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Abstract—The main causes of the diffusion spreading of a solid-solution composition near the boundaries of
the Si transport channel inaSi/Si; _,Ge, heterostructure grown by molecular-beam epitaxy combined with solid
(Si) and gaseous (GeH,) sources are considered. For the grown structures, the contributions from various mech-
anisms involved in forming the profile of the metallurgical boundary of the layer are compared and the effect
of channel boundary spreading on the mobility of atwo-dimensional electron gas in the channel is evaluated.
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Recently, the requirements for the technological
procedures used to fabricate heterostructures with
nanolayers have become much more stringent in view
of the widespread introduction of these heterostruc-
tures into semiconductor engineering. In addition to
conventional molecular-beam epitaxy employing solid
sources of silicon and germanium, methods of gaseous
epitaxy with high-purity hydrides under both lowered
[1] and atmospheric pressure [2] in areactor are widely
used to fabricate Si—-Ge structures. Combined epitaxial
techniques, with a combination of various sources of
atomic and molecular fluxes (solid, liquid, gaseous, and
plasmachemical), are being tested. The sources used in
epitaxy produce molecular fluxes with molecular disso-
ciation times that are fairly long, compared with the
characteristic times of atom incorporation into a grow-
ing layer. This draws close attention to the kinetics of
processes occurring on the growth surface in order to
find the optimal conditions for growing nanolayers
with extremely abrupt planar heteroboundaries.

The stringent requirements on the quality of the
boundariesin pseudomorphic heterostructures are most
frequently imposed in those cases where acceptable
electrical characteristics of charge carriers in two-
dimensional (2D) transport channels must be obtained.
This may be necessary both for the observation of a
number of unique phenomena in a 2D charge-carrier
gas (e.g., the effects of liquid-typeinteractionsin asys-
tem of 2D electrons etc.) and for applications of these
structures in devices (e.g., for fabricating high-fre-
guency field-effect transistors, lasers relying on elec-
tron heating effects, etc.). Moreover, when most of the
existing technological procedures are used, the effect of

compositional intermixing in the vicinity of hetero-
boundaries |eads to severe difficultiesin creating a new
class of materials of the Si,,Ge,, type, which combine
monolayers within an individual unit cell of a single
crystal. In connection with this, there is an urgent need
to analyze the possibilities of various techniques that
can be used to grow planar heterostructures with
extremely abrupt boundaries and to determine the main
causes of compositional intermixing at nanolayer
boundaries in order to eliminate this effect, if possible.
Substantial compositional intermixing and spreading at
nanolayer boundaries can lead to the following. First,
the potential profile in the well can be markedly dis-
torted by a significant background of an isovalent
impurity created in the 2D channel. Second, the bound-
ary roughness may become more pronounced owing to
composition fluctuations in the heteroboundary plane,
enhanced by the effects of elastic strain and by the
accelerated diffusion of alloy components.

Theaim of this study wasto determine (by means of
a theoretical analysis based on our nonsteady kinetic
model of layer growth [3] and the experimental mate-
rial accumulated so far [4, 5]) the most important real
causes of compositional intermixing near heterobound-
ariesin Ge(Si)/Si; _,Ge, heterostructures grown by MBE
with a combined solid source of silicon and gaseous
chemical source of germanium: (S—GeH,)-MBE [5, 6].

We have previously shown [3, 4] for the given com-
bined epitaxial technique that GeH, molecule pyroly-
sis, both on asubstrate and on asublimating silicon slab
placed in the reactor, can successfully solve the prob-
lem of controlling fluxes of Si and Ge atoms and ger-
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mane molecules toward the substrate. This simulta-
neously stabilizes the growth rate in a wide range. In
addition, an unconventional model that describes the
growth kinetics of Si; _,Ge, solid solution layers from
an atomic beam of silicon, and a molecular flux of ger-
mane in vacuum, has been developed for this epitaxial
process. This was done in order to study in detail the
pyrolysis of germane molecules on the surface of the
growing layer and the effect of this process on the rate
of epitaxy [7]. Numerical simulation data were com-
pared with the experimentally established depen-
dences. In this way, the steady-state kinetics of
Si,; _,Ge, layer growth were studied and a comparative
analysiswas made of the efficiency of incorporating Ge
and Si atoms into the growing layer, both with and
without Si and Ge atom fluxes in the reactor [8].

In this study, we attempted to establish a relation-
ship between the effective heteroboundary broadening
and the basic parameters of Si; _,Ge, layer growth in
the (S—-GeH,)-MBE method, i.e., the temperature and
rate, and the gas pressure in the reactor. For different
growth conditions employing combinations of atomic
and molecular beams in the reactor, various mecha-
nisms that govern heteroboundary abruptness in the
layer are compared. The following mechanisms can be
assigned to this category: afinite rate of material deliv-
ery to the substrate surface; a finite rate of Ge and Si
atom incorporation into the growing layer; afinite dis-
sociation rate of hydride molecules, which, generally
speaking, is determined by the different pyrolysis path-
ways on the growth surface; accelerated diffusion over
the surface dueto elastic strain effects; surface segrega-
tion; and the dependence of Si and Ge atom incorpora-
tion factors on surface bond filling, which include
hydrogen. The results are used to evaluate the compo-
sition profilein Ge(Si) layersthat form potential wells;
these served as transport channels for holes (electrons)
inthe Si; _,Ge, matrix in structures grown in our previ-
ous work [9] by the given epitaxy technique. Recom-
mendations are provided for selecting the growth con-
ditions, under which factors that severely impair the
transport characteristics of the structures can be elimi-
nated or their influence significantly diminished.
A computer model based on these selected parameters,
can reproduce the compositiona profile of a grown
structure with high reliability.

We analyze the causes and efficiency of composi-
tional intermixing near the heteroboundaries of a mul-
tilayer Si(Ge)-Si;_,Ge, structure grown by the
(Si—-GeH,)-MBE method by examining the main non-
steady physicochemical processes on the Si;_,Ge,
layer growth surface. The validity of the mathematical
model employed in the analysis relies upon the consis-
tency of steady-state characteristics obtained from it
with the experimentally observed dependences (e.g.,
the dependence of the growth rate on the film growth
temperature and atomic and molecular fluxes) [10]. The
system of time-dependent kinetic equations for dimen-
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sionless mean surface concentrations of GeH; mole-
cules and H, Ge, and Si atoms corresponding to the
chosen model has the form

dB0e,/dt = 2(Sea,Foa,/Ne) Ol — 24V et Oca O
dB,/dt = 2(Sou,Foe,/Ns)Orm

+ 24VGeH39GeH3ef3r =V (X) 64, )
1
d06o/dt = 9(Sea,Fow,/Ne) O + 24V a1, O, 05

_(VGe+ rGe)eGev
dOg/dt = (SgFg/ng)B— (Vg +g) 0.

In Egs. (1), Seen, is the capture coefficient of a GeH,
molecule by afree surface, Foay,(ce s 1Sthe molecular
(atomic)  flux, Vgay [ST] = VeEeXp(-Ex/KT) =
0.5exp(-0.4/KT [eV]) is the effective decomposition
rate of a GeH; molecule for a specific technological
process, vy is the rate of hydrogen-atom desorption
from the surface of the growing layer, vgqs) isthe des-
orption rate of Ge(Si) atoms, and rqs) isthe crystalli-
zation rate of Ge(Si) atoms. The transfer coefficient g
accounts for the specific features of the experimental
installation, including the geometric dimensions of the

Si source, its temperature, distance from the source to
the substrate, and their mutual orientation.

The physicotechnological model of Si;_,Ge, layer
growth proposed for the given method of epitaxy with
combined atomic and gas fluxes is based on the reac-
tions

GeH,(gas) +2 — GeH; + H,
GeHz +3 — Ge+ 3H,
Ge S +1—Ge Si, Ge S — Ge, Si(crystal),
Ge S — Ge, Si(gas), 2H — H,(gas), (2

which rely on the following assumptions: (i) monomo-
lecular adsorption takes placein the system, (ii) thereis
no interaction between the particles being adsorbed,
(iii) atomic fluxes have no effect on chemisorption and
pyrolysis of GeH, molecules; and (iv) each GeH; mol-
ecule blocks three free adsorption centers, (v) hydride
atoms are delivered to the growth surface only by ger-
mane molecules. Germane decomposition and the for-
mation of additional Ge atomic fluxesin a hybrid (Si—
GeH,)-MBE system may proceed on a hot solid source
of Si vapor. The underlining in (2) indicates an atom
bound to the surface.

For monomolecular adsorption, we also assume that
the following condition is satisfied:

Bs +B0ge+ 6+ Bgey, + 8, = 1, ©)
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the concentrations 6, and 8, of free surface bonds
blocked and nonblocked by GeH4 molecules satisfy the
relations

B = O+ B, Oy = 30ga, (4)
Equations (1)—<4) form a general system of equations
for determining the dimensionless concentrations 6,.
With aknowledge of 6;, the film growth rate V, and Ge
content in the epitaxial layer can be readily calculated

Vgr = (rSieSi + rGeeGe)ns/nOv

()

X = rGeeGe/(rSieSi + rGeeGe)-

Numerically solving the system of equations (1) allows
the investigation of both the steady and nonsteady pro-
cesses in the growth system. The time-independent
relations, readily found in each particular case from
experiment, can be used to determine the unknown
parameters of the model [7, 8].

To study transient processes in the growth system,
we used a rectangular pulse of germane pressure (sili-
con flux) at a constant flux of Si atoms (constant pres-
sure of germane in the reactor) [11]. The characteristic
curves describing the time dependence of the surface
concentrations of GeH,, Ge, H, and Si and the growth
rate in a Si/Si; _,Ge /S structure, calculated for some
parameter values, were reported previously [10, 12]. In
this study, we only pay attention to the effective com-
positional intermixing near heteroboundaries. The
intermixing is determined by the distance L at which
the Ge concentration inthe Si; _,Ge, alloy decreases by
two orders of magnitude to 0.01x (for a given x) when
one of the fluxes is abruptly switched off. Apparently,
if the abruptness of the lower boundary of a Si; _,Ge,
layer is determined mainly by the rate of surface cover-
age by germyl molecules when the pulsed gas flux is
switched on (t = ty), i.e, it is proportional to

exp{ (Fgen, /nJ(t — 1)}, then spreading of the upper

boundary is associated exclusively with relaxation pro-
cesses governed both by the rate of atom incorporation
into the growing layer and by the rate of pyrolysis of
germane molecules. However, the question remains
open as to what range of parameters will be dominated
by the process determining the effective boundary
broadening and background doping of the adjacent sil-
icon layer. Figure 1 illustrates the specificity of physic-
ochemical processes, occurring at the surface and
affecting the abruptness of the boundaries, by the
example of the composition profiles near heterobound-
aries forming a Si; _,Ge, layer that acts as a barrier to
electrons (Fig. 1a) and, correspondingly, a quantum
well (QW) inthe Si layer (Fig. 1b). Numerical calcula-
tions using the above formulas were performed for a
growth temperature T, = 500°C, which is sufficiently
low for the effects of surface segregation to be disre-
garded, for thevaluesrg,=rg =r = 3.1, x=0.35 (pre-
scribed composition) at various germane pressures
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Fig. 1. Germanium distribution along the z coordinate in
(a) Si;_,Ge, and (b) Si layers in a Si; _,Ge,~Si hetero-
structure grown by the (Si—-GeH,)-MBE technique at T =
500°C, x = 0.35, rge = gy = r = 3.1, and g = 0.037.
@ PGet, IF5 =(1) 0.011/0.01, (2) 0.042/0.02, (3) 0.168/0.06,
(4) 0.187/0.6, (5) 3.15/1, and (6) 6.3/2 mTorr/(10%> cm?s).
(b) Pge, /Fs = (1) 0.011/0.01, (2) 0.104/0.04, (3) 1.24/0.4,

and (4) 12.5/4 mTorr/(10'® cm?s).

