
T
G

H
a

b

a

A
R
R
A
A

K
Q
I
C

1

c
d
G
e
t
s
b
p
i
b
t
S
s
n
(
m

0
d

Journal of Alloys and Compounds 507 (2010) 190–195

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

emperature and voltage dependent current-transport mechanisms in
aAs/AlGaAs single-quantum-well lasers

. Uslua,∗, A. Bengia, S.Ş. Çetina, U. Aydemira, Ş. Altındala, S.T. Aghaliyevab, S. Özçelika
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a b s t r a c t

The quantum-well (QW) lasers are the most important optoelectronic devices in many application fields
and the current-transport mechanisms (CTMs) are strongly depend on temperature and voltage. There-
fore, we have examined the samples in the temperature range of 80–360 K. The electrical parameters such
as saturation current (Io), zero-bias barrier height (˚Bo), ideality factor (n) and series resistance (Rs), were
obtained from the forward bias I–V data. The n and ˚Bo values change from 3.49 and 1.313 eV (at 80 K) to
1.73 and 0.492 eV (at 360 K), respectively. These values of n indicate that the thermionic field emission
(TFE) mechanism is dominated the others, particularly at low temperature (80–170 K). High values of
n were attributed to image force lowering of the barrier height, tunneling current at low temperature,
generation-recombination current within the space charge region and the existence of interface states

at metal/semiconductor interface. The ˚Bo values do not have to be absolutely correct, especially when
there are more CTMs present in a given temperature interval. Also, n and Rs were found to be extremely
dependent on the contributions of particular CTMs to the total current; the ratio of which to the TE theory
increases with the increasing temperature. The ˚Bo and activation energy (Ea) values decrease with the
linearly increasing temperature and voltage. In addition, double-logarithmic plots of the forward bias I–V
characteristics have shown two distinct linear regions in the whole temperature range. SCLC mechanism

espec
may be dominated CTMs

. Introduction

Gallium arsenide (GaAs)-based structures are used as a basic
omponent for high speed electronic, optoelectronic, low power
evices and quantum-well (QW) detectors and lasers [1–5]. The
aAs well layers are doped with n-type dopant (Si) to provide
lectrons in the ground states of the wells. The QW formed by
he conduction band discontinuity of AlGaAs and GaAs is in the
cope of interest as it is deeper than the one formed by the valance
and discontinuity; therefore it should be observed at higher tem-
erature. The basic condition to detect this QW successfully is

ts location in the n-type part of the depletion layer of a reverse
iased p–n junction or Schottky barrier on n-type semiconduc-
or [6]. In electronic devices such as metal–semiconductor (MS)
chottky diodes, metal–insulator–semiconductor (MIS) structures,

olar cells and p–n junctions, a number of current-transport mecha-
isms such as Thermionic Emission (TE), Thermionic Field Emission
TFE), Generation-Recombination (GR), minority carrier injection,

ultistep tunneling and leakage current, compete usually, one

∗ Corresponding author. Tel.: +90 312 202 11 31; fax: +90 312 212 22 79.
E-mail address: h.uslu@gazi.edu.tr (H. Uslu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ially at high temperature regime namely regime II.
© 2010 Elsevier B.V. All rights reserved.

of them may dominate over the others in a certain tempera-
ture and voltage region. However, simultaneous contribution from
two or more mechanisms could also be possible. In such devices
the predominant CTMs depend on various parameters such as
process of surface preparation, formation of barrier height (BH)
at metal/semiconductor (M/S) interface, carrier concentration in
semiconductor, density of surface states, sample temperature and
applied bias voltage. Also, Schottky barrier height (SBH), n, native or
deposited insulator layer at M/S interface and Rs are fundamental
parameters of these devices and they strongly affect device per-
formance [7–14]. Usually, the forward bias I–V characteristics are
linear in the semi-logarithmic scale at intermediate bias voltage
(0.1 V < V < 0.7 V) but deviate from linearity considerably especially
due to the effect of Rs when applied voltage is sufficiently high [15].

