epitaxy system. The growth chamber wadelay line was 2986:m long.

2. EXPERIMENTAL PROCEDURE

T.°C
900 850
T T

2.5 3.75

FIG. 1. Phase diagram of AIN surface
reconstructions on a @ill) substrate
as a function of the Al flux given by
the equivalent pressureé and versus
the reciprocal of the substrate tem-
perature Tg,. The solid line corre-
sponds to {/3x+3)R30° surface re-
construction, the dark-gray region
corresponds tq1x1) reconstruction,
and the light-gray region and the re-
gion above it correspond t@x6) re-
construction. The layers grown under
conditions corresponding to the
dashed line possess triangular cracks.
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3. EXPERIMENTAL RESULTS AND DISCUSSION 10 pm ,.

The development of the modern nitride MBE technology
has led in the last few years to the publication of a large
number of studies devoted primarily to the study of the sur-
face reconstruction of GaN epitaxial layers using RHEED.
The presence of surface reconstruction attests to an atom
cally smooth surface of the growing layer and can be a de-
cisive factor for determining the stoichiometric balance be-
tween different modifications of activated nitrogen and
group-lll metal atoms under various thermodynamic condi-
tions on the growth surface. To determine the stoichiometric
growth conditions by controlling the surface reconstruction
we heve therefore investigated the superstructures arisin
during epitaxial growth of AIN as a function of the Al flux
pressure on the growth surface and as a function of the sub ¢ nm
strate temperature. The,Nlux (0.75<10™° mbay and the
plasma discharge powéb00 W) were held constant in all ,
experiments in a given series. 70 um;

AIN film growth was initiated at substrate temperature '
700°C by depositing a 1/3 monolayer of Al on(@x7)
reconstructed $111) substrate surface. As a result of this
process, th€7x7) surface reconstruction was replaced by
(/3% /3)R30° reconstruction. An extensive analysis of the
(7%7) surface reconstruction on a($11) surface[Si(111)-
(7x7)] and the effect of the deposition of the 1/3 monolayer 35 pmyj
of Al on the energetics of a 8i11)-(7X7) surface are de- i
scribed in Ref. 26. After the plasma-activated nitrogen
source was switched on, nitriding of the 1/3 monolayer of Al
was performed. AIN growth commenced immediately after
the RHEED pattern changed fromy&x \3)R30° to
(1x1)—type reconstruction with linear reflections. Next, the : , 3y
substrate temperature was gradually raised to the final epi 0 pum [ » e
taxy temperature. 0 pm 35 pm 70

A different method for initiating AIN growth com- ) )
menced with brief(2-3 § nitriding of the SILLI-(7x7) 0 & et Tnt ooy o1t e e of an atomically smooth
surface. As a result, th€7x7) surface reconstruction was epitaxial surface with roughness at the measurement level RIAS nm:
replaced by(3x3) reconstruction. More prolonged nitriding b — differential image of an AIN film with triangular cracks with the film
of the surface resulted in vanishing of the superstructure angfown under excess-Al conditiorie roughness corresponds to a depth of
formation of a layer of polycrystalline silicon. For this rea-
son, after nitriding of the $111)-(7X7) surface for 2-3 s,

AIN film growth was started by opening the shutter of the Al

effusion cell. However, the epitaxial processes initiated by

this method were not accompanied by growth surface recoraccompanied by the appearance of\@ X \/3)R30° super-
structions, except for @1X1) volume-type reconstruction. structure. In Fig. 1 the solid line corresponds to the techno-
For this reason, this method for initiating growth was notlogical conditions under which AIN growth occurs in the
used in the experiments designed to construct the phase digy3x 3)R30° surface reconstruction regime. As the Al
gram of AIN surface reconstructions, which we shall exam-flux was gradually increased, successive linear reflections
ine below. corresponding td1x1) and (2Xx6) surface reconstructions,

Figure 1 shows a phase diagram where AIN surface redesignated in the diagram by dark- and light-gray regions,
constructions are followed as a function of the Al fluxesrespectively, appeared. A further increase of the Al flux de-
required to stabilize the reconstructions and as a function ofreased the intensity of the RHEED pattern because of the
the reciprocal of the substrate temperatiigg, with a con-  formation of aluminum drops on the surface. The dashed line
stant atomic-nitrogen flux. Under the conditions of excessn the diagram corresponds to boundary conditions after
nitrogen we observed only the three-dimensional RHEEDwhich formation of aluminum drops on the surface of the
pattern of a wurtzite-type crystal lattice. Films grown underepitaxial layer starts. The existence of transitional lines be-
these conditions possess a compact structure in the form ofveen different reconstruction regions can be explained by
columns* The transition to two-dimensional growth was taking into consideration the evaporation of aluminum from
observed with a decrease of the excess nitrogen and walse growth surface. In turn, this fact shows that under the

pm
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indicated thermodynamic conditions the aluminum attach- 1500 y la '
ment coefficient is different from 1. Film thickness:

This diagram enabled us to calculate the activation en- Si(111) 0.5 um (group?.2)  AIN(0002)
ergy required for Al desorption, 1.3 eV. Nitrogen desorption 0.2 pm (group 3) ]
was not observed in the temperature range investigated by Cu - Ka (40kV) 1
us. We assume that the AIN growth rate under excess-Al
conditions is limited by the amount of atomic nitrogen.

The layers grown in the temperature range from 850 to
900 °C under conditions corresponding to the region between
the solid and dashed lines in Fig. 1 possess the best crystal-
line properties. These layers possessed an atomically smooth
surface and roughness at the level of atomic-force micros- 284 286 36.0 36.2
copy measurements RMS0.2—0.5 nm(Fig. 2a. However, 6 /20, grad

the layers grown under technological conditions correspondFI G. 4. X-Ray rocking curves for AIN layers grown on(SLD). The mea-

ing in Fig. 1 to the dashed line possessed cracks in the disyrements were performed using a detector aperture with a 0.22-mm slit,
rectlons(2110) and(OllO) (Fig. 2b. The groupl AIN Ia}yers (curve 1) were grown u_nder excess-Al conditions.
TEM investigations showed that the layers grown in theThey possess a 5|'ngle-crystal structure and triangular crack_s on the_ surface.
. . . . The group2 AIN single-crystal layerdcurves2) were grown in a regime
two-dimensional growth modeunder the conditions desig- ciose 1o a stoichiometric ratio of group-V and -Iil elements in the vapor
nated by the region between the solid and dashed lines iphase. The group-layers(curves3) possess a compact columnar structure
Fig. 1) possess a single-crystal structure free of oriented doand were grown under excess-nitrogen conditions.
mains. The characteristic lattice defects of these layers are
filamentary dislocation$’ High-resolution TEM investiga-
tions of the AIN/S{111) heterojunction show a sharp bound- heteroboundary of the system G@81)/GaAq001). Based
ary between the epitaxial layer and the substf&ig. 3.  on the calculations presented here, we assume that the de-
Relaxation of the crystal lattice of aluminum nitride on a crease in the strain energy of the epitaxial layer as a result of
characteristic distance of one monolayer from the heterothe 4:5 correspondence for the planes of the crystal lattice of
junction is observed here, even though there is a 23.4% misSi(110) and AIN(2110 is responsible for the two-
match between the lattice constants. The literature contairdimensional growth mode of AIN on Eill).
data on the correspondence between the unit cells of the AIN  The results of the x-ray diffraction studies are shown in
and Si lattices®2* Under our experimental conditions, the Fig. 4. The lattice parameters of the epitaxial layers with
results of the Fourier analysis of the high-resolution TEMcompact columnar structufgroup3) and single-crystal lay-
photomicrographs served as proof that the crystal lattices adrs with cracks(group 1) are ¢=4.977-0.001 A and
these materials matotiFig. 3. The large 23.4% mismatch c=4.976+0.001 A , respectively. These crystalline param-
d./ds—1 between lattice constants of the epitaxial lagigr eters are close in value to those of the relaxed AIN layers,
and substrate dg decreases to f=(nd,—mds)/md;  which is most likely a consequence of the columnar structure
=—0.013 (1.3%, taking into consideration the condition of these layers or the formation of cracks. The lattice param-
m:n=4:5. A similar matching of the crystal lattices of the eters of AIN layers grown under two-dimensional growth
epitaxial layer and substrate was observed in Ref. 28 for theonditions(group?2), i.e., under technological conditions cor-
I A R F S RS R Y PR RS T
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e L LA R R R R SRR R R R
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FIG. 3. AIN/Si(111) heterojunctiona — high-resolution TEM image in the[S'[LE] direction b — Fourier analysis of high-resolution TEM photomicrographs
demonstrating a 4:5 correspondence between the unit cells of AIN and Si in tH21AI0) and S{110) directions.
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FIG. 5. Characteristics of the surface-acoustic wave of a transducer prepared on the basis of dd1&Ni8ierojunction. The wave propagates in AIN in
the (2110 direction, corresponding to th@10) direction in the Si substratsee Fig. 31 a — temporalmarker att=653.5 n$, b — frequency(marker at
f=285.7 MH2.

responding to the region between the solid and dashed lines The large difference, approximately 40 dBig. 53, be-

in Fig. 1, arec=4.981+0.00L A . We infer that the com- tween the background and signal attests to weak SAW scat-

pression of the unit cell of the crystal lattice along thaxis  tering. The relatively high level of the parasitic frequencies

as a result of the 4:5 correspondence of the lattises Fig. that is observed on the frequency characterigfig. 5b