Peay, and silicon atom fluxes. Figures la and 1b

clearly demonstrate the asymmetry of the lower and
upper layer boundaries; the latter is characterized by
the presence of at least two regions in which the com-
positional intermixing due to relaxation processes
occurs at two different rates. It also follows from
Fig. 1b that in a specific range of germane pressuresin
the reactor (incidentally, the range most frequently
used in the experiment) the residual concentration of
the isovalent germanium impurity in the thin (2-3 nm)
silicon transport channel may be as high as severa
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Fig. 2. (8) Dependences of the characteristic parameters L1
and L2 of the compositional intermixing near the upper het-
eroboundary of the Si, _,Ge, layer on the germane pressure
in the reactor and (b) the atomic flux of silicon Fg for a
givenx=0.35inthelayer, growth rate Vg of silicon layer at
T=500°C, and X values corresponding to the onset of relax-
ation processes associated with pyrolysis of germane mole-
cules on the germane pressure. Full symbols correspond to
r = const, open symbols, to r; = ri(6;).

tenths of a percent, adversely affecting conduction in
the 2D electron gas. In this case, the potential profilein
the channel will be clearly far from rectangular.

To tackle the question as to what range of parame-
tersisoptimal for fabricating heterostructures with het-
eroboundariesthat are as abrupt as possible, let us ana-
lyze the effective broadening of the upper boundary of
the layer due to relaxation processes on the layer sur-
face in relation to the germane pressure in the reactor.

ORLOV et al.

The characteristic shape of the L(P) curves calculated
for the same parameter values asthe curvesin Fig. 1is
illustrated in Fig. 2a. The quantity L1 is related to the
finite time of Si(Ge) atom incorporation into the grow-
ing layer, and L2, to the finite time of germane pyroly-
sis on the hot surface of the epitaxial layer. The solid
symbolsin the figure correspond to the condition rg, =
r =r = const; the blank symbols correspond to the data
obtained by taking into account the dependence of the
incorporation factors of atoms on their surface concen-
tration r; = r;(6;), in accordance with [7, 10]. In Fig. 23,
the circles correspond to the values of L1 obtained by
approximating up to the value L1(0.01x) the initial por-
tions (in the x—x' range) of the composition distribution
fronts at the upper boundary of the Si; _,Ge, layer, cor-
responding to the star-shaped symbols. The value of X,
at which the relaxation mechanisms associated with
germyl molecule dissociation at the surface start to be
dominant, was determined from the inflection point in
the x(2) curve in Fig. 1a. The dependence x'(P) corre-
sponding to the curves in Fig. 2ais shown in Fig. 2b.
For the chosen range of germane pressures, the silicon
atom fluxes and the corresponding Si layer growth rates
are also shown.

Analysis of the curves in Figs. 1 and 2 leads to
somewhat interesting conclusions. First, it can be seen
that, for sufficiently high gas pressures in the reactor

(Pgen, > 1 mTorr), the growth process is dominated by

atomic fluxes of silicon and germanium from the
source; as a result, the rate of occurrence of the relax-
ation processes is determined exclusively by the rate of
incorporation of the adsorbed atoms into the growing
layer. The effective boundary broadening determined
by this mechanism is 1-3 A and, for r = const,
decreases as the pressure in the reactor is lowered,
because of the decreasing layer-growth rate (Fig. 2b).
Consideration of the dependence of r; on 6; causes the

dependence of L1 on Pgy;, to become weaker, since,
according to[10], the value of r; increases with increas-
ing surface coverage by adsorbed atoms. For Pgyy, <

1 mTorr, long-term processes associated with the disso-
ciation of hydride molecules and radicals on the growth
surface comeinto play. Asaresult, the relaxation tail of
L2 at the boundary becomes much longer (see Figs. 1a,
2a), reaching avalue of 1-3 nmin the pressure range of
0.1-1 mTorr. It should be noted that this range is most
frequently used in experiments since the growth ratesin
this case are 0.5-5 nm/min, which is quite acceptable
for epitaxy. To obtain abrupt (about one monolayer
wide) fronts in the alloy composition distribution, it is
necessary to use either lower or higher pressures. How-
ever, in the former case, the film growth rates become
extremely low, while in the latter case, the molecular
flux of the gas in the reactor may aready be upset and
other classical mechanisms characteristic of flow-
through gas-phase systems [13] may contribute to
boundary spreading.
SEMICONDUCTORS  Vol. 34
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Let us evaluate the composition profile in an actual
Si56G€,.14 transistor structure with a silicon transport
channel, using the above analytical procedure. If we
take into account only the above mechanisms of com-
position spreading at heteroboundaries (i.e., we assume
instantaneous removal of germane from the reactor
after termination of its delivery therein), then, for a
growth temperature T = 700°C, germane pressure dur-

ing SiggsGey 14 layer growth Pggy, =2 mTorr, and k =

r5/fce = 50, we have a nearly rectangular germanium
distribution profile (x) in the structure, shown by the
dashed linein Fig. 3a. In an actual system, the forma-
tion of tails of the composition distribution near the
transition regions may be governed not only by the nat-
ural mechanisms of diffusion broadening, but also by
factors associated with the finite rate of gas evacuation.
In the installation employed in this work, germane
pressure decay in the reactor was described by therela
tion P(t) = 2 x 103/{1 + 32.8(t — ty)}, where t, is the
time (in min) of termination of germane supply into the
reactor. It can be seen (Fig. 3b, solid line) that the low
evacuation rate used in this study gives rise to a pro-
nounced tail of a solid solution at the left-hand bound-
ary of the silicon channel, forming a nearly triangular
composition profile in the QW, thereby leading to low
electron mobilities.

If, in order to obtain amore abrupt boundary profile,
we interrupt the atomic fluxes of silicon and germa-
nium from the source for ~2 min, and simultaneously
shut off the gas supply to the reactor, a thin germanium
film forms at the left-hand boundary of the Si layer
(Fig. 3b). To evaluate the thickness of the Ge layer
deposited onto the epitaxial Si; _,Ge, layer during evac-
uation of germane from the reactor, it is necessary to
know the effective rate of germane decomposition at
the germanium surface in the absence of atomic fluxes.
The effective rate can be readily determined if the ger-
manium-film growth rate at a constant germanium
pressure is known. Under conditions close to those
mentioned above, the growth rate of agermanium layer
in a Ge/Siy4Ge,; structure is ~15 A/min according to
electron microscopy data [9]. This value, found for a
temperature of 700°C, is in close agreement with
results reported elsewhere [14] and corresponds to an
effective rate of GeH; molecule dissociation of v, =
6.25 at the growth surface. The germanium film thick-
nessin Fig. 3a, corresponding to the given rate of GeH;
molecule disintegration, is 3 nm. If the critical germa-
nium-layer thicknessis exceeded, the film grows by the
Stranski—Krastanov mechanism; i.e., a system of disor-
dered islands appears at the Si; _,Ge,/Si interface. This
is confirmed by scanning tunneling electron micros-
copy of the structure surface. Impurity gettering in the
vicinity of theseislands givesriseto effective scattering
centers at the transport-channel boundary, thereby
reducing the mobility of 2D electrons in the Si layer
plane (to 4000 cm?/(V s) at 5 K according to our mea-
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Fig. 3. Calculated distribution of germanium in a
Sio_gGGeo_]A/Si/Sio_geGeo_]A structure  grown by the

(Si—-GeH,)-MBE technique with interruption at time tg of
(a) molecular and (b) both molecular and atomic fluxes in
thereactor. (a) t; —tg=2minand (b) t' —tg =t; —t' =2 min.
The solid lines show the actually observed time dependence
of germane evacuation from the growth chamber P(t) = 2 x
1073/{1 + 32.8(t — tg)}, dashed lines correspond to an infi-
nite germane evacuation rate P(GeH,) = 2 x 10~ 3 Torr at
t<ty t>t;and P(GeHy) =O0attg<t<t.

surements). The growing germanium layer can be made
thinner and the surface roughness that appears can be
reduced by increasing the rate of gas evacuation from
the reactor.
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Abstract—The capture coefficient at the repulsive Coulomb centersis calculated in an explicit form within the
approximation of quasi-elastic scattering in crossed strong electric and magnetic fields. It is shown that, along
with the Sommerfeld factor, the capture probability must depend exponentially on the energy of an el ectron that
has tunneled through a barrier. The dependence of the critical electric field, above which the exponential depen-
dence should be considered, on the magnetic field and the scattering mechanism is determined. In fields lower
than the critical one, the Bonch-Bruevich approximation isvalid. © 2000 MAIK “ Nauka/Interperiodica” .

Hot-electron capture by negatively charged centers
has been studied in numerous publications (see, for
example, [1-4]). The necessity of developing the exist-
ing theories has led usto reconsider this problem. In al
previous studies, including those mentioned above,
electron capture has been estimated by using the
expression for capture probability first obtained by
Bonch-Bruevich [1]. However, as shown in [5, 6], the
capture of an electron by a repulsive center should not
only involve the Sommerfeld factor, but should aso
depend exponentially on the energy of an electron that
has tunneled though a barrier:

P Oexp(-YoX), D

2
where x = W/KT, W is the electron energy, Yy, = %1 KT,

and 1, is the time of tunneling. The same authors also
calculated the capture coefficient in the electron-tem-
perature approximation and showed that consideration
of electron tunneling leads to the substitution of the
electron temperature by an effective electron tempera-
ture which contains a parameter of the center on the
order of the inverse energy of the vibration quantum.
When the el ectron temperature is much lower than this
energy, the results obtained in [5] coincide with those
obtained by Bonch-Bruevich [1].