There are many methods of determining the SBH based on I–V,
C–V and photoelectric measurements in the literature [15–29].
Detailed knowledge of the current-transport process involved is
essential in order to extract the barrier parameters, namely, BH, n

and Rs. It is well known the analysis of the I–V characteristics of a
device measured only at room temperature does not give a detailed
information about the current-transport process and the nature of
the barrier formed at the M/S interface. On the other hand, the for-
ward bias I–V characteristics at wide temperature range allow us to

dx.doi.org/10.1016/j.jallcom.2010.07.152
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:h.uslu@gazi.edu.tr
dx.doi.org/10.1016/j.jallcom.2010.07.152


and Compounds 507 (2010) 190–195 191

u
m
r
c

b
m
a
t
R
t
T

2

p
s
c
s
l
g
o
c
6
s
a
a
1
t
i
t
l
r
(
s
c
t

c
(
f
a
w
A
p
6
f
t
m
m
a
u

s
d
t
i
t
w
t

3

p

I

W
c

I

Table 1
Temperature dependent values of various parameters determined from forward bias
I–V characteristics of GaAs/AlxGa1−xAs SQW laser.

Sıcaklık (K) Io (A) n ˚Bo (eV) Rs (at 4 V) (�)

80 2.33 × 10−21 3.490 1.260 72.08
110 3.38 × 10−17 2.625 1.114 70.48
140 6.08 × 10−15 2.120 0.997 68.34
170 3.00 × 10−13 1.879 0.909 66.19
200 7.33 × 10−11 1.839 0.780 64.27
230 2.04 × 10−9 1.811 0.704 62.43
260 3.23 × 10−8 1.819 0.641 60.45
290 2.97 × 10−7 1.804 0.590 58.12
H. Uslu et al. / Journal of Alloys

nderstand different aspects of CTMs. In addition, there are many
ethods of determining the Rs of devices [30–33] but the theo-

etical expression of Rs is still unclarified in the literature. In our
alculations, we have applied the Ohm’s Law (Ri = ıVi/ıIi).

In this study, the CTMs of GaAs/AlxGa1−xAs SQW lasers have
een investigated using forward and reverse bias I–V measure-
ents methods in the temperature range of 80–360 K. The main

im of this study is to present some interesting electrical charac-
eristics such as predominant CTMs, effect of the temperature and
s. The analysis of the experimental data of our devices indicated
hat the CTM was controlled by TFE mechanism below 170 K and
E mechanism above 200 K.

. Experimental details

The GaAs/AlxGa1−xAs single-quantum-well (SQW) laser was grown on Zn doped
-type GaAs (1 0 0) substrate by solid source V80H molecular beam epitaxy (MBE)
ystem. Prior to growth of the SQW laser structure, the substrate was cleaned
onventionally using acetone, methanol and deionized water. After the cleaning
tep, the substrate were mounted on the molybdenum free substrate holder and
oaded in the system using fast entry lock. The substrate was transferred to out-
as stage and heated up to 400 ◦C for 2 h to ensure the removal of any residual
rganics. After the outgas process, the substrate was transferred to deposition
hamber and mounted on the manipulator. Then, the substrate was heated up to
90 ◦C for the oxide desorption. After observing the fully oxide desorption, the
ubstrate temperature was reduced to 660 ◦C. After reducing the substrate temper-
ture, 0.5 �m Be doped (pBe = 1 × 1018 cm−3) p-type GaAs buffer layer was grown
t a constant growth rate of 2.780 Å/s. The active layer was sandwiched between
�m Si doped (nSi = 5 × 1017 cm−3) n-type and Be doped (pBe = 1 × 1018 cm−3) p-

ype Al0.6Ga0.4As cladding layers and composed of 50 Å thickness single intrinsic
-GaAs quantum-well layer and 150 Å thickness AlxGa1−xAs (x = 0.20–0.60) con-
inuously graded-index separate-confinement-heterostructure (GRINSCH) barrier
ayers. Cladding, quantum-well and barrier layers were grown at a constant growth
ate of 0.447 Å/s for AlAs and 0.670 Å/s for GaAs. Finally, 0.25 �m heavily Si doped
nSi = 1 × 1018 cm−3) n-type GaAs contact layer was then grown at 660 ◦C at a con-
tant rate of 2.780 Å/s to complete the growth. Fig. 1(a) and (b) show the schematic
onduction band diagram and the whole GaAs/AlxGa1−xAs SQW laser structure of
he processed device.