3b) is the reason for the expansion of the AIN unit cell alongcould be due to the nonuniformity of the film over the thick-

the ¢ axis. ness, giving rise to distortions of the SAW wavefront along
The groupi and group?2 single-crystal layers exhibit the its propagation path, which is about 3 mm. The frequency

most intense reflection peaks of the x-ray rocking curvesharacteristics of this film are not quite as good as those

(Fig. 4). The characteristic widths of the x-ray rocking

curves of group-2 AIN layer&415 nm thick are 0.06%(w/26

scanning and 0.32° forw scanning. These results, as com-

pared with those published in the literatdfe**°attest to a . : . . ,

substantial improvement in the quality of the layers under the 4660

epitaxial growth conditions employed by us.

b theoretical curve

A single-crystal film with thicknese= 1040 nm, grown é’ 4640 -
at temperature 900 °C, corresponding to the phase diagram | 4620}
(Fig. 1), under conditions stabilizingl X 1) —type surface re- 2
construction, was chosen to determine the piezoelectric prop- "'é 4600+
erties of aluminum nitride. The propagation of a Rayleigh & 4580 measured value
wave along the AIN surface was investigated. Measurements > 4560

of the temporal and frequency characterisiiEgys. 5a and
5b) were performed, and the electromechanical coupling 4540
constant and SAW phase velocity were compared with the
theoretically predicted values of these parametEigs. 6a
and 6B. A definite interdigital transducer geometry with

acoustic wavelength=16 um, equal to twice the period of 0.161
the fingers, was used to study the piezoelectric characteris- I
tics. This value corresponds to an average frequency of 286 0.12|
MHz (Eig. 5b and SAW phase velocity 4569 m(Eig. 63 :
in the[2110] direction in AIN. The value 0.07% obtained for 0.08t }easured value

the electromechanical coupling constélRig. 6b) is in good
agreement with the theoretically predicted value, taking into
consideration the elasticity constants;= 345, c,,=125,
C13= 120, c33= 395, andc,,= 118 GPa and the piezoelectric 0
moduli €= —0.58,e33=1.55, ande,,= —0.48 Cint (Refs. 0 005 01 015 o0z o35 03
1 and 2. This agreement attests to the very good piezoelec- WA
tric properties of the AIN crystalthicknessh= 1040 nnj,
which are suitable for use in SAW devices. The maximumFIG. 6. Parameters of a surface-acoustic wave versus the ratio of the thick-
electromechanical coupling constant 0.19% corresponds tl;massh Off the Al”\/lsl(aye]; LO the WavelengU:]in a transducer preparetli on tf;]e

: _ : .. basis of an AIN/Si111) heterojunction._The wave propagates in AIN in the
the ratl(.)h/)\ 0.2 (Flg. Gb)' For the same AIN Iayer thick (2110 direction, corresponding to th@10) direction in the Si substrate.
ness this corresponds to wavelen§th5.2 um, phase veloc- 5 _ ppase velocity, b — electromechanical coupling constant. Solid lines
ity v=4630 m/s, and frequendy=890 MHz. — computed curves; squares — measured values.

0.04 +
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The change induced in the photoluminescence spectra and photoluminescence excitation spectra
by holding porous silicon in water is investigated. It is found that submerging a sample in

water gives rise simultaneously to reversible and irreversible changes in the intensity and position
of the photoluminescence maximum. It is shown that the irreversible changes are due to the
same processes that occur in air: oxidation and desorption of substances which participate in the
photoluminescence and which give rise to the visible-range band of the excitation spectrum,

from the surface of the porous layer. It is established that the rate of these processes in water is
much higher than in air. It is shown that the reversible changes are due to the vanishing of

the visible-range photoluminescence excitation band in water. It is inferred that this band is
attributable to water clusters that contain components of the etchanl.999 American

Institute of Physicg.S1063-782809)02011-§

Despite many investigations, the mechanism for the lurange .,.=250-310 (band I). We note that band Il was
minescence of porous silicdR-Si) remains unresolved. Itis observed in all experimental samples and the position of its
obvious that the surface can play a large role in the photolumaximum was the same for different samples. At the same
minescencéPL) process because its area is large and it contime, the position of the maximum of band | shifted in the
tains a variety of substancésomponents of the etchant, re- Jong-wavelength direction with increasing etch time. More-
action products At the same time, determining the role of over, in some samples it was absent complei@lig. 1,
the surface is a rather difficult problem. To obtain such in-curve 1).
formation, aging ofP-Si in air~®and in vacuum’ and the The PL spectraV(\p,) of the as-grown sample 2, which
changes occurring when samples are held in the etchant aft@fere measured using excitation by light with different wave-
anodization stopswere investigated. Since it was suggestediengths (..o, are presented in Fig. 2a. As one can see from
in some papers that water plays a large role in°Rie in-  the figure, the wavelength® of the maximum of the PL
vestigated the effect of holding porous silicon samples inband depends on the excitation wavelength Mg shifts in
water on the photoluminescence spectrum and the photolyhe short-wavelength direction, the maximum of the PL band
minescence excitation spectruAES. also shifts in the same directidfrom 660 to 600 nny at-

testing to the nonelementary nature of the PL band.

1. RESULTS AND DISCUSSION

The test samples were obtained by anodic etching of
p-type Si waferdresistivity p=5—10 - cm) with (100 or
(111) orientation in an alcohol solution of HF 10
(HF:H,0O:C,H50H=1:1:2) with current densitylg=20
mA/cn? and etch timer=2,15, and 30 min. The PL was
excited by light from a xenon lamp. The light was passed s
through an NDR-23 monochromator and detected with ans st
IKS-12 monochromator. 3’

Figure 1 shows the PESV(\.o Of three as-grown
samples obtained with the same current density 20 mA/cm
and different etch times=2,15, and 30 min. In what fol- o o, _ — N
lows, for simplicity, the samples obtained witi+ 2,15, and 300 400 500 600
30 min are denoted as samples 1, 2, and 3, respectively. Ac Aexe » NI
one (,:an see from the flgure,_ the PES are non,elememary alg% 1. Luminescence excitation spectra of three as-gréw8i samples
consist of two bansl — a wide visible band in the range gpained with current density,= 20 mA/cn? and etch times 21), 20(2),
Nexc=310-500 nm(band ) and an ultraviolet band in the and 30 min(3).

units
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FIG. 2. a— PL spectra d?-Si sample 2 with excitation wavelengths,.= 300 (1), 350(2), 400(3), and 450 nn{4). b — Luminescence excitation spectra
measured for different wavelengths of the PL bang =555 (1), 636 (2), and 744 nm(3). ¢ — Ratio of intensities for different wavelengths of the
luminescence excitation spectrum, .= Wsoo/Wagg (1) and aey= Wage/ Wazg (2) VErsusip, .

Figure 2b shows the PES of sample 2 in different seciength could be due to the simultaneous overlapping of the
tions of the PL banddifferent values of\p,): on the short- PL and PES bands.
wavelength edge Np =555 nm, at the maximum of PL It is significant that in samples 1 and 3 no dependence of
(AP=636 nm, and on the short-wavelength edgkp( the position\g?* of the maximum of the PL band on the
=744 nm. As one can see from Fig. 2c, the intensity ratio excitation wavelength ... was observed, while the position
exc=W, /W, of band 11(300 nm and band (360 and 420 A of the PL maxima accompanying excitation in these
nm) (Wsgo/ W30 and Wsq0/W,o9) depends on the PL wave- bands was different. This attests to the elementary nature of
length\p, , for which the PES is measured, and it decreaseshe PES bands witR.,.=290— 300 and 426-430 nm and to
with increasing\p, . This means that the long-wavelength the absence of strong overlapping of the bands.
part of the PL band is excited predominantly in the PES | It should be noted that band | can also have a compli-
band, and the short wavelength part is excited in band Il. Theated structure, and that a dependence of the ratio of the
continuous shift of the PL maximum with excitation wave- intensities of the subbands ap, can also be observed in it.
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FIG. 3. Photoluminescence intensity (a), wavelength of PL maximuri 52" (b) with excitation by light with wavelength =300 (1, 2) and 420 nm(3),
measured in aifl, 3) and in water(2), and ag,= W50/ W4y (C) Versus the aging timg, of P-Si sample 3 in water.
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This circumstance and the fact that its position is different inpredominantly in the PES | band and increases in the PES Il
different samples indicate that band | could be nonelemenband, which is manifested as a changexi (Fig. 30.
tary. Comparing the results of aging of the samples of porous

The results presented above thus suggest tha&-8i  silicon in water and in air shows that the same processes
there exist at least two PL excitation channels and that eacbccur in water as in aifoxidation and removal of certain
channel has its own PL band. substances from the surface of the Si filamgrist the rate

To trace the behavior of the components of the PL,0f these processes in water is much higher. The decrease in
which are excited in bands | and I, we present below the Plthe PL intensity, the shift ok 5™ in the short-wavelength
intensities of two wavelengths excited by light, which corre-direction, and the decrease in the intensity of the PES | band
spond to these banda (=300 and 420 nm are associated with removal of the substances participating in

The P-Si samples were aged in water at room temperaPL, and the increase in the PL intensity, the shifa@f*in
ture. The PL was measured in g&he sample was removed the long-wavelength direction, and the increase in the inten-
from the water during the measurempeand directly in wa-  sity of the PES Il band are associated with oxidation. The
ter. The luminescence excitation spectra were measured onpyesence of a section of increasing PL intensity for excitation
in air. by light from the PES | bandFig. 3, curve3) can be ex-

When the samples were submerged in water, the PL inplained by overlapping of the PES | and Il bands. The sub-
tensity measure directly in the water decreased and its maxsequent rapid decrease in the PL intensity can be explained
mum shifted in the short-wavelength directidor example,
from 665-670 to 590-600 nm for samplg. After the
samples were removed from the water, as they dried in air
the PL intensity increased and its maximum shifted in the
long-wavelength direction. However, the intensity adtf™
did not return to their initial valuegrig. 3). After holding in
water, the PES also changed: Besides an overall decrease in
intensity, the ratio aey=W300/Wao (Fig. 30 increased,
which is confirmed by curvé& in Fig. 4a, which is the dif-
ference between curvdsand 2.