With allowance made for expression (1), the capture
coefficient was calculated under the conditions of a
transverse runaway and a delta-function distribution of
hot electrons|[7, 8]. According to the results obtained in
these studies, the effective Bonch-Bruevich cross sec-
tion is a good approximation far from the runaway
threshold and for a multiply charged capture center,
whereasin the opposite casesit is necessary to take into
account the exponential factor.

We calculated the capture coefficient in crossed
strong electric and magnetic fields in an explicit form
within a quasi-elastic scattering approximation. The
critical electric field, above which the exponential func-
tion (1) should be considered, is determined as a func-
tion of the magnetic field and scattering mechanisms.

The nonequilibrium distribution function in aquasi-
€l astic-scattering approximation in crossed strong elec-
tric and magnetic fields has the form [9]

fo(x) = Nexp(-ax‘), &>0, @)
C
wherea_aE,E & =1 > ,and { = 0inaweak
magneticfield(n<1);E=Ez=1+t;23andz=1in

a strong magnetic field (n > 1); and t and s are the
exponents in the energy dependences of the mean free

paths with respect to the momentum (1) and energy (T ):

thl s+l
I =1gx?, | =1lox?,
q=CET =OHT
- [Ed:l ] r] - D_|d:| L]
ko T (2mc2k,T)"?
EOE’\/é ~ 12 OE I ’
e(lolo) elo

where misthe effective electron mass and c isthe speed
of light.

Using a conventional definition of the capture coef-
ficient and calculating the integrals by the steepest
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N
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EJE,

Theratio of capture coefficients as afunction of the electric
field. The curves correspond to (1) & = 1 and a weak mag-
netic field); (2) & = 1, n = 4, and a strong magnetic field;
(3) £ =1,n =9, and astrong magneticfield; (4) { =2and a
weak magneticfield); (5) & =2, n =4, and astrong magnetic
field; (6) & =2, n =9, and a strong magnetic field.

descent method, we obtain the following expression for
the ratio of the capture coefficients with and without

consideration of factor (1) (C, and CE , respectively)
for& =1:

D D’J3
U y/2 O D
0 o g Ey 1
C.(E,H) O D
C3(E, H :Dn 2% D/O‘D% 3
(& H) %/o’L%D LP[EQHZD}
3 Z 13
xexpD—BD/ﬁJ[H/ +ﬂD — }E
0

Here, W isaslowly varying function, v, is a parameter

2
2mze

AV
repulsive center in el ectron charge units, € isthe dielec-
tric constant, and V; is the thermal velocity [1].

Aswas mentioned above, expression (3) is obtained
for & = 1, because, in this case, a complete calculation
can be performed without any approximations for the
relation between a, n, y, and y,. The condition § = 1
covers amost al possible mechanisms of electron and
momentum scattering that may be dominant in the
problem discussed. Indeed, in a weak magnetic field,
E=¢ =lift=+lands=-1,ort=—lands=+1.1n

of the order of unity, y = zis the charge of a

KACHLISHVILI, METREVELI

astrong magnetic field, { =&, = 1if t=+1and s= +1,
or t = -1 and s = —1. For momentum scattering, these
values of t and s correspond to the following mecha-
nisms; scattering by dipole centers, by the piezoelectric
potential of acoustic phonons (PA scattering) in ahigh-
temperature approximation, by polar optical phonons
(PO scattering), by the deformation potential of acous-
tic phonons (DA scattering) in a high-temperature
approximation, and by the deformation potential of
optical phonons (DO scattering). For energy scattering,
the values of t and s correspond to the DA and PA scat-
tering, in the high- and low-temperature approxima-
tions, and to DO scattering.

The critical magnitude of the applied electric field

can be determined from expression (3) asa, = U For
0
thefieldsa < a,, factor (1) isinsignificant and may be
neglected. However, when a = o, the Bonch-Bruevich
approximation should be corrected by factor (1). In a
strong magnetic field, the critica electric field

increases directly with the magnetic field.

Now we present the results of calculating the cap-
ture-coefficient ratio for an arbitrary value of & > 0. In
this case, the complete calculations can be carried out
only if certain relations between the parameters a, 1,
Vo, and & are fulfilled.

1. For
z 1
m° ”EE_EQEED
BL[Q—E[D
2
Cu(E H) _ [ya [fe+t
==V = exp| -y S . 5
C¥(E, H) p[ YoGon L ©
2. For
557t
A
y0>EQ]ED BD_3|:E ) (6)
of et
%
0y 0° ymy d°0
C.(E H) [yl "[py0 O
B - 2V, 2
C,(E H) DMC_X_EFEJrl _Yg_ljmm
il 0 g
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One can readily see that the ratio of coefficients (3)
for & = 1 exactly coincides with the corresponding
expressions from (5) and (7), provided inequalities (4)
and (6) are valid. It is also evident that the a can be
extended to an arbitrary value of & > 0:

i(E 1)

a, = £4° il BLEQEED . 6)
VoH—Dg’[D

Thus, for the fields a = a,, calculation of the cap-
ture coefficients requires consideration of factor (1).
For thefieldsa < a,, the Bonch-Bruevich approxima:
tionisvalid.

In order to verify the precision of analytical expres-
sions (3), (5), and (7) and for the sake of illustrating the
results, we performed numerical calculations of the

integrals of the general expression C,/ CE for & =1 and

& =2a T=20K inweak and strong magnetic fields.
The corresponding curves are shown in the figure. It
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should be noted that, for certain magnitudes of the elec-
tric field, they exactly coincide with the curves
described by expressions (3), (5), and (7). The vertical
linesindicate the positions of the critical electric fields.
Asone might expect, all the curvesin aregion far from
the critical fields behave identically: they tend to unity
in weak fields and tend to zero with increasing field
strength.
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Abstract—Temperature dependences of the charge-carrier concentration in Czochralski-grown n-Si crystals
irradiated with ©Co gamma-quanta are studied. The applicability of a model of the monovalent defect with a
level at about E. —0.17 eV to the description of the A-center propertiesin n-Si crystalsis analyzed. It is shown
that the model is not consistent with available experimental data. It is suggested that the A-center introduces
two levelsinto the upper half of the band gap: an acceptor level inthevicinity of E,—0.16 €V and adonor level
near E.—0.20 eV. Thisassumption is consistent with the data obtai ned by magnetic spectroscopy. © 2000 MAIK

“Nauka/Interperiodica” .

The structure of the oxygen—vacancy complex (the
A-center) in silicon has long been known [1]; however,
many of its properties have not been explained satisfac-
torily. One of these properties is the extremely high
recombination activity of the A-centers, which is
caused by a very large capture cross section for both
electrons (o,) and holes (a,,) [2]. According to [2, 3],
the theory of multiphonon transitions cannot account
for such large values of cross sectionsfor charge-carrier
capture by the A-center acceptor state (at least for a,).
The causes of such a discrepancy between the theory
and experiment are not yet clear. One of these causes
may consist in the inapplicability of the multiphonon-
transition theory to the vacancy centers[2]. However, it
is possible that the discrepancy is caused by the fact
that the current concepts of the A-center in n-Si as a
simple monovalent defect are unrealistic.

These concepts have primarily come into existence
on the basis of results of Hall measurements that indi-
cated that the A-center had an acceptor level EA(—/0) =
E—0.17 eV [4, 5]. Most commonly (see [16]), theion-
ization energy obtained by Wertheim [4] is cited:
AE,=0.160 + 1.1 x 10* T (in eV), where, as usual,
AE, = E. — EA(-/0). The data of the Hall measurements
were analyzed in more detail elsewhere [5]. It was
found that the values of enthalpy (AH,) and entropy
(AS,) that correspond to A-center ionization and are
obtained for materials with various ratios between the
concentrations of donors and compensating radiation
defects may differ considerably. Therefore, it is desir-
able, in addition to the determination of AH, and AS,,
to somehow assess whether the description of experi-
mental data in terms of the occupancy function used is
adequate. Unfortunately, such an assessment was not

performed fully either in the above cited or in the sub-
sequent publications devoted to studying the A-center
with the use of the Hall effect.

The results of capacitance-related studies of radia-
tion defects in silicon also give no way of judging the
adequacy of the monovalent-defect model. The A-cen-
ter parameters determined by different researchers fea-
ture awide scatter, which, in our opinion, exceeds what
might be expected. Thus, the value of AH, = 0.15 eV
was reported previoudly [7], whereas AH, = 0.19 €V is
typical of detector-grade silicon [8]. In addition, the
influence of the electric field of the p—n junction on the
emission rate of electrons from the A-center acceptor
level [9, 10] hampersthe interpretation of data obtained
in studying the barrier structures with differing impu-
rity concentrations.

Thus, the available experimental datagive no way of
stating that the monoval ent-defect model is adequate to
describe the A-center occupancy function in n-Si. Con-
sequently, this model should be regarded as a mere
hypothesis that requires testing. It is such a test that
constitutes the subject of this study.

We studied a Czochral ski-grown single-crystal n-Si
with aresistivity of 20 Q cm and concentrations of oxy-
gen[O] = 0.9 x 108 cm2 and carbon [C] = 5 x 106 cmrS,
Temperature (T = 78-320 K) dependences of the Hall
coefficient R, were measured. The charge-carrier con-
centration n was calculated with the conventional for-
mulan = A, (T)/eR,, where A, (T) isthe Hall factor. The
temperature dependence A, (T) was approximated by a
polynomial, much the same as was done previously
[5, 11].
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In order to introduce the A-centers, we irradiated the
samples with ©Co gamma-quanta. The irradiation dose
was chosen in accordance with the condition for dight
compensation, so that the A-center concentration (N,)
would be lower than the phosphorus-dopant concentra-
tion (Np). According to numerous experimental data
[2,12-14], in Czochralski-grown lightly doped (n <
10% cm3) n-Si crystals irradiated with ®°Co gamma-
guanta, the A-center isthe prevalent type of electrically
active defects, whereas the concentration of other cen-
terswith levelsin the upper half of the band gap is neg-
ligibly low.

Figure 1 shows the temperature dependences of
electron concentration n(T) for one of the studied sam-
ples; these dependences were measured both immedi-
ately after irradiation and after several stages of isother-
mal anneadling at 352°C. As a result of irradiation,
a radiation defect with the level in the vicinity of
E. - 0.18 eV is introduced; henceforth, this defect is
designated as E(0.18). The simplest method for identi-
fying a defect from the Hall data consists in determin-
ing its level from the position of the Fermi level (F,)
at a temperature for which the occupancy function is
equal to 1/2 and, consequently, corresponds to the elec-
tron concentration N = (N« — Niow)/2 (the quantities N
and N,,, are indicated in Fig. 1). For all crystals, the
value of Fy;, = E—0.183 eV for E(0.18) was obtained,
which is consistent with the data reported previously
[4, 11]. The temperature and the time constant of
annealing for the E(0.18) centers are also consistent
with the results obtained in studying the A-centers by
electron spin resonance (ESR) and infrared (IR) spec-
troscopy [15, 16], which serve as additional verification
when identifying the center in question with the oxy-
gen—vacancy complex.