For the electrical characterization of the device, the top and bottom ohmic
ontacts were formed by deposition of metals using thermal evaporation system
Bestec, Germany) whose base pressure is 10−8 mbar. The evaporating system has
our crucibles for metal sources. After the small pieces of Au, Ni metals and Au–Ge
lloy were loaded in the different crucibles at the same time, the deposition chamber
as pumped to reach the desired base pressure. To form the bottom contact, firstly,
u–Ge alloy with the thicknesses of 1000 Å was deposited at 400 ◦C substrate tem-
eratures with a growth rate of 2.4 Å/s. Secondly, Au metals with the thicknesses of
00 Å were deposited on the Au–Ge contact with a growth rate of 2.2 Å/s. After the
ormation of bottom contact the 1 mm diameter dot shaped top contact with the
hicknesses of 350/500/350/1750 Å were formed by deposition of Ni/Au–Ge/Ni/Au

etals growth rates of 6.0/2.0/2.0/3.6 Å/s, respectively. After the top and bottom
etallization processes the sample was annealed at 425 ◦C for 25 s in a nitrogen

mbient atmosphere in order to form the ohmic contacts. Then, the silver paste was
sed to connect wires to the sample in order to prepare it for I–V measurements.

The I–V measurements were performed using Keithley 220 programmable con-
tant current source and Keithley 614 electrometer. The I–V characteristics of these
evices were measured in the temperature range of 80–360 K using a tempera-
ure controlled Janis vpf-475 cryostat, which enables us to make measurements
n the temperature range of 77–450 K. The sample temperature was always moni-
ored using a copper-constantan thermocouple close to the sample and measured
ith a dmm/scanner Keithley model 199 and a Lake Shore model 321 auto-tuning

emperature controllers with sensitivity better than ±0.1 K.

. Results and discussion

The method most frequently used in the practice pre-assumed
ure TE (n = 1 and Rs = 0) over the barrier [15,16,34–37]:

TE = Io

[
exp

(
qV

kT

)
− 1

]
(1a)
hen the value of n is greater than unity and Rs of device suffi-
iently high, Eq. (1a) can be modified as:

TE = Io

[
exp

(
q(V − IRs)

nkT

)]{
1 − exp

[
q(V − IRs)

kT

]}
(1b)
320 1.52 × 10−6 1.771 0.555 56.29
340 3.84 × 10−6 1.740 0.535 55.32
360 8.61 × 10−6 1.730 0.517 54.68

where Io is the reverse-saturation current and described by

Io = A∗AT2 exp(−q˚Bo/kT) (2a)

where the quantities A*, A, ˚Bo are the effective Richardson con-
stant which is equal to 8.16 A/cm2 K2 for n-type GaAs, the area
of diode, the zero-bias barrier height respectively. The value of Io
is obtained from the intercept of ln I vs V plot at zero bias (V = 0)
for each temperature. Once Io is determined ˚Bo is obtained by
rewriting Eq. (2a) as:

˚Bo = kT

q
ln

[
AA∗T2

Io

]
(2b)

In the practice, situation is different from the ideal case (pure TE and
modified TE) especially at low temperatures and with high doped
semiconductors. Then, the total current can be rewritten as [8]:

I = ITE

{
exp

(
q(V − IRs)

kT

)
− 1

}
+ IGR

{
exp

(
q(V − IRs)

2kT

)
− 1

}

+ITun

{
exp

(
q(V − IRs)

Eo

)
− 1

}
+ V − IRs

Rsh
(3)

Choosing the proper saturation currents ITE, IGR, ITun, the tunneling
parameter Eo and resistances Rs and Rsh allows us to fit the experi-
mental forward bias I–V plots in a wide range of applied biases and
at various temperature values. In general, at higher temperature the
TE and the GR are dominant whereas the tunneling (TFE and FE) and
leakage currents become more significant at lower temperatures
and for higher doped materials [8,38].