After repeated submersion BfSi in water \ g is again
shifted in the short-wavelength direction and the PL intensity
decreases. As the samples dried, the wavelength of the maxi-
mum and the intensity of PL were partially restored.

In summary, the change in the PL intensity ax@®™
occurring when th&-Si sample is submerged in water is due
to the superposition of two effects: reversible and irrevers- o :
ible. The irreversible changes can be detected by measuring Uzao 300 400 500 500
the PL and PES in air before and after submersion in water. Aexc, WL
We note that a reversible decrease in the PL intensity accom-
panying submersion in water was observed in all samples, 41
irrespective of the form of the PES spectrum. At the same
time, a reversible shift in the maximum occurred only in
samples which possessed a PES | maximum, in addition to a L&
PES Il maximum. In the absence of the PES | bgample
1) no shift was observed.

Irreversible effect. The magnitude and character of the
irreversible changes depend on the submersion tjpué the
P-Si sample in water. As one can see from Fig.(8arve 1,
sample 3, when the PL is excited by light with .= 300
nm (PES band i, ast,, increases, the intensity of the PL
initially decreases and then increases appreciably, and again
decreasesmeasurement in air In the process\p >~ in the
section of decreasing PL intensity shifts in the short-
wavelength direction, and in the increasing sections it shifts
in the long-wavelength directiofFig. 3b, curvel). When 00— %7 71
the PL is excited by light from the PES band I, the behavior ez, 8V
of the curveW(t,,) is similar to its behavior in the case
N exc= 300 nm, but the dominant effect is a decrease in the P?'G- 4}?: . EZT]"ESSF'}TSV ;’;‘;iitaﬁo?nistg?cga mteasulfgd nf‘itnd;ffefePt aging
i i i i max imes of P-Si — L2 —t,= .3 —1t,
Intensity (Elg. 3a, QUI?VGS). The Shlﬁ Onfa))}"'— With Nexe 3 h,4 — thlé)h; 5 — difference between curvesand2; 4 — the
=420 nm is also similar to the shift ofp™ for Ae,=300  intensity scale is magnified by a factor of 10. b — Luminescence excitation
nm (Fig. 3b, curvel). It is significant that the PL decreases spectrum in the coordinatéd*?—hwv,,..
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by complete oxidation of the porous silicon layer, which issuch weakening seems to be due to the removal of impurities
observed, for example, for oxidation in oxygéMe note that appear in the clusters from the surface of the porous
that complete oxidation does not occur when the samples atayer (filamentg as a result of diffusion. If there has not been
stored in air at room temperature for 1 or 2 years. This issnough time for such diffusion to occur, the PES | band is
attributable to the lower rate of this process. The removal ofestored by drying, making it possible to explain the partial
the substances responsible for the PES | band from the sureversibility of the effect.
face of the Si filaments occurs because these substances dis- On this basis, the vanishing of excitation in the band
solve in water and are then removed by diffusion, in agreePES | in the reversible effect can be attributed to the appear-
ment with the assumption made above that they includ@ance of a continuous layer of water on the surface of the
components of the etchant or reaction products. porous layeir(filaments. The idea that the PES | band is due
The PES | band could be due to light absorption in watelto light absorption by water clusters containing etchant com-
clusters that contain impuritiggvhich could be etchant com- ponents as impurities makes it possible, therefore, to explain
ponents or reaction produgtsThis assumption agrees with both the irreversible and reversible effects and the fact that in
the study of the influence of the evacuation and introductiorthe latter case the intensity of PES | decreases\giiishifts
of water vapor on the PL intensifyin addition, it is known more strongly than in the irreversible effect. The decrease in
that clusters of water molecules containing impuritieg the intensity of the band PES | in the irreverisble effect
Na, K, H, CH;, and othersgive PL in the range 350-500 should be determined by the rate of removal of impurities,
nm1° which corresponds to the spectral position of the PESand in our samples it occurs in ten minutes, while the forma-
| band. It can therefore be inferred that this band is due to théon of a continuous layer of water results in vanishing of the
clusters that contain, for example, H, gtor F presentin the clusters immediately after submersion in water.
etchant. In conclusion, we note that measurements of the inten-
This is indicated by an analysis of the shape of the longsity and position of the PL in water with excitation by light
wavelength edge of the PES, which makes it possible tavith \.=300 nm(Fig. 3, curve2) reflect the character of
estimate the spectral behavior of the optical absorptiorthe irreversible changes. The absence of the first aging sec-
a(hv), assuming that the magnitude of the PES signal igion signifies that this section in air is due to overlapping of
proportional to absorption in the limit of an optically thin the excitation bands | and II.
sample provided that the quantum efficiency does not depend
on the energy of the incident photons. It was found that the
low-energy edge of the PES | band can be described by théY. M. Weng, Zh. N. Fan, and X. F. Zong, Appl. Phys. Le83, 168
function (a)Y2~ (hv—E,), whereE, is in the range 1.8-2.2 (1993 _ .
eV (Fig. 4b. This dependence is characteristic of indirect (I-‘\:’L.g'ls;.zcl:ollms, M. A. Tischler, and J. H. Stathis, Appl. Phys. Létt, 1649
transitions and agrees with the assumption that the absorbingwv. a. Tischler, R. T. Collins, J. H. Stathis, and J. C. Tsang, Appl. Phys.
object is a cluster. 4k/|ett560é fi3$z‘(1€i|92)|.3 Fuche M. S 3 Web V.
Reversible effect.One could infer that the reversible S(‘)”d-St;?: Ct:'om.mufﬂltjgos?klégat.uzmann7 - vweber, and M. Lardona,
changes occurring in the PL when tReSi samples are sub- °N. E. Korsunskaya, T. V. Torchinskaya, B. R. Dzhumaev, L. Yu.
merged in water are due to the characteristic features of light Khomenkova, and B. M. Bulakh, Fiz. Tekh. Poluprovodi(8), 908
transmission in watefabsorption and refractionThis can 6('&9%7) l[ssrgg;ri‘cocdl:\lctcgskléj%(1593]6-“'(0 A A Kioer' G. A Na
explain thg change '”;L‘S.PL intensity. In this case, hovyever, movets, R. D. F.edc.)rogich,’anc.i N. I. Yanu’shéWs.kjkrF.) Fiz. Zh. 40(9),
the reversible shift ok 5™ in the short wavelength direction, 9331995
observed only if band | is present in the PES spectrum, re/N. E. Korsunskaya, T. V. Torchinskaya, B. R. Dzhumaev, B. M. Bulakh,
mains incomprehensible. O. D. Smiyan, A. L. Kapitanchuk, and S. O. Antonov, Fiz. Tekh. Polu-

; max ; provodn.30(8), 1507 (1996 [Semiconductor80, 792(1996].
In summary, the shift Of\pL is due to the presence of s | etantand 3. C. Vial, 3. Appl. Phy&0, 7018(1996.
the PES | band and occurs in the same direction as for desa. gsiesy, J. C. Vial, F. Gaspard, R. Herino, M. Legion, F. Muller,
sorption of the adsorbents with which it is associtatle R. Romestain, A. Wasiela, A. Halimaoui, and G. Bomchil, Surf. 86#
assume, therefore, that this displacement is attributable to th D95N(1g?i£- 41 ED 3. Phys, Clesin2126(1963
weakening of the contribution of band | in PES when the ~ ftharamarao and .. . Luncan, 5. Fhys. ’ :

samples are submerged in water. In the irreversible effectiranslated by M. E. Alferieff
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Conductivity and absorption edge of amorphous silicyne
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Experimental results on the temperature dependence of the conductivity and the spectrum of the
absorption coefficient of amorphous silicyne — the linear allotropic form of silicon — are
reported. Silicyne is found to be a semiconductor with~a.6-eV band gap. Near room
temperature conduction occurs by a hopping mechanism, and the room-temperature
conductivity is~10"8Q~1.cm 1. The influence of the columnar structure of the initial film on
silicyne formation during annealing @Si:H is studied. ©1999 American Institute of
Physics[S1063-782809)02111-7

1. INTRODUCTION 3. RESULTS AND DISCUSSION

Until recently it was thought that, in contrast to carbon,
which exhibits five allotropic formsdiamond, graphite, car-
bon, lansdalite, and fullerepesilicon in its elementary form

We studied the surface morphology of amorphous sili-
con and silicyne filmgFig. 1) by scanning probe microscopy

" on a TMX-2100 “Accurex” atomic-force microscope in the
cannot form compounds where the silicon atoms hape .
contact mode using standard procedures. As one can see

and (or) sp hybridization. The new modification of silicon, from Figs. 1a and 1b, the silicyne films which we obtained

which we discovered and whose existence was proved b R : -
. . . nd thea-Si:H films which were used to prepare the silicyne
electron diffraction and x-ray spectroscopy methbtlss ;
are structurally nonuniform. The surface contour of the

called silicyne by analogy with carbyne — the third allotro- e : . .