First, we analyze the adequacy of the single-level
model using the differential method [17]. According to
[17], the parameters of a defect may be determined
from the Fermi-level (F) dependence of the quantity

4 _dn
D, = N, KTSE- «y
We approximated numerically the quantity Dy, as
2 An; An, i1
By = NAkT [AF AF; +J @)

Here, Ani = ne(p(Ti) - nexp(Ti—l) and AFi = Fexp(Ti) -
Fexp(Ti_ 1), Where nexp('l'i) and Fexp(Ti) are the experi-
mentally determined values of the electron concentra-
tion and the Fermi-level position, respectively. Such an
approximation makes it possible to partly smooth the
oscillations in Ay, which emerge owing to random
errors in the measurements.

The maximal value of A, for a monovalent defect
with AS, = 0 should bevirtually equal to unity [17, 18].
However, the maximal value of A, is significantly
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Fig. 1. Temperature dependences of the charge-carrier con-
centrationin silicon crystal (1) immediately after irradiation

with 89Co gamma-quanta to a dose of ® = 2.5 x 10 cm™

and after subsequent annealing at 352°C for (2) 15 and
(3) 40 min.

smaller than unity for the A-center (see Fig. 2). This
may indicate that AS< 0 [18]. In fact, the dependence
Ay (F) calculated for the values of AH, and AS, reported
previously [4] isin much better accord with experimen-
tal data than the similar dependence calculated for
AH, = Fy, and AS, = 0 (see Fig. 2). However, neither
of the curves calculated on the basis of the single-level
model can satisfactorily describe the experimental data
in the entire temperature range under consideration.
Thus, for example, curve A (Fig. 2) adequately
describes the high-temperature portion of experimental
dependence, whereas curve B adequately describes
only the low-temperature portion.

The cause of the discrepancy between the cal culated
and experimental dependences A, (T) becomes clear if
we consider the temperature variations of the quantity

N Nnet
- Nlow

where N, isthe effective density of statesin the valence
band. According to [19], (T) = AE(T) =AH, — TAS, for
a monovalent defect. If we are not dealing with very
low temperatures and if the starting and final tempera
turesin the experiments differ by no more than a factor
of 2-3, the quantities AH, and AS, may be regarded as
virtually constant and the dependence AE(T) is linear
[20]. Thisassumption istypically postulated and can be
used as the applicability criterion for the single-level
model.

e(T) = kTIn 3
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Fig. 2. Dependences of the quantity Ay on the distance
between the conduction-band bottom (E;) and the Fermi

level (F). The symbols used to designate the experimental
data are the same as in Fig. 1. Calculated curves Ay were

computed on the basis of the electroneutrality equation
according to the single-level model for the values of (A)
AHp = 0.183 eV and AS, = 0; (B) AHp = 0.160 eV and
AS, =—1.25k eV/K (taken from [4]); and also (C) according

to the divalent-center model with the following parameters
taken from [21]: AH, = 0.158 eV, AS; =-0.5k eV/K, AH, =

0.205 eV, and AS, = 0.4k eV /K.
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Fig. 3. Temperature dependences €(T). The symbols used to
designate the experimental data are the same as in Fig. 1.
The straight lines represent the dependences AEA(T) plotted

on the basis of the results reported in [4] (W) (AHp =
0.160 eV and AS, =-1.25k eV/K) andin[5] (S& T) (AHp =
0.146 eV and AS, = —2.3k eV/K); the curve M was calcu-

lated on the basis of the divalent-center model with the fol-
lowing parameters taken from [21]: AH, = 0.158 eV, AS; =

-0.5k eV/K, AH, = 0.205 eV, and AS, = 0.4k eV/K.
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Experimental curvese,,,(T) areshowninFig. 3. The
dependences AE(T) obtained by Wertheim (W) [4] and
Sonder and Templeton (S & T) [5] are also plotted. As
can be seen, the curve derived by Wertheim [4] isalin-
ear approximation of the dependence &.,(T) in the
entire temperature range under consideration, whereas
the straight line plotted according to the data obtained
by Sonder and Templeton [5] is a good approximation
of only the low-temperature portion of the experimen-
tal curve. However, it can be seen that the experimental
CUIVES £q,,(T) cannot be described by a linear depen-
dence. Consequently, in order to interpret the experi-
mental data of the Hall measurements, we have to
assume that either the A-center ionization energy fea
tures an anomalous nonlinear temperature dependence
or the model used to describe the A-center propertiesis
ingpplicable. The first assumption is apparently
unlikely from the standpoint of the physical signifi-
cance of the quantities AH, and AS, [20]. It follows
from the second assumption that it is necessary to use a
more sophisticated model for describing the A-center
occupancy function.

Recently [21], anew model was suggested; accord-
ing to thismodel, the A-center isregarded as an ampho-
teric defect with an acceptor level near E.—0.16 eV and
adonor level in the vicinity of E, —0.20 eV. As can be
seen from Figs. 2 and 3, thismodel adequately accounts
for the features of the dependences A, (F) and €(T). The
model also makes it possible to explain the data of the
Hall measurements in Si crystds irradiated with large
doses of gamma-quanta[22], in which case alarge spread
(from 0.16t0 0.20 €V) isobserved for the A-center activa
tion energy. In addition, the above assumption isalso con-
sistent with the data obtained by other methods.

The simplest test for the applicability of the bivalent
model to the A-center is apparently related to the data
of ESR spectroscopy. The A-center is paramagnetic
only in the negatively charged state (the Si-B1 center)
[1]. Inthis case, according to this model, the concentra-
tion of Si-B1 centers in the Czochralski-grown silicon
crystals should be equal to (N« — Nigy)/2. At the same
time, it follows from Fig. 1 that a decrease in the con-
centration of phosphorus-impurity atoms in the para-
magnetic state would be proportional to0 Ny — Nigy-
Thus, it should be expected that an increase in the
amplitude of the ESR signal related to Si-B1 would
amount to only half of a decrease of the signal related
to phosphorus donors, which agrees well with experi-
mental data[23].

If the A-center has a donor level, the value of N4
should increase after irradiationto NI\, = N+ N,, and,
after termination of the A-center ionization, we would
observe an increase in the charge-carrier concentration
by a value of N, compared to the initial phosphorus
concentration. Since such an increase is not observed,
we should assume that, simultaneously with the A-cen-
ters, other acceptor defects with virtually the same
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introduction rate are produced under irradiation. More-
over, asfollowsfrom Fig. 1, this acceptor center should
be annealed in exactly the same way as the A-center.
Although, at first glance, such a correlation appears to
be unlikely, it can be logically expected for generically
related radiation defects. Moreover, it was such behav-
ior that was revealed from the DLTS data for E(0.18)
and the hole trap H(0.42) [12].

It isassumed that the H(0.42) center isrelated to the
complex C,O; [23-25]. In turn, a correlation between
the spatial distributions of the A-center and C,O, is con-
sistent with the data reported [26] and related to elec-
tron transitions between these centersin irradiated sili-
con. It is the result of the effect of this interimpurity
recombination mechanism that may account for the
anomalously high recombination activity of the oxy-
gen—vacancy complex in silicon.

Thus, we have shown that the assumption that the
A-center in silicon is a defect that introduces a single
acceptor level into the upper half of the band gap isincon-
sistent with experimental dataof the Hall coefficient mea-
surements. The model according to which the A-center in
silicon has an acceptor level near E. — 0.16 eV and a
donor level in the vicinity of E; —0.20 eV is more sat-
isfactory.
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Abstract—The electrical properties of single crystals of synthetic semiconducting diamonds of p- and n-types
with B and As impurities were studied. The method of space-charge-limited currents revealed As-related
monoenergetic carrier traps and traps with exponential distribution of the density of states. The possibility of
using the crystals of a synthetic semiconducting diamond in al pha-particle detectors and temperature-sensitive
elementsis demonstrated. © 2000 MAIK “ Nauka/Interperiodica” .

Possessing a set of unique properties, a synthetic
semiconductor diamond (SSD) is a promising material
for electronics [1]. However, further investigations and
applications are restricted by the complexity of its dop-
ing. Here, we report results obtained by studying the
electrical properties of SSD single crystals grown
under varied doping conditions and consider examples
of their possible use in sensors.

The single crystals under study were grown by
spontaneous crystallization [2], with TiC being intro-
duced into the starting charge as a nitrogen getter, and
B and A, as acceptor and donor impurities. By varying
the composition and concentration of these additives,
severa sets of p-type SSD crystals were obtained with
resistance in the range R = 10-10° Q, aswell as n-type
crystalswithR> 100 Q.

The single crystals had the shape of acube or acubic
octahedron 0.4-0.8 mm in size. Contacts with the areas
of 5 x 101 x 10-° cm? were formed on their opposite
(111) faces by alaser technique employing a multicom-
ponent formulation with carbide-forming additives. Sil-
ver or gold wires were |aser-wel ded to the contacts.

The conduction type of relatively low-resistivity
crystals was determined from thermoelectric power
measurements. The impurities responsible for the con-
duction were identified by the temperature dependence
of resistance (Fig. 1). For example, for samples synthe-
sized in the presence of a TiC getter and a minor addi-
tion of boron (the content of additives in the charge is
giveninFig. 1 captions), the impurity activation energy
E,=0.35¢eV (Fig. 1, curves 3, 4) isclose to that known
for boron-related acceptor centers. For a higher boron
content (curves 1, 2), E, = 0.20 eV. A decreasein E, in
crystals of thiskind isrelated, as shown previoudy [3],
to the increasing concentration of boron.

For high-resistivity crystals obtained in the absence
of a TiC getter in the charge (curve 6), the activation
energy (E4 = 1.6 eV) is characteristic of a deep nitro-

gen-related donor center. On addition of arsenic to the
charge (curve 5), an activation energy appears (E; =
0.7 eV), corresponding to an Asrelated level in the
band gap of SSD [4].

The specific features of R(T) curvesin the low-tem-
perature region are typical of the case of hopping con-
duction [5].

Figure 2 shows current—voltage (I-V) characteris-
ticsfor anumber of crystals obtained under varied syn-
thesis conditions. Let us consider in more detail the
properties of SSD crystals of batch 5 (curve5in Fig. 1)
with electrically active As centers. The specific features
of the 1-V characteristics of these crystals can be
explained in terms of the model of space-charge-lim-
ited currents (SCLC) with the monopolar injection of
electronsinto an SSD containing electron traps [6].

|-V characteristics 5, and 5, are typical of the case
of two kinds of monoenergetic traps with energy levels
E, and E, and concentrations N; and N,. When the
Fermi level (Ef) in SSD crystals satisfies the condition
Er < E; <E,, thesharprisein the current is preceded at
low voltages by a quadratic portion in the 1-V charac-
teristic (curve 5,). For E; < Er < E,, an ohmic portionis
observed at low voltages (curve 5,). Each of the
|-V characteristics contains two portions of a nearly
vertical risein the current at voltages corresponding to
the complete occupation of traps first with energy E;
and then E,.

The “trap-controlled” quadratic portions of the
|-V characteristics are described by the expression [6]
| = (en,6U%)/L°, (1)

where 8 = (N./gN)exp(E; — E.)/KT, L is the contact
spacing, and the remaining symbols have conventional
meaning.
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For high voltages, the I-V characteristics exhibit a
“trap-filled” quadratic portion

| = (ep,U%)/L°. 2

The expressions for the characteristic portions and
points of the |-V characteristics make it possible to
determine the parameters of free charge carriers and
impurity states. For example, expression (2) was used
to evaluate the electron mobility p,. The parameters of
the donor level governing the equilibrium carrier con-
centration was determined from the ohmic portion of
the 1-V characteristics. The slope of the logl = f(U/T)
dependence at afixed voltage in the temperature range
T = 300-800 K yields the donor activation energy E; =
0.7 eV. The donor concentration N, was determined
from the intersection of this straight line with the ordi-
nate axisat /T — 0. Asshown by calculations, the N,
values in SSD samples with different resistances fall
within the range of 10'6-10%° cm=,

Using equation (1) and the expression for the volt-
age corresponding to the complete trap occupation [6],
we evaluated the trap parameters. The scatter of the E;
and E, values (0.5 and 0.58 eV, respectively, for sample5;)

did not exceed 0.05 eV, and that of N, and N, (2 x 10" and

5 x 10 cmr3, respectively) was no larger than an order
of magnitude.

Application of the SCLC method to calculations of
this kind was a'so justified by the existence of alinear
dependence of | on 1/L2 in the quadratic portions of the
|-V characteristics, obtained in measurements for dif-
ferent samples.

-V characteristics with stronger-than-linear [(U)
dependences (Fig. 2, curves 5;, 5,) demonstrate the
presence of traps with an exponential energy distribu-
tion of density [6] in the SSD single crystals. In this
case,

_ r el el
| = Nue [(I+1)h}DI+lD e O

where | = T/Ty, and T, is a characteristic distribution
constant, with Ty > T.

When such a distribution begins at the conduction
band bottom, it can be described by

h(E) = (H/KT4)exp(—E/KTy), 4

where h(E) is the trap-level concentration in a unit
energy interval.

The parameters T, and H calculated from the tem-
perature dependences of 1-V characteristics for such
samples (Fig. 3) exhibit a linear dependence of logH
on 1/KT,. As shown in [7] using the method employed
in this study, this dependence is well described by a
model that takes into account the presence of a
monoenergetic trap level with energy E; in the band gap
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Fig. 1. Temperature dependences of the resistance of SSD
samples obtained by synthesis from a charge containing,
respectively, B, As,and TiC: (1) 0.1, 0, and 6; (2) 0.1, 2, and
6; (3) 0.003, 0, and 6; (4) 0.003, 2, and 6; (5) 0.003, 2, and
0; and (6) 0.1, 0, and O wt %. The insert shows the energy
levelsof B, As, and N in diamond (in eV with respect to the
conduction-band bottom or the valence-band top).

and traps with the density of states exponentialy
decreasing from this level down into the band gap

h = (H'/kTy)exp(-E/kTy)exp(E/KTy). (5)

Here, E isthe energy of trapsin the exponentia distri-
bution, still reckoned from the conduction band bot-
tom; H' is the total density of traps in the distribution
below E;; and H = H'exp(E/KT,). Thesetraps are shown
schematically intheinsertin Fig. 1.

The dope of the straight line logH = f(1/KT,) yields
avalue of E,, and the intersection of this straight line
with the ordinate axisat kT, — 0, avalue of H'. For
the SSD samples studied, the values of E; were within
0.57-0.61 eV, and H', in the range of 10°-10% cm3.

At temperatures higher than 520 K and low volt-
ages, an ohmic portion with parameters governed by
the 0.7-eV level appearsin the I-V characteristics.

The calculated energies of local levels are close to
the previously obtained values [4, 8]. The fact that the
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Fig. 2. Thel-V characteristics of SSD crystals1, 5, and 6 (see
Fig. 1) at 300 K (1; 5;-54; 6) and 77 K (1). SSD crystals
5,-54 were obtained under identical synthesis conditions.

concentration N, exceeds by many orders of magnitude
the values of N; and N, gives no means of explaining
the nature of the discovered centersin terms of the mul-
ticharged donor model [8]. These centers are probably
related to different types of arsenic incorporation into
the diamond lattice. The existence of an exponential
distribution of trap density below E; = E; may be attrib-
uted to a strong structural lattice disordering near this
trapping center.

The SSD samples studied exhibit sensitivity to
apha particles. This fact is of interest, alpha particle
detectors being commonly based on natural diamond.

The highest sensitivity was observed for structures
with monoenergetic traps in the second quadratic por-
tion of the 1-V characteristic. The detection was
impaired and eliminated when traps with the exponen-
tial energy distribution of trap density appearedin crys-
tals and their concentration increased. This behavior

DETCHUEYV et al.
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Fig. 3. I-V characteristics of sample 5 (see Fig. 1) with
exponentia trap density distribution. T = (1) 300, (2) 370,
(3) 410, (4) 520, and (5) 500 K. Insert: a logH = f(L/KTy)
plot.

becomes understandable if we take into account the
conditions for efficient detection: high carrier drift
velocities and the absence of carrier trapping. The trap-
ping can be diminished by using pure samples or by
employing conditions in which traps are already filled
before irradiation. It is conditions of this kind that are
realized in crystals with monoenergetic traps. the
deeper trap level is occupied completely, and the sec-
ond to alarge extent.

Let us briefly consider some properties of p-type
SSD single crystals.

The |-V characteristics of low-resistivity crystals at
300 K follow Ohm’s law up to currents of ~1 mA. At
77K, they show (as do high-resistivity crystals at
300 K) power-law 1(U) dependences characteristic of
the SCLC mode (Fig. 2, curves 1, 1).

The strong temperature dependence of the resis-
tance and the constant slope of the logR = f(UT)
dependence in a wide temperature range (Fig. 1) sug-
gest that p-type SSD crystals can be used as efficient
temperature sensors. The highest stability was observed
for low-resistance (10-10° Q) crystals obtained in the
presence of TiC and large amounts of boron.
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The SSDs with contacts deposited as described
above can be used as chip sensors. Also, SSD samples
were fabricated with aworking crystal overgrown with
an encapsulating insulating diamond layer. These sam-
ples, used as thermal vacuum gages at gas pressuresin
the range from 5 x 102 atm to atmospheric pressure,
exhibited better sensitivity than such vacuum gages as,
e.g., PMT-2.
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Abstract—The features of optical transitions in the photon-energy range of 1.85-3.00 eV in single-crystal
Ca,Ga,S;:Eu?* were determined from optical measurements in the temperature range of 77-300 K. It was
ascertained that indirect and direct optical transitions with band gaps of Eg = 1.889 eV and Eyy = 2.455 €V,
respectively, occur at 300 K in the photon-energy ranges of 2.2-2.6 and 2.6-3.0 €V. The temperature coeffi-
cients of Eg and Eyy are equal to -5.15 x 10 and —14.86 x 10™* eV/K, respectively. © 2000 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Ca,Ga,S;:Eu?* belongs to the group of highly effi-
cient luminophors with the common formula
Ca,Ga,S,:REE (REE stands for rare-earth element),
wheren=4,5,6, ...,and m=n-3[1]. Asfar aswe
know, there isno available data on the band structure of
compounds of the Ca,Ga,S; type. Studying the optical
properties of semiconductors makes it possible to reli-
ably determine the most important characteristic
parameters, including the band gap, effective masses
and mobilities of electrons and holes, and acoustic and
optical phonon energies. In this paper, we report the
results of studies of the optical-absorption coefficient o
in Ca,Ga,S;:Eu?* single crystals.

2. GROWTH OF Ca,Ga,S;:Eu** SINGLE
CRYSTALS

Polycrystalline Ca,Ga,S; samples were obtained by
fusing the CaS and Ga,S; components mixed in stoichi-
ometric proportions at a temperature of 1400 K. The
samples were synthesized either in evacuated quartz

ampules (10~ Torr) or in aquartz crucible under alayer
of activated carbon. In order to obtain data on the sym-
metry and structure of the samples, we performed
X-ray diffraction analysis. Four diffraction peaks posi-
tioned at 20 = 27°40', 31°32', 42°06', and 56°00" can be
distinguished in the diffraction pattern (Fig. 1)
(aDRON 3M diffractometer, CuK, radiation, and an
angle range of 10° < 20 < 60°). The interplanar spac-
ings (d) determined from the corresponding reflections
are 3.221, 2.834, 2.082, and 1.642 A. The synthesized
crystals have an fcc structure with lattice constant
a=5.67 A. The indices of the reflections are (111),
(200), (220), and (222). An analysis of the experimental
data suggests that, as a result of the interaction of the
4CaS and Ga,S; components, a cubic structure of the
sphalerite typeis formed.

The fact that the ionic radii of REEs (0.80-1.04 A)
and Ca (0.99 A) are amost the same is conducive to
isomorphous incorporation of an activator into the
matrix, which causes high-intensity luminescence with
sharply defined spectral lines[2, 3].

Intensity
100
200
50F
220 11
222
0 1 1 1 1 1
10 20 30 40 50 60

20, deg

Fig. 1. Diffraction pattern of Ca,Ga,S;.
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Fig. 2. Spectral dependences of the optical-absorption coef-
ficient of Ca,Ga,S;:Eu®* at temperatures T = (1) 115,
(2) 173, (3) 212, (4) 233, (5) 251, (6) 273, and (7) 300 K.

Ca,Ga,S;:Eu?* single crystalsin the shape of cylin-
drical ingots 8-10 mm in diameter and 15-17 mm long
were obtained by the Bridgman-Stockbarger method.
The Ca,Ga,S;:Eu?* sampleswere produced by grinding
single-crystal ingots. As the thickness of the samples
increases, their color changes from light orange to red.

3. METHOD OF MEASUREMENTS

A setup based on an MDR-12 monochromator was
used to study the spectral dependence of the absorption
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Fig. 3. Spectra dependence of (a - cztb)”2 for
Ca,Ga,S;:Eu?t at temperatures T = (1) 115, (2) 173,
(3) 212, (4) 233, (5) 251, (6) 273, and (7) 300 K.

coefficient a(hv) for the Ca,Ga,S;:Eu?* single-crystal
samplesin the temperature range of T = 77-300 K and
the photon-energy range of hv = 1.85-3.00 eV. An
incandescent lamp was used as an excitation source.