: e . . - a-Si:H films, in which no silicyne was observed after anneal-
pic modification of carbon, which consists of rectilinear car-. =" identical to that of th bstratig. 19. The st
bon chains. We obtained silicyne samples in the form of thin "9 1S ldentical 1o that ot the substratelg. 1. The struc-

films (from 100 to 500 nm Silicyne consists of rectilinear wral r(;onunl_forrr:lty of thte_ln:jtlala—s_;_:H fllm_has b_?ﬁn Ob;
chains in which each silicon atom is bound with two neigh—serve Previously in certain deposition regimes. The surtace

boring atoms bysp hybrid bonds. A few atoms are in the morphology which we observed can be explained, on the

sp? hybrid state and possess three nearest neighbors. ngsis of Ref. 4, by the columnar structure of the amorphous

cause of this circumstance, the linear chains of atoms hav?]hcon film. Under :s_tandard condm_ons for preparai:H,
kinks approximately every 5—10 atoms. The silicon atoms o € columns are orliented perpend|_cular to. the substrate sur-
these kinks possess one extra bond, which they can use ce: Wh'Ch. results in a loose, cayllfower-llke surfacg on the
form a three-dimensional network. Moreover, intermolecular " The sizes of the columns, in which the mat_erlal also
van der Waals forces can participate in the formation of thd®Mains amorphous, depend on many technological param-
bulk material. eters governing the fabrication of tleSi:H film, the thick-

In the present paper we report the results of experimentd]€SS of the film, and the structure of the substrate surf:_;tce and
can vary from hundreds of angstroms to several microns.
According to Ref. 4, in addition to the columns mentioned
above,a-Si:H films can contain microscopic columnsl10
A in diameter, making an angle with respect to the surface.

Thin films of silicyne were obtained after vacuum an- These columns consist of a material which is highly enriched
nealing (at 500°Q of hydrogenated amorphous silicon with hydrogen. As a result, the hydrogen becomes bound
a-Si:H films. The anneal time was 30 min. The inittah00-  predominantly in disclinations of amorphous silicon.
nm-thick a-Si:H was deposited during decomposition of si- Sincea-Si:H films without a columnar structure gener-
lane in an rf glow discharge on a crystalline silicon, fusedally are used to fabricate solar cells, the deposition regimes
quartz, and polychore substrates. The substrate temperaturere found and various methods for suppressing the forma-
during deposition was 250 °C. tion of a columnar structure of the films during growth were

As noted in Ref. 1, the films remain amorphous afterdeveloped. This is probably the explanation for why the
annealing at 500 °C. Silicyne does not form in all cases. Improperties and structure of amorphous hydrogenated silicon
particular, the initial films of amorphous silicon must be freefilms with structural nonuniformities have been studied so
of foreign impurities’ The oxygen concentration, for ex- little. However, in our case the presence of a columnar struc-
ample, should not exceed 0.2 at.%. The possibility for theure and other linear defects &Si:H films plays a positive
existence of a linear allotropic form of silicon and the effectrole. With annealing at 500 °C, the structural rearrangements
of foreign impurities on silicyne formation agree well with in such a material occur in the presence of a high concentra-
our previous quantum-mechanical calculations. tion of dangling bonds because of the intense evaporation of

studies of certain properties of the new material.

2. SAMPLE PREPARATION

1063-7826/99/33(11)/3/$15.00 1251 © 1999 American Institute of Physics
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FIG. 2. Temperature dependences of the conductivitg-8f:H films with
columnar structurél), isotropic structure befor€d) and after(4) annealing
at 500 °C and of silicyné2).

states located above the conduction-band bottom. The acti-
vation energy is essentially independent of the conditions
under which the films are preparee:0.88 eV for a-Si:H
films with columnar structure ang0.84 eV for films with
isotropic structure.

After annealing at 500 °C, the temperature dependence
of the conductivity of isotropic samples in our entire experi-
mental temperature range satisfies the (&wwith activation
energy ~0.45 eV. At the same time, two sections with a
different conduction mechanism are observed in the tempera-
ture dependence of the conductivity of silicyne in the experi-

20 mental range. At high temperatures420 K) the conductiv-
ity is of a band character. The activation energy-i8.8 eV.
FIG. 1. Surface morphology of silicyn@) and a-Si:H (b, o films. b —  If the Fermi level is assumed to Iie_close to the center of the
Initial a-Si:H film used to produce silicyne. ¢ -&-Si:H film whose anneal- band gap of the amorphous semiconductor, then the band
ing at 500 °C does not lead to the formation of silicyne. gap of silicyne isA Egm 1.6 eV. Near room temperature con-

duction is realized by charge-carrier hopping along localized

states in the band tails. The temperature dependence of the
hydrogen and orienting action of the column walls, whichconductivity in this temperature range can also be described
stimulate the formation of linear chains of silicon atoms.by a law of the form(1), but the corresponding activation
Thus, the presence of linear defects in the inidi:H film, energy iISAE=(E—E;+W)~0.25 eV, whereE is the en-
in our view, promotes the formation of silicyne during an- ergy near which hops of the charge carriers occur, and
nealing. The effect of the columnar structure on silicyne for-W~0.01 eV is the hopping energy. Thus, when amorphous
mation increases as the diameter of the columns decreasesilicyne is formed froma-Si:H, defects whose energy lies

Figure 2 shows the temperature dependences of the cof-2-0.25 eV above the Fermi energy are produced.

ductivity of the experimental films. It is evident that the con- The band gap obtained from the conductivity data agrees
ductivity of the initial amorphous-silicon films is of an acti- well with the results of optical experiments. As follows from
vational character in the entire experimental temperatur€ig. 3, the absorption spectrum for most of the tested amor-

range and can be described by the expression phous films in the experimental photon-energy range can be
o= orgexpl — AE/KT), (1) described by a power law of the form
_ r
whereAE=E_.—E; is the activation energy, arfe, andE; ax(ho=Eg), 2

are the energies corresponding to the conduction-band botvhereE,=E.—E,, fiw is the photon energy, and the expo-
tom and the position of the Fermi level. Conduction is real-nentr depends on the conditions under which the amorphous
ized by carriers excited from the Fermi level into delocalizedfilm is fabricated. The Tauc lav



Semiconductors 33 (11), November 1999 A. I. Mashin and A. F. Khokhlov 1253

1000 xﬁA 7 100 be explained by a decreaseky as a result of the evapora-
9 % tion of hydrogen from the amorphous hydrogenated silicon
A Y x’.‘ during annealing. According to Ref. 4, annealingaei:H at
g0 L 92 o 4 80 500 °C decreasesy by no more than 0.1 eV.
3 X e
g 00 x4 xx¢ 17 §> 4. CONCLUSIONS AND DISCUSSION
> x_2 . .
@ 0 b xx Gq 1 §° In summary, structural nonuniformities of amorphous
?E XB g hydrogenated silicon strongly influence the process leading
9" 500 |- x f* 150 :' to the formation of silicyne during annealing of the silicon.
3 >3<" A‘.‘" s Amorphous silicyne is a semiconductor with-d..6 eV band
< 400 1 V- ¥ 40 g gap. It possesses defects that produce localized states in the
3 3wt X Afé,’ 13 3 band gap which are situated0.25 eV from the Fermi level.
xxx .A“; ~ As a result, near room temperature conduction occurs by a
200 & oo 12 hopping mechanism, and at 300 K we have 10 801!
Xx 0 -cm™!. The density of delocalized states near the
100 1 .QZAU 1% conduction-band bottom and the valence-band top in this
L) . . . .
oLl0%e . . 0 material is a linear function of the energy.
14 16 18 20 22 24 26 28 30 32 Unfortunately, silicyne_ i_s now available only in thg
o amorphous state, so that it is still too early to talk about its
w,e

possible applications. However, if microcrystals of this ma-

FIG. 3. Spectra of the absorption edgeasSi:H before(1) and after(?)  terial can be obtained, then we believe that they will possess

annealing at 350 °C in Tauc coordinates and of silicyne in T@and  unique properties. It can be expected that in the crystalline

Klazes(4) coordinates. state this will be a one-dimensional semiconductor with a
soliton conduction mechanism and unequalled high charge-
carrier mobility. It is also possible that silicyne crystals con-

Vahwx(ho—Eg) 3 sisting of linear atomic chains will be able to “operate” as a

is ordinarily used to determine the band gap. This law hold$ystem of quantum wires, which is important for producing

well if the density of states in the delocalized states can b&anoelectronics devices.

described by a simple parabolic law. It should be noted, ~We Wwish to express our deep appreciation to Drs. W.

however, that the linearity range of the absorption edge ifBeyar and H. Wagner from the Research Center &thiu

the Tauc coordinates is large only for the init@Bi:H film  (Germany for providing the samples dd-Si:H.

and the film annealed at 350 °C. The band gap determined

from the Tauc law is 1.86 and 1.83 eV, respectively, for*’E-Mail:mashin@phys.unn.runnet.ru

these samples. For silicyne the linearity range in Tauc coor-

dinates is strongly limited. At the same time, linearity is

observed in a wider photon energy range if Klazes’ law lfl-g';éKhO"h'OV’ A. 1. Mashin, and D. A. Khokhlov, JETP Le®7, 675
ahwo(how— Eg)3 (4) 2pPh. F. Schewe and B. Steilihe American Institute of Physics Bulletin of

) ) ) Physics NewsNo. 388, Sept. 3, 1998.
is used for the absorption edge spectrum instead of(8)g.  °A. 1. Mishin, A. F. Khokhlov, I. V. Kol'chuginet al, Vestn. NNGU, Ser.
(Ref. 6. For comparison, Fig. 3 shows the absorption edge,Fiz. Tverd. Tela, 1121998. o
of silicyne in both sets of coordinates. The energy depen- |'¢ Physics of Hydrogenated Amorphous Silicaited by J. D.