4. RESULTS AND DISCUSSION

Figure 2 showsthe experimental dependencesa(hv)
for asample 70 umthick at varioustemperatures. Three
portions can be distinguished in the curves: a is virtu-
aly independent of hv in the range of hv = 1.85-
2.03 eV, a increases rapidly with hv in the range of
hv = 2.03-2.50 eV, and a increases even more rapidly
with hv in the range of hv = 2.50-3.00 eV. In addition,
the dependence a(hv) shiftsto longer wavelengths with
increasing temperature and the value of a ranges from
500 to 1040 cm™.

The results were analyzed in accordance with the
theory of direct and indirect transitions [4—7]. It iswell

The Ca,Ga,S;:Eu?* parameters determined from optical spectra

T, K Eg. eV Ke, cm2ev1 | K, cmY2eyt 0,K Ep, eV
115 1.997 22.4 17.7 53.9 0.0445
173 1.975 23.2 19.5 61.31 0.04
212 1.954 24.8 19.2 109.28 0.051
233 1.929 25.2 19.1 128.68 0.0675
251 1.933 29.1 19.5 202.27 0.0785
273 1.922 28.7 235 109.12 0.055
300 1.889 28.1 23.7 101.42 0.0415
SEMICONDUCTORS Vol. 34 No. 10 2000
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Fig. 4. Spectral dependence of (a —a,)? for Ca,Ga,S;:Eu*
at temperatures T = (1) 115, (2) 173, (3) 212, (4) 233,
(5) 251, (6) 273, and (7) 300 K.
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Fig. 5. Temperature dependence of the band gap for (1)
direct and (2) indirect transitions (Egq and Eg;, respectively).

known that, in general, the quantity a(hv) may be rep-
resented as the sum of the following three components:

a = ai+ad+db. (1)

TAGIEV et al.

Here, a; and a4 are the optical-absorption coefficients
for indirect and direct transitions, respectively; a, isthe
optical-absorption coefficient for background absorp-
tion and is virtually independent of the photon energy.

Figure 3 shows the experimental dependences of
(o — ap)¥? on hv. Two rectilinear portions with differ-
ing slopes that increase with increasing temperature
can be recognized in the curves. According to the the-
ory of indirect transitions, these portions are related to
the absorption and emission of phonons; in this case,
the optical-absorption coefficient is defined as [ 8]

(hv-E,+E,)" (hv-E,-E)°

) = 4 Rt B B

. (2

where E is the band gap for indirect transitions, E, is
the phonon energy, © is the characteristic temperature,
T is the absolute temperature, and A is a quantity that
depends only dlightly on hv and T. In formula (2), the
first term is related to the absorption of phonons (a,),
whereas the second term accounts for phonon emission

(ap); therefore, the dlopes of the straight lines 0(;/2 =

f,(hv) and 0(;’ 2= f,(hv) can be determined from thefol-
lowing expressions:

1/2 1/2
K =0 A 0O g -0 A O 3
a~ [ée/T_]_D ’ e~ [h__e—O/TD : ©)
Thus, we have
K2K2 = e, 4

We used the experimental data and formulas (2)—(4) to
determine the values of Eg;, E,, and ©, which are listed
in the table.

As can be seen from Fig. 2, a sharp increase in the
absorption coefficient is observed in the photon-energy
region of hv > 2.5 eV. In order to clarify the nature of
optical transitions in this energy region, we plotted
experimenta data on (o —a)? against hv (Fig. 4) [9].
It can be seen that, for energieshv = 2.5 eV, the values
of the optical-absorption coefficient fall nicely on a
straight line. Such a dependence indicates that the fun-
damental-absorption edge in Ca,Ga,S;:Eu?* is due to
direct allowed optica transitions. In order to determine
the band gap for direct alowed transitions, we extrapo-
lated the straight lines (o — a,)? = f(hv) to the value of
oa-a,=0.

Figure 5 shows the temperature dependences of Eg
and Egy, (Egq isthe band gap for direct transitions); tem-
perature coefficients of the above band gaps were deter-
mined from these dependences and were found to be
-5.15 x 10 and —14.86 x 10 eV/K, respectively.

SEMICONDUCTORS  Vol. 34
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Abstract—The results of studying the temperature and frequency dependences of the permittivity of
Cd, _,Fe,Se (x = 0.05, 0.105, and 0.14) semimagnetic semiconductors are reported. In the frequency region of
f <10 MHz and at temperatures of T < 400 K, athermally activated increase in the permittivity due to the hop-
ping mechanism of the charge exchange is observed. In the temperature region of T > 400 K, transport over the
bands becomes prevalent, which brings about a decrease in the permittivity and the disappearance of the fre-
guency dependence of electrical conductivity. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Dielectric properties and the electrical conductivity
of Cd,_,Mn,Te [1] and Cd, _,Fe Te [2] semimagnetic
semiconductors have been studied previously. A model
based on the hopping exchange of charges between
deep-level amphoteric defects was suggested in [1];
this model accounts for the observed phenomena of a
thermally activated increase in the permittivity for fre-
guencies up to 10 MHz. It follows from the available
experimental data that the arrangement of manganese
atoms in the CdTe lattice is nearly random. In contrast
with Mn atoms, Fe atoms tend to be correlatively
arranged, and, even for x = 0.02, the overwhelming
majority of these atoms form pairs.

In this paper, we report the results of studying the
dielectric properties of Cd,_,FeSe compounds (per-
mittivity €, the dielectric-loss tangent tand, and the
resistance R) in therange of frequenciesf from 0.1 kHz
to 30 MHz. In order to determine the band gap AE, as
afunction of the composition of the samples, we stud-
ied the cathodol uminescence at liquid-nitrogen temper-
ature (the experimental technique has been described
elsawhere [3]).

The Cd, _,Fe Se compounds are of potential inter-
est, because these semiconductors, in contrast with the
previously studied Cd, _,Mn,Te and Cd, _,Fe Te com-
pounds that have a sphalerite structure, crystallize in
the wurtzite structure [4]. The Cd, _,Fe Se compounds
are single-phase for x < 0.15.

2. CATHODOLUMINESCENCE

Figure 1 shows the cathodol uminescence spectra of
Cd, _,FeSe compounds (x = 0.00, 0.05, 0.105, and
0.14); the spectra were measured at liquid-nitrogen
temperature. Two bands are observed in the CdSe spec-

trum. A band peaked at awavelength of A = 670 nmis
related to band-to-band transitions[3]. A band at lower
energies (A = 715 nm) is most likely a superposition of
several known lines of impurity edge emission [5].
The introduction of Fe with a concentration corre-
sponding to x = 0.05 results in the compl ete disappear-
ance of the impurity band, a decrease in the main-band
intensity by a factor of about 2, and an insignificant
change in its energy position. A further increase in the
Fe concentration causes the peak’s position to change
nonlinearly. The energy positions of the main-band
peak, which specify the band gap (AE,) asafunction of
the Fe content in the compound, are listed in the table.

3. DIELECTRIC PROPERTIES

Temperature dependences of the capacitance, from
which the permittivity €, the dielectric-loss tangent
tand and the resistance R were determined, were mea-
sured using an E7-14 immitance meter (f = 0.1, 1, and
10 kHz). Before the measurements, platelets ~0.45 mm
thick were prepared from the Cd, _,Fe Se samples, and
layers of silver paste were deposited on the platelet’'s
surfaces. The resulting capacitors were installed in a
cryostat with a temperature T varied in the range of
80-450 K. The accuracy of measuring the temperature
was +£0.5 K. The frequency dependences of €, R, and
tand were measured using aVM-507 impedance meter
(0.05-500 kHz) and a VM-560 quality-factor meter
(0.05-35 MHz2) at fixed temperatures of T = 77 and
300 K.

Figure 2 shows the temperature dependences of per-
mittivity for Cd, _,Fe Se compounds (x = 0.05, 0.105,
and 0.14) at afrequency of f = 10 kHz. It can be seen
that a thermally activated increase in permittivity is
observed in the compounds under study. The corre-
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sponding activation energies AE, determined from the
slope of the curves are listed in the table. Studies of the
temperature dependence of the capacitance for a CdSe
sample showed that, in the entire temperature range
(T = 80-500 K), the permittivity remains high (>100),
and a portion of an increase in permittivity is not
observed. This means that, as is the case for CdTe [1],
the permittivity of CdSe is activated at temperatures
lower than 80 K. Most likely, the activation energy for
this sampleislower than for acompound with x = 0.05.
As can be seen from the table, an increasein the energy
of thermal activation of permittivity for Cd,_,FeSe
compounds occurs virtually simultaneously with an
increasein the band gap. This apparently meansthat, in
the Cd, _,Fe,Se compound, the Fe atoms reside almost
randomly in the matrix and do not tend to form pairs or
more intricate complexes as is characteristic of
Cd, _,Fe,Te [2]. Such sharp distinctions between the
arrangement of Fe atoms in the above compounds may
be explained, in our opinion, by adifferenceinthecrys-
tal structures of the starting compounds: CdTe has the
zinc blende structure, whereas CdSe has the wurtzite
structure.

In Cd, _,Fe Se compounds, an interesting phenom-
enon is observed; this phenomenon is not characteristic
of Cd, _,Mn,Te and Cd, _,Fe, Te compounds and con-
sistsin the fact that the permittivity first increases with
temperature, reaches a maximum, and then decreasesto
avalue corresponding approximately to that in the low-
temperature region. In order to gain insight into the ori-
gin of this phenomenon, we compare the temperature
dependences of the permittivity € and resistance R for
the sample with x = 0.105 (see Figs. 3 and 4, respec-
tively).

In the range of temperatures lower than that corre-
sponding to the peak of €, a strong frequency depen-
dence of the sample’s resistance is observed, which is
characteristic of hopping conduction. This means that,
in this temperature region, there exists hopping trans-
port of the charge between defects whose ground state
is neutral. As a result of a hop, there appears a dipole
that brings about additional polarization; furthermore,
during the hop, an electron isinvolved in hopping con-
duction [1]. As the temperature is elevated further, the
dependences R(T) obtained at different frequencies
indicate that the frequency dependence of resistance
first becomes much weaker and then ceases to exist at
all. In our opinion, thisisrelated to the fact that the lev-
els corresponding to the ground states of defects
responsible for the hopping exchange of charges are
relatively shallow, as a result of which the rate of
charge-carrier excitation to the conduction band
increases with increasing temperature. As a conse-
guence, the contribution of hopping processes to the
total conductivity decreases (see Fig. 4), and positively
charged defects come into existence, which lowers the
probability of hops occurring between neutral defects
and giving rise to additional polarization. As the tem-
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Fig. 1. Cathodoluminescence spectra of Cd; _,Fe,Se com-
pounds. The spectrawere measured at T =77 K.

perature deviates further, the dominant conduction
mechanism becomes that related to conduction in the
band.

4. FREQUENCY DEPENDENCE OF ADDITIONAL
POLARIZATION

Previoudy [1], we obtained the following expres-
sion that describes the dielectric susceptibility of semi-
conductorsin which hopping charge exchange between
neutral defects occurs:

NP(T)tsinh(eRRE/KT) ER 0
P T [2P(T)tsinh(eRE/KT) + 1] £oE

Here, P(T) = c(aR)XAE/KT)exp[-20R — (AE/KT)] is
the probability of ahop [6], AE isthe activation energy,
N is the defect concentration, SR = N¥3, and T is the
time of existence of the defect in acharge state different
from neutral.

Formula (1) isvalid for aconstant electric field with
strength E and for the frequency region f < 2/t. In the
case of low-strength fields, formula (1) may be written
as

_ NP(T)TeR’

P gokT 2



1126

€, arb. units

102

1000/T, K

Fig. 2. Temperature dependences of permittivity for
Cd, _ yFe,Se compounds at a frequency of 10 kHz for x =

(1) 0.05, (2) 0.105, and (3) 0.14.

In actual semiconductors with high concentrations of
defects, the quantity t ceases to be constant. This is
related to the fact that neighboring defects interact and
their properties become dependent on the interdefect
separation (see, for example, [7]). If the defectsare dis-
tributed randomly, as is the case for the Cd, _,Mn,Te
and Cd; _,Fe,Se compounds, it should be assumed that
the distances r between the components of the defect
pairs are also distributed randomly; i.e., we have

(R=r)
U ex 3
"o p[ 20R* } ©

where A9 is the variance.

The magnitude of interaction is defined by the
degree of overlap of wave functions for neighboring
defects and, thus, depends on the distance between
these defects. This, in turn, in the case of high concen-
trations of defects, would give rise to the distance
dependence of the defects’ properties that are defined
by the electron wave function; in our opinion, these
properties also include the time of existence of the

Energy-related parameters of the Cd, _,Fe,Se samples

X AE,, eV AEg, &V
0.00 <0.12 1.85+0.02
0.05 0.12+0.03 1.85+0.02
0.105 0.14£0.03 1.87 +0.02
0.14 0.16 + 0.03 1.92+0.02

ZUKOWSKI et al.
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Fig. 3. Temperature dependences of permittivity of
Cdy.ggsFey.1055e at the frequencies f = (1) 0.1, (2) 1.0, and

(3) 10 kHz.

defect in the charge state T that appears in formula (1).
It is impossible to ascertain the relation between n(r)
and 1(r) for deep-level centers. Assuming the existence
of such arelation, we may write

n(t) = ¢(1), (4)
so that

= I n(t)dr. (5)
=0

Thus, inthe case of f # 0, the quantity Nt in formula (2)
should be replaced by

t/2

J’ n(t)tdr, (6)
=0
wheret = 1/f. Thus, we have
P(T)ez%
D EoKT J’n(I)Tdr )

It follows from formula (7) that, in semiconductors
with a high concentration of deep-level centers, a dis-
persion of permittivity should be observed.

Figure 5 shows the frequency dependences of per-
mittivity for the Cd, _,Fe,Se compound (x = 0.105) at
T =77 and 300 K. It can be seen that there are two por-
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Fig. 4. Temperature dependences of resistance of the
Cdp gosFep.1055€ sample at the frequencies f = (1) 0.1,
(2) 1.0, and (3) 10 kHz.
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Fig. 5. Frequency dependences of permittivity for the
Cdyg.g95F€9.1055e compound at the temperatures T = (1) 300

and (2) 77 K.

tions (10>-10* and 10*-5 x 10° Hz) where the depen-
dence X,(f) may be represented as

Xp=T". €5)

SEMICONDUCTORS Vol. 34 No. 10 2000
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For these portions, we may assume that
n(t) = At (9)
Substituting (9) into (7), we obtain
T
xpDJ'AT‘”ldT = G—'i‘z(r‘”z—TS*z), (10)
To
or
Xp(f) O F "2, (11)

We can determine the values of (o + 2) = —y from
experimental dependences x(f). Then, for the linear

(onthe logx,—logf scale) portion of x,(f), the distri-
bution of defectsin their times of existenceis given by

n(t)Ot*?, (12)

It followsfrom formula(11) that, for a = -2, thereisno
dispersion, whereas, for a > -2, a norma dispersion
takes place, which is observed in our experiments (see
Fig. 5and [2]). In this case, in the range of 10°-10* Hz
(Fig. 5), we have a = -1.4 (i.e, n(t) Or ), whereas,
in the range of 105 x 10° Hz, a = -1.77, i.e,
n(t) O 1™17". For a < -2, an abnormal dispersion should
be observed.
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Abstract—For the first time, ZnS:Cu films with an intense photoluminescence were prepared by a chemical
nonvacuum method. They were produced by means of the combined pyrolytic deposition of zinc and copper
dithiocarbamates onto glass and ceramic substrates heated up to 260-300°C. A close packing of practically
identical grainsis characteristic of these films, with grain sizes depending on the substrate type. The photolu-
minescence and el ectroluminescence spectra include the blue, green, and yellow bands typical of copper. The
band-intensity ratio depends on the film-preparation conditions, as well as on their excitation, which makes it
possible to change the emission color of radiators in a wide range (from blue to white). © 2000 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

As radiation sources of green and blue emission,
thin ZnS:Cu films are of significant interest for produc-
ing various types of optoelectronic devices. The operat-
ing efficiency of such radiatorsis governed by the film
properties that depend on the film preparation method.
ZnS:Cu films obtained by known vacuum methods
have still not found a practical application due to the
fast degradation of thin-film electroluminescent struc-
tures compared with ZnS:Mn-based films.

Recently [1, 2], it was shown that thin-film elec-
troluminescent structures based on ferroel ectric ceram-
ics with a ZnS:Cu layer fabricated by electron-beam
evaporation in vacuum (EBE method) with subsequent
annealing are characterized by slower (by more then
1-2 orders of magnitude) degradation of an electrolu-
minescent layer compared with conventional degrada-
tion for ZnS:Cu. This allows usto consider these struc-
tures to be promising for practical applications.

At present, chemical methods, first of all, chemical
decomposition  of  metal—organic  compounds
(MOCVD), are dso widely used in the preparation of
thin-film electroluminescent structures based on
ZnS:Mn films [3]. One of these methods, the simplest,
and quite promising, consistsin the preparation of films
of various semiconductor materials from chelate
metal—organic compounds (MOC) [4-6]. Electrolumi-
nescent radiators based on ZnS:Mn films with high
brightness and light output are fabricated from these
precursors, among other thin-film elements and struc-
tures[4, 5]. Thefilmswere produced at temperatures of
240-300°C as a result of combined pyrolysis of zinc

and manganese dithiocarbamates taken in the specified
ratios.

The aim of thiswork was to study the possibility of
obtaining electroluminescent ZnS;Cu films by asimilar
nonvacuum chemical method from chelate MOC of
zinc and copper, and to investigate their crystalline
structure and emission spectra.

2. THE OBJECTS OF THE STUDY
AND EXPERIMENTAL METHODS

The chelate metal—organic compounds of zinc and
copper [7] used in this study belong to aclass of metal—
organic compounds, for which the presence of complex
anions—ligands—is typical. The anions, i.e., ligands,
join the metal (a complexing agent) simultaneously by
their two constituents and form a chelate ring via the
chemical elements that produce an inner sphere of a
complexing agent. Atoms of sulfur, selenium, tellu-
rium, and oxygen can enter the composition of the
inner sphere directly surrounding a metal. We have
used dithiocarbamates [8] sulfur-containing compounds,
which were used by usprevioudy [4], and later on by the
authors of [9] to prepare CdS and CdZnSfilms.

When depositing ZnS; Cu films doped directly in the
growth process (similar to [5] for ZnS:Mn), we used the
similar compounds ZnL, and CuL, where L isasulfur-
containing dithiocarbamate ligand. When obtaining
ZnS films, a single origina substance was used, and,
for ZnS:Cu films, two substances were used; apyridine
was used as a solvent.

Therma analysis of ZnL, and CuL compounds
showed that they have the same stages of substance
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transformation due to the effect of temperature. How-
ever, al the critical temperatures (melting, decomposi-
tion, and crystallization of the decomposition products)
have lower valuesfor CuL (by 30—60°C) than for ZnL..

The deposition of ZnS:Cu films was accomplished
in air in aflow-type nonhermetic reactor. The substrates
were mounted on a flat, horizontally placed heater.
Sputtering was performed with a sputterer placed
above the substrate and with the use of compressed air
at apressure of (0.6-1.2) x 10° Pa. The deposition time
for afilm 0.5-1.0 um thick is 5-20 min, depending on
the sputtering rate and on the temperature of the sub-
strate. The concentration of the main initial species,
zinc dithiocarbamate [(C,Hs),NCS,],Zn, is 4 wt %,
which correspondsto a~0.1 M solution; the sputtering
rate is 1-2 ml/min; and the substrate temperature is
220-300°C.

The study of the dependence of the film growth rate
on the substrate temperature showed that, in the range
of 220-300°C, the growth rate changes from 5 up to
20 A/sfor ZnS films and from 3 up to 15 A/s for Cu,S
films.

Due to this difference in the growth rates, the Cu
content in the initial solution (C,) is chosen to be sub-
stantially different from the Cu content in the film (C);
similar to [6],

C, = (V4/V,)Cy,

where V; and V, are the growth rates of ZnS and Cu,S
films, respectively, for constant values of the substrate
temperature and flux intensity of the source substance.
Thevaluesof V,/V, obtained experimentally allow usto
calculate with sufficient accuracy the ratios of the
source substances, which provide a given concentration
of copper inthe ZnSfilms.

Electroluminescence studies were carried out on
two types of structures, a conventional MISIM (metal—
insulator—semi conductor—insulator—metal) structure on
a glass substrate, where the radiation left through the
substrate, and an inverse MISIM structure on aceramic
substrate, where the radiation left through the transpar-
ent upper electrode (similar to [2]). In the conventional
type of structure, In,O5; and Al were usually used asthe
electrodes; SiO, and Al,O; films 80 and 100 nm thick
served as insulators. The electroluminescent layer was
~0.5 um thick in both types of structures. All the oper-
ating layers, except for the electroluminescent one,
were deposited by electron-beam or thermal evapora-
tion in vacuum.