. ’ I Joannopoulos and G. Lucovsk8pringer-Verlag, New York, 1984; Mir,
dence(é_l) for the apsorppon edge means that the density of poscow, 1987.
delocalized states is a linear function of the energy fgar °J. Tauc, R. Grigorovici, and A. Vancu, Phys. Status Sdlfi627 (1966
and Ev in such a material. Klazes’ law giv&J~1.6 eV. As 8R. H. Klazes, van der M. H. L. M. Brock, J. Bezemer, and S. Radelaar,
we can see, the optical band gap of silicyne is approximately "o Mag. B25, 377(1982.

0.20-0.25 eV less than & Si:H. Such a value oE4 cannot  Translated by M. E. Alferieff
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A classification based on the principles identified in this paper is proposed for single-electron
devices. A large number of currently known nanoelectronic devices of the type considered

here can be described on the basis of this classification. This classification can be used to propose
new single-electron devices. @999 American Institute of Physid§1063-78269)02211-3

1. INTRODUCTION this class: “pump,i%!! modulatort*? single-electron
memory*® and others.

3) Matrix of tunnel junctions. Structures of this class
contain in the active region tunnel junctions, connected in

i . 4 - . .
t:tjg] gtgg“grita.:s di\rl]'(;e?z' 'glﬁ.dw%: ?g;vgfgga:::thogf series and parallel, in a plane. An example of such a structure
Integ IFCUILS Wi upernig 9 Integration. Aq 5 granular microbridg¥:

large number of structures of the type examined with various 4) Arrays of tunnel junctions. Such structures contain

configurations intended for various purposes are now know : : : . . .
9 .  PUTPOSE . "Yunnel junctions, connected in series and parallel, in various
and the number of publications in this field continues todimensions

grow. It is becoming quite difficult to find one’s bearing in A definite number of dimensions can be associated to

this field, since a complete classification of devices for o : . .

. L ) . —_each class noted above, specifically, single-tunneling devices

single-electron electronics is not available. In view of this . : ) .
zero-dimensional component Q; chains of tunnel

circumstance, our objective in this study is to construct aunctions one-dimensional array D); matrices — two
classification of device structures of a single ty(@gle- u . ) YR, .
R ! dimensional components [9; and arrays of tunnel junc-
electron structurgswhose operation is based predominantly . . .
..~ tions — three-dimensional array of component®{3
on the effect noted above. The advantage of the classification .
Il. Each class of structures noted abgwéth the corre-

is th rrently known str r f th nsider . . .
S that currently known structures of the type conside e:sspondmg number of dimensignsan be represented by a

can be described using this classification, and it can be useg . .
as a basis for proposing new devices for single-electro efinite type offundamental structural s_cheme.We _shaII
electronics. present the structural schemes of devices belonging to the
classes enumerated above.
1) Box (single-tunneling devige The structural scheme
of this device corresponds to zero dimensiois (Fig. 1).
An intermediate electrode between a tunnel junction and a
The proposed classification is based on the followinggate capacitor appears as an island.
principles. 2) A transistor(a chain of tunnel junctionsontains two
I. The following classesof single-electron electronic tunnel junctions connected in series and an island between
structures can be distinguished on the basis of the charactehem. The current through the structure is controlled by
istic active regions of the devices. means of a gate. Figure 1 shows one variant of the funda-
1) Single-tunneling devices. Such structures contain onlymental structural schemes of this device. The corresponding
one tunnel junction. An example is the single-electronnumber of dimensions of this scheme i®10ther variants
diode® which contains ap—n junction with a degenerate of fundamental structural schemes of the single-electron
charge-carrier gas, or a single-electron Baxhere the tun- transistor also exist These schemes differ by the arrange-
nel junction is connected to the voltage source through anent of the island and the gate relative to the source and sink
capacitor. and by the configuration of the gate. The island can lie in the
2) Chains of tunnel junctions. This class incorporatesplane of the source and sink or above or below this plane.
structures containing two or more tunnel junctions, con-The configuration of the gate can be different. One configu-
nected in series, in the active region. One of the best studiedhtion, often used in single-electron structures, is a split
devices in this class is the single-electron transistodt  gate!! The gate can lie in the plane of the islafid the side
contains two tunnel junctions, separating a very small semief it) and abovebelow) the island, directly abovébelow) it
conductor “island” from the source and drain regions. Mostor to the side of it. In a real transistor the number of gates
other currently known single-electron devices belong tocan be different, and gates with different configurations and a

Structures based on single-electron tunneli@gulomb
blockadé! hold promise for the development of a wide spec-

2. PRINCIPLES OF THE CLASSIFICATION

1063-7826/99/33(11)/6/$15.00 1254 © 1999 American Institute of Physics
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5) Composite. In this case the islands consist of a com-
Island Lead Source 4| Island |/ Drain posite material or various materials. These include structures
D

which do not match with any of the previously identified

0 single-electron structures.
Gate IV . Different modifications of single-electron structures
can be singled out according to the technological fabrication
Source E] Drain o methods, materials forming the d_iffe_rent regions of devices,
1 control electrodes, and other principles. We shall present

some of them.
% éGate % ZSMCG %mm For example, metal single-electron structures can be dis-
tinguished according to the technological fabrication process.
D At present, the following methods are used to obtain
2D such structures: )lelectron-beam lithographyEBL) and
FIG. 1. Fundamental structural diagrams of some single-electron structure§.pUtteringl,ﬁ'17 2) linear Self-alignmerﬁf’ 3) oxidation using
a scanning tunneling microsco&8TM),*® 4) SECO (step
edge cut-off;*! 5) anodization of junctions fabricated by the
different arrangement relative to the island can be used in thEBL method and sputterir,and others.
same device. Semiconductor structures have the following modifica-
3) The fundamental structural scheme for a “multi- tions:
island” chain of tunnel junctions differs from the transistor ~ Silicon structures based on Ill-V semiconductors are
scheme by the number of islan¢i@g. 1). Just as for a tran- distinguished according to the materials forming the active
sistor, the arrangement of the islands relative to the sourceegion (for example, GaAs structures and others turn,

and sink and the Configuration, number, and arrangement @fmong silicon structures the fO"OWing are distinguished ac-
gates can be different. cording to the method used to form the active regions: 1

4) Microbridge (matrix of tunnel junctions— the fun-  structures obtained in the inversion layer of a silicon MOS
damental structural scheme of this device, shown in Fig. 1ouble-gate, field-effect transisto?? 2) structures formed
corresponds to R dimensions. The scheme contains a two-0n a silicon-on-insulator substrate using EBO and reactive
dimensional array of islands. The current through the strucionic etching?*"**3) structures based on nanosize silicon

ture is controlled by a gate located above the islafide  crystals which are obtained by treatment in an rf plasma and
gate is not shown in the diagram which are used as island&and others.

Il . We shall single out conditionallysince single- Various technological methods for producing silicon and
electron structures usually consist of various materigle  Single-electron structures based on GaAs are available. They
following typesof single-electron structures according to the differ mainly by the method used to confine the DEG in the
materials used for the islar(@slands. structures, whose small “puddles” are used as islands. At

1) Metal. These incorporate film structures in which present, the following methods of confineménrt formation
the metal islands are separated by tunnel barriers in the for@f single-electron structures based on Gaase known: }
of insulating layer®~® or structures based on granular confinement of a two-dimensional electron gas in a GaAs/
films,}41° or structures based on metal colloidal partiffes AlGaAs heterostructure using split Schottky gate$ 2)
and so on. In such structures a three-dimensional electron g&BL and reactive ionic etching of a GaAs/AlGaAs hetero-
is confined in islands. structure for formation of the source, sink, channel, and gate

2) Semiconductor. An example of such structuresregions?® 3) EBL and etching of mesa structures in GaAs/
are, for example, devices based on the heterostructurédGaAs and formation of Schottky gaté$?®’4) confinement
GaAs/AlGaAs?™?* GaAs with a &-doped layet®'® of a DEG in as-doped GaAs by a lateral gatthe contours
AlGaAs/InGaAs/GaA2* and others. In these structures a Of the structure are traced by EBL and etchifiy*® 5) ion-
two-dimensional electron ga@DEG) is confined in small beam implantation of Ga in selectively doped GaAs/AlGaAs
puddles(island$ by various methods: by applying a bias to and AlGaAs/InGaAs/GaAs heterostructufés? and so on.
the gate$'?? by electron-beam lithography and etching of ~ In summary, currently known single-electron device
the structure? by ion-beam implantation of G4,and so on. ~ structures can be associated to a definite class, type, and
Such structures also include silicon single-electron structure@odification. They are characterized by a definite type of
based on a MOS field-effect transisfoF structures obtained fundamental structural schentgig. 1). We shall illustrate
by depositing nanosize silicon crystafsstructures prepared this point for specific nanoelectronic devices.
on a silicon-on-insulator substraté’ structures based on
s-doped SiGé&? and others. 3. SINGLE-ELECTRON DEVICES

3) Dielectric. In this case the dielectric islands must be
separated by layers with a lower permeability than the island" Meta! structures
material. No such structures have been facbricated as yet. We shall examine a number of metal single-electron

4) Organic. An example of such a structure is a transistostructures. The best studied device of this type at present is
based on a film consisting of a mixture of stearic acid andhe single-electron transistor. As noted above, it belongs to
carbonate clustefS.The latter appear as islands. the class of chains of tunnel junctions and correspond®to 1
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. . . . ) . _FIG. 3. Transistor fabricated by the step edge-cutoff method.
FIG. 2. Transistor fabricated by oxidation using a scanning tunneling mi-

croscope.

Drain

The STM tip is positioned above this film. The electric char-

. _ . ) acteristics of this structure have been measured, and they
(Fig. 1). Metal single-electron transistofsne type of single- ;a6 well with the theoretically computed characteristics for
electron transistgrcan be distinguished by the fabrication a chain of tunnel junctions. Single-electron tunneling in the

method and certain other indicators, which will be describe%tructure depends largely on the Au content in the film and
below. ) ) the position of the STM tip. The structure operates at tem-
For example, smglg—elec;tron trangstor structures baseﬂeratures up to 77 K. Another example of a device belonging
on AI/AIOX/AI—(tunneI junction, fabr!cated ,bé’tGEBL apd to the class of granular structures is a microbridge based on a
sputtering, have been proposed by Zimmerli etah addi-  g51ar NbN film(Fig. 4). The dimensions of the film are
tion, the gate configuration in these devices is different: 0neyosen 1o be less than the effective size of a charged soliton.
possesses an interdigital capacitor—gate configuration ands 5 resylt, the properties of the electronic conductivity of
the other contains parallel gate and island planes. Thes@e gircture are quasi-zero-dimensional. The device is fab-
structures operate at tempe_ratgres near 0.1 K. A”mhpﬁcated by an “edge-dependent methodiedge-defined
well-known method for fabricating transistors based Onyiocesyi4The current through the structure is controlled by
A/ALO /Al tﬁ%nnel junctions is the method of I|near. means of a gate located above the islands. The microbridge
self-alignment.” The basic idea of this method is as follows: ,nerates at temperatures near 4.2 K. In contrast to previously

Tunngl junctlons' are formed alongl the eFiges of a.base. eleTo'resented structures, this device belongs to the class of ma-
trode(island, which confines one dimension of the junctions y;y ynnef junctions. Its fundamental structural layout is two-
by its thickness. Forming a very narrow strip of the basey;ansional (D) (Fig. ).

electrode by sputtering and explosive lithography, the second  Another modification of metal single-electron structures
dimension of the tunnel junctions is also low. The source and,.e gevices based on chains of colloidal gold particles with
sink are formed by secondary deposition of a metal layery,qjecyiar bond& These Au particles are the islands and the
The device operates at temperatures up to 1 K. _ organic molecules are the binders — tunnel barriers. The Au
Metal smgle—electron tranS|stor§ based on Other_mate”alﬁarticles are deposited using an aminosilane adhesive on a
are known. Figure 2 shows a transistor based on TYITO g hstrate with preprepared metal) source, sink, and gate
tunnel junctions. It was obtained by oxidation using angjecirodes. Appropriate treatment forms organic molecules

18 - o -
STM.™ After a metal film(Ti) is deposited, the surface of | nich hind the deposited colloidal particles and the source
the film is oxidized by anodizing, using the STM tip as the 5 gjnk electrodes. Electron transport in such a structure
cathode. Such a transistor can operate at room temperature.

The structure in Fig. 3 is a transistor structure based on
Cr/Cr,O5/Cr tunnel junctions, which is prepared by the step

edge cutoff method! The basic idea of the method is that a Al gate

conducting film of thicknessll is deposited on a prepre-

pared insulating step of thickned®. Ford1<d2 the elec- Vg
trodes have no contacts on the step edges, and current flov AV an
through the structure by tunneling. The device operates a : l

temperatures near 15 K. All transistor structures describec -
above can also be classified as modifications of film struc-
tures.

Besides transistors, multi-island chains belong to the— NbN electrode
class of chain tunnel junctions. A modification of such struc-
tures are devices based on granular films. An example is i NbN microbridge
structure based on a Au/f&D; granular film'® obtained by
combined deposition of Au and /D; on an Au substrate. FIG. 4. Microbridge based on a granular NbN film.
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FIG. 5. Single-electron transistor formed in the inversion layer of a Mos G- 8- Quantum-dot transistor with a polysilicon gate.
double-gate field-effect transistor.

occurs by tunneling of electrons through a chain of colloidalthet surk?stratel. In contriast_llto the p;receg.lnﬁ] _delwcet, t(;usbtran—
particles. Therefore this device is a multi-island chain ancP'Stor has only one polystlicon gate, which IS located above

can be described by aDl fundamental structural scheme thbe char:jn'el.tlhn thte tutnnellng refglm? curfrttarr:t Os?natl?tns are
(Fig. 1. The device operates at temperatures near 4.2 OPSErVed In the structure as a function ot the gate voltage as

although the current-voltage characteristic remains nonlinedt result of twq effects: qgantum confinement a_nd smg_le-
at 77 K. electron tunneling. In addition, quantum-dot transistors with

n- and p-type channels have been fabricated. Tihehannel
transistor operates at temperatures up to 100 K and the

film was deposited on a substrate with an Sb layer on thg—channel transistor operatures up to 8-fl!<.rlhe realization .
surface. Because there is no wetting of this film, small drop§nc SUCh. structures opens up new possibilities for prod.ucmg
of Ag (islands were formed on the substrate surface. Usingand using complementary pairs of quantum.—do.t tra}nS|stors.
an STM, whose tip was positioned above one such iSIanOII?>ased on the fabrication mthod this modlflczit%gn includes
a (STM tip) — island — substrate structure was obtained.*"" dewces,'for ex.ample,.smgle-electron mentor.The
This structure is a double tunnel junctimparticular case of struc'Fure Of.th's device is s.|m|Iar to that of the quantum-dot
a multi-island chaiin Tne |-V characteristic of the structure transistor (Fig. 6, so that it also belongs to the class of

is sensitive to the horizontal position of the STM tip. Single- chains of tunnel junctions. It differs from the transistor by

electron tunneling in the structure has been observed at roome fact that the island is a quantum-dqt floating polysilicon
temperature. gate. An electron stored on the floating gate screens the

channel from the potential on the control gate and shifts the
threshold voltage. Different methods are available for obtain-
ing a floating gate: deposition and the second stage of
Let us now examine a number of modifications of semi-EBL and reactive ionic etchingf, and the self-alignment
conductor structures according to their fabrication method. method?? This device can operate at room temperature. An-
The silicon single-electron transistofsiembers of the other example of this modification is a multi-island chain
class of chains of tunnel junctionare now studied exten- based on a quantum wire with a double lateral gafeunnel
sively. We shall therefore describe various modifications ofunctions are formed by formation of depleted regions in a
this structure. Figure 5 shows a silicon single-electron tranquantum wire by applying voltages to the lateral gates. The
sistor formed in the inversion layer of a MOS field-effect device operates at temperatures near 2 K, although nonlin-
transistor with a double gaféThe bottom and top gates were earity on the |-V characteristic is observed up to 46 K.
obtained by the EBL method and dry chemical etching. The  Structures based on nanosize silicon crystals used as is-
bottom gate(positively biaseyl forms an inversion channel lands can be considered as a modification of silicon devices
and the top gaténegatively biasedforms potential barriers. based on the fabrication meth&tNanosize crystals were
The device operates at temperatures near 4.2 K. obtained by treatment in a microwave plasma and are coated
Another modification is a quantum-dot transisteiig.  with an oxide layer. Next, they were deposited on a structure
6).° This device is fabricated on the basis of a silicon-on-with preprepared electrodes. The structure is a quasi-one-
insulator structure using EBL and reactive ionic etching. Adimensional chain of tunnel junctions since current flows
channel with an island is formed in the top silicon layer ofalong the path with the lowest resistance. Single-electron

An interesting method for fabricating metal single-
electron structures has been proposed by Park“8t4ai. Ag

B. Semiconductor structures
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2DEG DEG in S-doped GaAs wafel>*® In such structures the
DEG lies above thé-doped layer. The contours of the struc-
tures (source, sink, gates, and channate traced by EBL
and etching of a mesa structure in a GaAs wafer with a
o-doped layer. As a result of applying a voltage to the lateral
gates, and also because of the presence of impurities and the
roughness of the boundary, in the structure the channel with
——————— the DEG is divided into a number of islands. Such structures
belong to the class of chains of tunnel junctions and can be
w AlGaAs used to produce single-electron memory. Structures with a
DEG in a é-doped GaAs structure operate at temperatures

n* GaAs Substrate near 4.2 K.

FIG. 7. GaAs/AlGaAs-based structure with a split Schottky gate.

Metal

GaAs
A

C. Organic structures

An example of an organic structure is a transistor based

o ) on a film consisting of a mixture of stearic acid and carbon-
tunneling is observed in the structure at room temperature. i cjusters. which are the islarfdsA device has been fab-

Single-electron semiconductor structures based on GaAgeateq as follows. A mixed film of stearic acid with inclu-
are also being rapidly developed. In such structures the DEGjons of carbonate clusters was deposited on an atomically
is confined in islands by different methods. A number ofgyoth surface of graphite with a preformed control elec-
modifications of such struc_tures can be singled ou.t by thgode. The electrode consisting of thin bilayered stiips
method .u.sed fqr such confinement. We shall examine the%yer on ALOs) was formed by electronic nanolithography.
for specific devices. The characteristics of such a structure were investigated us-

~ Figure 7 shows a device which is a dot%l?rle tunnel juncyng an STM, whose tip was positioned above the clusters.
tion based on a GaAs/AlGaAs heterostructtirén this de-  gjngle-electron tunneling is observed in the device at room

vice the DEG_ is confined_ in is_lands b)_/ applying a voltage totemperature.

the metal split Schottky junctions which are located on the

surface of the structure. A DEG is _formed _at Fhe interface of; ~oncLUSIONS

the GaAs and AlGaAs layers, and its density is controlled by

the voltage applied to the conducting substrate. When nega- Several single-electron devices have been omitted in this

tive voltages are applied to the split gates, the DEG beneatP@per because of their great diver$it{ and because of

them becomes depleted. As a result, a channel with smafiPace limitations. Some of them operate on the basis of not

segmentgislands between the depleted sectioirriersis ~ Only single-electron tunneling but also other transport

formed in the DEG>* The device operates at temperaturesmechanisnf§~*° (mixed-type device structurgsincluding

near 0.5 K. quantum interferenc®, for example, quantum interferom-
Another modification is a GaAs/AlGaAs-heterostruc- €ters based on split Aharonov—Bohm rings with a quantum

ture-based transistor in which the gates, source, sink, islan@ot in one arm?'**Structures that can be classified as func-

and channel regions are obtained by EBL and reactive ionifionally integrated components or very simple integrated cir-

etching of channels in the initial wafét.As a result of this ~ Cuits have recently appear&t* but they cannot be classi-

technological process, the DEG is confined in these regiondied according to the principles presented in this paper.