In the inversion-type structure, athick layer of fer-
roelectric BaTiO; ceramics served as an insulator
(~40 um), which was deposited by a specia technique
[2] onto the metallic electrodes deposited on the
ceramic substrates.

A nitrogen laser (radiation wavelength A = 337 nm)
was used for photoluminescence (PL) excitation, and
electroluminescence (EL) was excited by a sinusoidal

SEMICONDUCTORS  Vol. 34

No. 10 2000

1129

voltage with a frequency of 2 kHz. The morphology
studies of the film surfaces were performed using a
Nanoscope D3000 (Digital Instruments) scanning
probe micrascope.

3. RESULTS AND DISCUSSION

The ZnS:Cu films prepared by the technology
described above were studied with the aim of assessing
their suitability for applications as €l ectroluminescent
emitters, and their structural parameters were com-
pared with those of the films obtained by el ectron-beam
evaporation in vacuum [2]. The morphology of the film
surface wasinvestigated in connection with the fact that
homogeneity of the film crystal structureis a prerequi-
site for obtaining a uniform steady emission.

The study of the morphology of the ZnS:Cu film
surface produced on various substrates showed that the
MOCVD-films on polycrystalline ceramic substrates
(with agrain size of 7-9 um) consisted of joined crys-
tallites that had an identical elongated shape with sizes
of 0.07 x 0.15 um, a quasi-paralel orientation with
respect to each other, and poorly pronounced facets
(Fig. 14). The surface of films deposited on the glass
substrate consists of microcrystalline grains differing
greatly from each other in size, which range from 0.10
up to 0.30 um (Fig. 1b), and without any predominant
shape or orientation.

When depositing ZnS:Cu films on ceramic sub-
strates by EBE, the films are produced in the form of a
microcrystalline aggregate with nonuniform joined
individual microcrystalline species without inherent
facets, i.e., the films consist of a xenomorphic microc-
rystalline grains (Fig. 1c). In addition, various types of
excrescences are observed at the boundaries of individ-
ual grains. It is noteworthy that the nonuniformity of
the crystallite distribution is not eliminated even after
high-temperature annealing (at ~800°C for 1 h in an
atmosphere of sulfur vapors) of the films deposited by
the EBE method, although the crystallite size increases
significantly. The distribution of the crystallite sizes at
the surface of a film is rather nonuniform, which is
illustrated by Fig. 2 where the distribution of the grain
number f; over its areasfor all three cases of film dep-
osition under consideration is shown.

The degree of microrelief development is shown in
Fig. 3 in the form of the height (h) distribution of the
number of points (pixels) f, on the images of the film
surface which are shown in Fig. 1. The curves are
obtained by statistically processing the results of mea-
surements carried out in the scanning probe micro-
scope. The height in Fig. 3 corresponds to the distance
from the surface point being studied up to the point
which occupies the lowest position. The number of
points is expressed as a percentage relationship of the
calculated pointsto the total number of points (pixels) of
the entire image; the latter number is equal to 256 x 256,
i.e., to 65 536 points. It follows from Figs. 1-3 that the
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MOCVD films on ceramics have the smallest grain
sizes and the most uniform distribution both over the
area and by the height of the relief. This can be
explained by the fact that the chemical method used
corresponds to thermodynamic equilibrium than the
EBE method, and, in the case of deposition on the poly-
crystalline ceramic substrates, initially a significantly
larger number of crystallization centersare observed on
their surface than on the glass substrate.

It is found that the radiative properties of the films
depend most strongly on the copper concentration and
the conditions of film formation (the temperature and
substrate structure). We found that, at substrate temper-
atures in the range of 220-300°C, the dependence of
the luminescence intensity of ZnS:Cu films on the sub-
strate temperature is profoundly nonmonotonic.
A change of temperaturein therange of 220-260°C has
virtually no influence on a weak luminescence inten-
sity, whereas atemperature increase from 260 to 300°C
resultsin an increase of 2—3 orders of magnitude in the
radiation intensity (depending on the copper concentra-
tion). The copper concentration in the solution (Cy) was
varied from 0.05 up to 1.60 wt %. As a result, it was
found that the PL intensity of the filmsin this range of
concentrations increases continuoudly; as for EL, the
intensity increase is limited by the concentration of
0.20 wt %. For higher values of activator concentration
(from 0.30 up to 1.60 wt % of Cu) the EL intensity is
actually reduced to zero.

It has been established that the radiation spectrum
depends on the film preparation conditions and on the
excitation of radiation in these films. The green-blue
color of PL characteristic of copper is most distinctly
revealed at a substrate temperature of ~300°C and a
copper concentration of =0.2 wt %. The PL spectrum
consists of a broad asymmetric band with peaks at
Amax =420 and 525 nm (Fig. 4, curve 1). Theratio of the
band intensities is governed by the substrate tempera-
ture and the copper concentration in the films and can
changein awiderange, causing blue or green radiation.
The EL spectraarein the same range of wavelengths as
the PL spectrafor ZnS:Cu films prepared for a similar
activator concentration and at the same deposition tem-
perature, but differ significantly in the ratio of the band
intensities and in their number. They represent the PL
spectra resolved in the bands with a half-width of
~30 nm (Fig. 4, curves 2, 3). These curves aso illus-
trate the influence of the substrate type—amorphous
(glass) or polycrystalline (ceramics)—on the EL spec-
tra Thus, in the emission spectrum of ZnS:Cu films
deposited on a ceramic substrate, ayellow band (A, =
570 nm) is dominant, whereas a green (A« = 520 nm)

Fig. 1. Image of the ZnS:Cu film surface obtained using
scanning probe microscopy: (g, b) the films were deposited
by the MOCVD method on ceramic and glass substrates,
respectively; (c) the films were deposited by the EBE
method on ceramic substrates.
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Fig. 2. Distribution of the number of grains by their area; (a, b) the films were deposited by the MOCVD method on ceramic and
glass substrates, respectively; (c) the films were deposited by the EBE method on ceramic substrates.
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Fig. 3. Distribution of the number of points by their height
on the ZnS:Cu film surface obtained by statistical process-
ing of the scanning-probe microscopy data: (a, b) the films
were deposited by the MOCVD method on ceramic and
glass substrates, respectively; (c) the films were deposited
by the EBE method on ceramic substrates.

band prevails in the spectrum of the same films depos-
ited on a glass substrate. In this case, the presence of
blue, green, and yellow bands determines a nearly
white emission color of electroluminescent structures
on the glass substrate and a yellow-green color of the
structure on the ceramic one.

The emission spectrum of the ZnS:Cu films being
studied is presented in the table as afunction of excita-
tion type and substrate material. The wavelengths
(Amad), relative intensities (1) of the bands in the emis-
sion spectra of ZnS:Cu films, and the identification of
emission centers in accordance with published data are
givenin thetable.
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Fig. 4. Photoluminescence (1) and electroluminescence
(2, 3) spectra of ZnS:Cu films on the (1, 2) glass and
(3) ceramics.

The data listed in the table allow us to conclude that
the emission bands at 420, 445, and 520 nm are caused
by the centers related to copper, whereas the formation
of ayelow band (570 nm) possibly involves both the
copper centers and the self-activated emission centers.
Such a spectral band was observed in both self-acti-
vated [15] and copper-doped films of zinc sulfide
[1, 13, 14]. As for the radiation band with A, =
485 nm, we may conclude with a certain confidence
that it is not related to the emission of copper centers.
According to the available data, this band can be attrib-
uted to self-activated ZnS emission or, possibly, to the
emission of unknown impurity centers. The presence of
blue, green, and yellow emission bands indicates that
various emission centers related to copper exist in
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Radiation spectrum of ZnS:Cu films
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Photoluminescence Electroluminescence
glass substrate glass substrate ceramic substrate Type of center Source
Amac: M | 1, arb. units | Ay, nm | |, arb. units | A, nm | |, arb. units

420 0.78 420 0.02 420 0.2 Cu [10], [11]
445 0.30 445 0.3 Cu [12]
490 0.85 485 0.5 Self-activated or impurity -

525 1.00 520 1.00 520 0.3 Cu [12]
575 0.67 570 1.0 Cu [1], 13], [14]

and self-activated [15]

ZnS:Cu films; in these centers, compensation of the
charge of Cu* isaccomplished by the various defects of
the ZnS structure. The appearance of such centers is
caused by the absence of a coactivator, which, asarule,
is introduced to compensate the copper charge in con-
nection with the nonisovalent character of its incorpo-
ration into ZnS.

The differences we found in the ratio of band inten-
sities in the emission spectra of structures on glass and
ceramic substrates, can apparently be caused by the dif-
ferenceinthe crystalline structure (grain sizes) and, thus,
inthe structural defectsinthesefilms (Figs. 1a, 1b). Such
a dependence was aso recently observed for ZnS:Cu
films prepared by the EBE method [11].

The features of radiation spectra observed in the
cases of photoexcitation and electroexcitation can be
caused by differencesin spatial |ocalization of the exci-
tation energy over the film volume in the presence of
nonuniformly distributed emission centers of dissimilar
types and also by the various ways of excitation energy
transfer by the emission centers for different excitation
types.

Thus, for the first time we managed to obtain elec-
troluminescent ZnS:Cu films by achemical nonvacuum
MOCVD method from chelate metal—organic com-
pounds—zinc and copper dithiocarbamates—by means
of their combined pyrolysis at temperatures of
260-300°C. It is established that these films have a
more ordered structure and a less pronounced surface
relief compared to films produced by electron-beam
evaporation in vacuum. The structure of films deposited
on a smooth surface of amorphous glass substrates is
characterized by larger crystallites than in the case of
deposition on the rough surface of polycrystaline
ceramics. A strong dependence of the emission inten-
sity on the substrate temperature and copper concentra-
tion is observed. A temperature of 300°C is favorable
for film production. The concentration dependences of
PL and EL are different. The copper content C, =
0.2 wt %isfavorablefor EL. Asaresult of our studies,

it is established that the films contain centers of blue,
green, and yellow emission characteristic of copper.
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Abstract—The parameters of deep-level centersin lightly doped 4H-SiC epilayers grown by sublimational epi-
taxy and CVD were investigated. Two deep-level centers with activation energies E; — 0.18 eV and E. —0.65 eV

(Z1 center) were observed and tentatively identified with structural defects of the SIC crystal lattice. The Z1
center concentration is shown to fall with decreasing uncompensated donor concentration Ny — N, in the layers.

For the same Ny — N,, the Z1 center concentration is lower in layers with a higher dislocation density. © 2000

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Deep-level centers are known to affect semiconduc-
tor device parameters, such as the minority carrier life-
time, leakage currents, breakdown voltages of p—n-struc-
tures and the temperature coefficients of these voltages.
It is also known that, along with impurities, intrinsic
defects of the semiconductor crystal lattice may con-
tribute to the deep-level center formation. Accordingly,
the