In contrast to the device presented in Fig. 7, the gates in such N summary, a classification of device nanoelectronics

a structure lie in the same plane as the source, sink, angructures of a single type, which are based on the principles

island regiongplanar gates The device operates at tempera- identified in this paper, has been proposed. A large number

tures near 22 mK. of existing nanoelectronic devices of the type considered
An examp|e of such structures is a GaAs/A|GaAs_based]ere can be described on the basis of this classification. New

transistor which is fabricated by the EBL method and liquidSingle-electron devices can also be proposed on the basis of

chemical etching of a mesa structure and formation ofhis classification.

Schottky gates® The DEG is formed at the interface of the ~ This work was supported in part by the scientific and

GaAs and AlGaAs layers. Planar Schottky barriers ardechnical programs of the Republic of Belorus: “Informat-

formed by the electrochemical method on the side walls ofcS,” “Low-Dimensional Systems,” and “Nanoelectron-

the channel, obtained by etching, with the DEG. The voltagdcs.”

applied to these gates confines the DEG in the islands. If the

electric field in the structure with a split gat€ig. 7) is  *’E-mail: device@micro.rei.minsk.by

applied perpendicular to the DEG, then the horizontal elec-

tric field produced by the voltage on a planar Schottky gate )

acts on the electrons in a direction parallel to the DEG, giv-lDS- V. FA);]/eriané% SK-4K2-7Li1k9h§rev, Zh. Esp. Teor. Fiz.90, 733 (1986
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A model making it possible to describe analytically the temperature dependence of the optical
gain and threshold current density in lasers based on quantum-dot arrays characterized

by inhomogeneous broadening of the density of states is proposed. At high temperatures the
dependence obtained is universal, i.e., it is determined exclusively by the broadening of the density
of states, not by its specific form. @999 American Institute of Physics.

[S1063-782609)02311-X]

A quantum dot(QD) is a center of zero-dimensional in lasers based on self-organized QDs is the thermal filling of
localization of charge carriers. In the ideal case, all QDs ohigher-lying states with carriers, including states of the wet-
an array can be characterized by a single, identical, size-weiing layer and host.However, the higher energy levels of the
level. Thus the total density of stat€EDS) of such an array, QD array itself, which are due to smaller dots, can also
ignoring the homogeneous broadening, i8 function. Used served as a “reservoir” for transfer of carriers from QD
as the active region of an injection laser, such an array makestates that participate in lasing. Indeed, a temperature depen-
it possible, theoreticallyto lower substantially the threshold dence of the threshold characteristics can be observed even
current density. For a@-like TDS the relation between the when the ground state of a QD is very strongly localized
currentd and the gairG is given by the simple expression with respect to the ho$QD lasers emitting at 1.3m (Ref.

6)].
’ (1) In view of this circumstance, the question of an adequate
description of the temperature dependence of the gain char-
acteristics in lasers with an inhomogeneously broadened den-
sity of states becomes legitimate. This task is complicated by
the fact that the exact TDS for a QD array is unknown. In the
eN present paper we develope such a model of lasing from first

Jo:Za ) principles. The results which we obtained can be used to

relate in analytic form the gain and the current and plot them
7 is the radiative(spontaneoysrecombination timeg is the  as a function of temperature. In addition, as will be shown
electron charge, antl=sNqyp, is the total density of exci- below, at sufficiently high temperatures this dependence is
tonic states, which is related to the dendity, of the QD universal, i.e., it does not depend on the specific form of the
array and the degree of degenerayf the level equal to 2 TDS of the QD array.
for spin degeneracy. We assume that the carrier distribution over states within

The current—gain characteristic and hence the thresholghe TDS of arbitrary formP(E) is described by the Fermi
current density in such a laser do not depend on temperaturginction

One of the most promising methods for producing real
QD arrays for use in lasers is to make use of spontaneous f(E,F)= , 3
self-organization at the initial stages of deposition of strained E-F
films.2 In particular, lasers with threshold current densities 1+ex;{ kgT )

less than 100 A/cfhave been produced on the basis of self- . . I . L
organized IKGa)As QDs in a (A)GaAs hosf and whereF is the quasi-equilibrium Fermi level. As a simplifi-

continuous-wave lasing has been obtained with an initi<51F""t'on’tvtveﬂs]haII etxamlfnti abTDg which ('js symr:ncleltrlc with
power level greater than 3 W. respect to the center of the band gap and we shall assume

The fundamental difference that distinguishes the arra)}o be independent of the QD size. For correlagextitoniq

electron and hole trapping in QDs,the radiative-

of self-organized QDs from the ideal case is the inhomoge- . . )
neous broadening of the TDS due to dot-size variance. Th gcombinatior(spontaneoyscurrent and the optical gain can
e expressed, respectively, as

TDS, therefore, cannot be described by &unction, which

Jo

G=GS"‘(J

0

where G5 is the saturatedmaximum possiblegain, J is
the transmission current, given by

means that Eq41) and(2) are no longer applicable and that e

the current—gain relation now, in general, depends on tem- J(F)= ;j P(E)f(E,F)dE, (43
perature. Ordinarily, it is assumed that the main reason for

the temperature dependence of the threshold current density G(F)=constmax (2f(E,F)—1)P(E)]. (4b)

1063-7826/99/33(11)/5/$15.00 1260 © 1999 American Institute of Physics
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It is obvious that since the number of states that can 0.8 ——r— - T T
participate in radiative recombination is limited by the finite a parabolic
density of the QD array, there exists a most likely value of
the current in the spontaneous regime, equal dg [Zince 0.6k 4

SP(E)dE=N] and a greatestsaturategl value of the gain Gaussian

GS?=const- P(E,), whereE, is the energy corresponding
to the largest value of the TDS.

It is convenient to switch to dimensionless enerdy (
—e=E—-Eylo; F—oe=F—Ey/o, whereo is the half-
width of the TDS, temperature T—t= kgT/o), density of
states [P(E)—p(e)= oP(&)IN], current [J(E)—](¢) 0.2
= J(¢)/Jo], and gain G(F)—g(¢)= G(¢)/g%*]. We can
then write Eq.(4) in the form

04}

Aé)

Lorenzian

0.0
J((p,t)=2f f(e, e, )p(e)de, (58 2o g b
a(e.ty=max (2f(e,@,t) = 1)p()/pol, (Sb) 1.0 ' '
wherepozp(Q) corresponds to the value of the TDS at the -parabolic
maximum point. 08r |

These equations describe parametrically the current de-
pendence of the gaig(j) for a TDS functionp(e) at a

reduced temperaturte 0.6 . 1
Before seeking the temperature dependenag(p¥, we Gauss‘,an
shall examine the limits corresponding to zero and infinite 00 04 Lorenzian infinite 1
temperatures. In the first case, where the Fermi function is a ’
step function,
o 02 b
J'(<P)=2J7 p(e)de, (6a)
0'0 Il " 1 J. )
g(@)=p(e)!po. (6b) 0.0 0.4 0.8 12 1.6 2.0
It is obvious that in this casg(]) is directly determined J

by the specific form Of. the functiop(e), l'e".lt depe_nds on FIG. 1. a — Gaussian, Lorentzian, or parabolic density of states of a QD
the form of the denS|ty of states. In part'CUIar’ It can bearray(the dashed lines show the parabolic approximatibn— gain versus
shown that for the TDS shown in Fig. 1 and described bythe pump current with zero and infinite temperatures for TDS shoven in
Gaussian, Lorentzian, or parabolic functioftise values of

po correspond to the TDS normalization condition

Ip(2)de=1) actual absence of a transmission current, i.e., for an arbi-
p(g):(l/\/})exp(_sZ), (78 trarily low current there exists a definite group of QDs for
which the gain is positive.
1/ In the limit of infinite temperature the Fermi function is
ple)= 142" (7D the same within the TD$f (¢, ¢.t—)=f], and the maxi-
mum gain is reached at the maximum of the density of states.
p(e)=3/41—¢€?), (7o)  Therefore,j=2f, g=2f—1, and the relation between the
. . “reduced” gain and current has the form
the relation between the current and the gain has the form
j(@)9™s 2% (— 2 In(1ig)) @  9Th ©
which is similar to the expressiofi) in dimensionless val-
1 . .. ues.
where®* (x) = \/T_Trf’iwexp(—SZ/Z)ds is the normal distri- Thus, the current dependence of the gain in a laser based
bution function, on a QD array is different for the two limiting temperatures.
- orenzian. - ) In addition, at infinite temperature it is the same for any
a(j) L sirf(mj/2), (8D function p(e) describing the TDS and differs strongly in the
j(g)Praboli= 1 (11 g/2) \/ﬁ 80 limit of zero temperature. Therefore, it is pointless to seek

the functiong(j) in the limit of low temperatures, since this

Plots of the corresponding functions are shown in Fig.relation is not universalit depends on the form of the TDS,

1b. We see that, as expected, these dependences differ swihich, in general, is unknownlIn addition, at low tempera-
stantially from the various TDS. A general property is thetures carrier transfer between different QDs, which estab-
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lishes a global equilibrium within an ensemble of QDs, is 1.0 T - T—
suppressed, which results in nonequilibrium filling of the QD a 1=2/3
states by carriers that is not described by Fermi statistics. ;
We shall therefore consider a high but finite temperature. 08r =1 )
It can be assumed that the functig(j) is the same for all - y
TDS, and that it takes on the form d@B) in the limit 0.6+ i
T—oo. The requiremenkgT> o (t>1) is too stringent and
indefinite. How high the temperature must be will be clari- 80 =2 /
fied in the analysis below. 04¢r .
We note that the exact form of the TDS of a QD array is
unknown, and since it is determined mainly by the QD-size
variance, in general, it depends on the deposition conditions. 0.2 }
To examine the characteristics of QD lasers, the function infinite ¢
p(g) is usually approximated by functions of the foi(Ta) 0.0 — :
or (7b).8 In contrast, we shall examine as the basic TDS the 0.5 o 15 20
parabolic function7c). Virtually any functionp(e) [includ- J
ing a function of the form(7a) and (7b)] can be approxi- 2.0 : : : :
mately represented in the forf7c) by expanding it in a b
Taylor series near the maximufaee Fig. 1a On the other
hand, this greatly simplifies the mathematical transforma- 1.6 high-T approximation -
tions. The validity of such a substitution will be discussed
below. 1ok 1
To obtain results in an analytic form we shall employ the '
piecewise-linear approximation of the Fermi function Q
fle,ot)~1, &<@—2t: 08} . T
low-T approxiamtion
12— (e—@)lAt, ¢—2t<e<ep+2t; 04 ]
0, &>¢+2t. (10
Assuming the temperature to be sufficiently high 0.0 . : . : .
(t>1/2) and using Eq5), we can then write the expressions 00 05 10 15 20 25 30
for the current and gain in the form t

. 1 e—¢o FIG. 2. a — Gain plotted as a function of the current for various tempera-
J(¢,t)%(3/2)f (1- 82) 12— T de=1+¢/2t, tures in the approximation described by Ef2) (dashed lingsand in an
-1 approximation using a temperature-dependent differential gain and transmis-
(116") sion current(14) (solid lines. b — Tenperature dependence of the current,
corresponding to gaig=1/2, obtained in the high- and low-temperature

p—é& (for a parabolic TD$ approximations. The arrow shows the critical tem-
g(go,t)%ma){(l—sz)(T)}N[(l_sz) perature.
p—¢& 1 1
x| 5 ~5letgz]  (11b
e~(—1/2)¢ ¢ where virtually any TDS can be approximated by a convex

Using the relation(118 betweenj and ¢, we obtain the parabola. In particular, it can be shown that for a Lorentzian

definitive expression for the current dependence of the gain DS the functiorg(j) at high temperatures also satisfies Eg.
at high temperatures (12) if the terms on the order of i/ with powers greater than
' n=2 are disregardedIn general, ag— 1, the higher-lying
excited states of both the QD and the states of the wetting

g(j,)~(j—-1)+ 162(-1) (12 Jayer and host play an increasingly larger role. A fairly com-
J prehensive study of their influence is given in Ref. 2
As one can see, the expressid?) transforms into the On the other hand, for low gaing{0) the function

expression9) ast approaches infinity. Plots of this depen- g(j) is determined primarily by the contribution of the
dence at various temperatures are shown in Fig. 2a. The lowtail” of the TDS, which is not described by a parabolic
est current for which the expressi¢h2) is approximately approximation and, in general, is different for different TDS.
valid corresponds to t1/2t, since in deriving it we as- But the relation between the gain and the current in this
sumed thatp~2t(j —1) is large. Physically this means that regime has virtually no effect on the device characteristics
the expressiofl2) describes well the temperature-dependenisince nonzero internal losses exist even in laser diodes with
relation between the gain and the current, when the Fernfour cleaved faces.

level is sufficiently high. The maximum gain in this case is In summary, the best correspondence between the func-
attained in the region of the TDS close to the maximum,tion (12) and the real functiog(j) is obtained forg~1. Let
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us expand the functiofil2) in a Taylor series in powers of 2.0 r .
i—J1, sothatg(j;)=1: a =3/4
1 1.6 /”_———_Z—
i=2- (13a _ <
13 a=1/4
: .. .dg '
9(])~1+(J—Jl)d—j o s
1 ™ 08¢ -
( 1 L (2 ! +1 (13b
162 | 16t2 ' 04 -
It is more convenient to explain this result in terms of a
temperature-dependent transmission curjgrénd differen- 0.0 ) L
' t
g(j,)=a(t)(j—Ju (1)), (14a 5 , : : : .
(t)~1 ! (14b b
a(t)y=1—-—,
16t2 4t
. 1 51
Jtr(t)’“l—@- (149
S
The current dependences of the gain described by @dgs. ™ gL
are also shown in Fig. 2a for several temperatures. As the
temperature is raised, the transmission current increases as a
result of the “broadening” of the Fermi function; i.e., an 1 ]
increasingly larger number of higher-lying statéfue to
smaller QD3 becomes populated. At infinite temperature the 0 . : . . .
transmission is 1; i.e. half of the states of a QD ensemble 00 05 10 15 20 25 3.0
must be populated to achieve inversion, consistent with the olo
expression2). 0

The increase in the differential gain seems paradoxicalrig. 3. Threshold current density versus the temperarand versus the
but it is easily explained since the total number of QD statesroadening of the density of staté® for various values of the losses
is limited (we do not consider the higher-lying stateand
hence the maximum current that can flow in the spontaneous
recombination regime through the QD array is also limited.
At high temperatures a large number of states is alread%e
populated(and hence the current is relatively hjgie reach
even a small gain. For further increase in gain the current can

For a parabolic TDS the temperature-dependent relation
tween the gain and the current is established in the form

increase only negligibly since the number of unfilled states is _ 1
small. Yy ghgioly -(g)parabollc: 1— 1+g/2_ 3t( - _ \/ﬁ) 1 \/ﬁ
To estimate the lower temperature limit of applicability vi—g 6

of the “high-temperature” approach presented above, we

shall examine the current.dependenc.e of the gain at low tem- It is evident that the relatiofL6) possesses the limigo)
peratures for a parabolic TD§Again we note that as o :
ast—0. For simplification, we assumed that-3 is large

t—0, this functiong(j) will depend on the specific form of - . . . :
the TDS] It is easy to show that the relationship between the?gg]siaigdl witht®, so that we did not consider high gains

current and the position of the Fermi level, described by Eqg. Let us consider the temperature dependence of the cur-
(6a), remains valid if the terms with powers greater thane . half gair(i .. — i< sh
disregarded and the expression for the ddin. (5b)] be- rent corresponding to one-half gagt,j,2) = 1/2. Itis shown

' in Fig. 2b; it was calculated in both the high-temperature

comes approximation[expression(14a] and the low-temperature
1 dp approximatioriexpressior(16)]. The valueg=1/2 was cho-
9(‘P’t)”p_o ple)=2t - (15 sen so as to make the most accurate comparison since the
e=¢

expression(14) works poorly in the limitg—0 and the ex-

In other words, the maximum gain is reached at an energpression(16) works poorly in the limitg—1. It is evident
that is shifted by an amount on the order of ffom the from Fig. 2b that both dependences intersect at a certain
maximum of the TDS. critical temperaturé,,~ 1. It is obvious that this temperature
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T.,~alkg is the lower temperature limit up to which the states, such as lasers with self-organized QDs. We showed
expressior(14) approximately describes the relation betweenthat at low temperatures the relation between the gain and
the gain and the current. the current is determined by the form of the function describ-
In conclusion, we note that the typical values of theing the density of states, while at high temperatures this de-
broadening of the density of states of arrays of self-organizegendence is universal in the sense that it is determined only
QDs, which were determined according to the widths of theby the broadening and not by the specific form of the density
photo- and electroluminescence lines, lie in the rangef states. This made it possible to describe analytically the
20~40-60meV. ThereforeT,, is near room temperature, temperature-dependent relation between the gain and the cur-
and the expressiofl4) is used to determine the temperaturerent (the threshold current density and threshold lossés
dependence of the threshold current density in the range thaigh temperatures and to estimate the limits of applicability
is important for practical applications. The threshold currentof this model.
density j;, (scaled toJy) as a function of temperature is This work was supported by the “Physics of Solid-State
shown in Fig. 3a for various values of the threshold g&in  Nanostructures” program(project 98-109%6 and INTAS
units of G%). It is evident that the existence of inhomoge- (Grant 96-046Y.
neous broadening of the density of states of the QD array
gives rise to an appreciable temperature dependence of th&-mail: zhukov@beam.ioffe.rssi.ru
threshold in a QD laser.
If the temperature is fixed, then the expressibd) also
makes it possible to estimate the effect of the broadening oftm. Asada, Y. Miyamoto, and Y. Suematsu, IEEE J. Quantum Electron.

the TDS on the threshold characteristics: QE-22, 1915(1986.
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