Fig. 2 shows the semi-logarithmic forward and reverse bias I–V
plots in the temperature range of 80–360 K. It shows a good recti-
fication behavior especially at low temperatures. However, it can
be seen that the current rises slowly with the applied reverse bias
and does not show any effect of saturation. The lack of saturation
for a sample under reverse bias can be commonly explained in
terms of image force lowering of barrier height and the existence
of a native or deposited interfacial layer between the metal and
semiconductor [15,16].

The ideality factor n accounts for the departure of the current-
transport mechanism from the ideal TE theory and obtained by
rewriting Eq. (1b) as:

n = q

kT

(
dV

d(ln I)

)
(4)

The experimental values of Io, n and ˚Bo of the device are given
in Table 1 for each temperature. As can be seen in Table 1, both
the values of n and ˚Bo depend strongly on temperature and they

decrease with the increasing temperature. The experimental values
of n and ˚Bo for the device range from 3.49 and 1.313 eV (at 80 K)
to 1.73 and 0.492 eV (at 360 K), respectively.

The high value of n was attributed to image force lowering of the
barrier height [39], tunneling current at low temperature [7,40],
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Fig. 1. (a) Schematic conduction band diagram for the GaAs/AlxGa1−xAs S

Fig. 2. The semi-logarithmic forward and reverse bias I–V characteristics of
GaAs/AlxGa1−xAs SQW laser at various temperatures.
QW laser structure. (b) Schematic diagram of the processed device.

generation-recombination current within the space charge region
[41] and the existence of interface states at metal/semiconductor
interface [42,43].

The experimental n and ˚Bo versus temperature plots are also
given in Fig. 3(a) and (b), respectively. As shown in Fig. 3(b),
the experimental data appear to fit, with two straight lines in
different temperature regimes which are corresponds to low tem-
perature region (between 80 and 170 K) and high temperature
region (between 200 and 360 K), respectively. The value of ˚Bo for
two regimes decreases with the increasing temperature and can be
described as

˚Bo(T) = ˚Bo(T = 0) − ˛T (5)

where ˚Bo (T = 0) is the barrier height extrapolated to zero tem-
perature and ˛ is the temperature coefficient of barrier height.
In Fig. 3(b), the fitting of the ˚Bo (T) yields ˚Bo (T = 0) = 1.07 eV
and ˛ = −16 × 10−4 eV/K for low temperature region and ˚Bo
(T = 0) = 1.55 eV and ˛ = −39 × 10−4 eV/K for high temperature
region. This normal behavior can be attributed to the nega-
tive temperature coefficient (˛) behavior of BH. The temperature
dependence of BH can be explained as a result of Fermi level pin-
ning mechanism that is governed either by metal induced band

states [44] or by defect states at the interface [45]. There is a strong
relation between the barrier height and the band gap (∂Eg/∂T)
of the semiconductor. While the temperature increases, the band
gap of semiconductor decreases, thus the barrier height decreases.
The change in barrier height will be almost equal to the change
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ig. 3. Temperature dependent (a) n vs T. (b) ˚Bo vs T of GaAs/AlxGa1−xAs SQW laser.

n the band gap [11]. In addition, the decrease in BH with the
ncreasing temperature is an evidence of the derivation from the
ure Thermionic Emission (TE) to the Thermionic Field Emission
TFE) [46]. Here the negative temperature coefficient of the bar-
ier height is found to be larger than that of the GaAs band gap
f 5.405 × 10−4 eV/K in the temperature range of interest. Similar

esults have been reported in the literature [5,38,39].

Apart from discussing the main CTMs, the ideality factor is fur-
her analyzed by plotting nkT/q against kT/q in Fig. 4 which shows
he experimental and theoretical results of this plot. As it can be

ig. 4. Experimentally and theoretically found tunneling current parameter (Eo) vs
T/q for GaAs/AlxGa1−xAs SQW laser.
Fig. 5. Plot of ln(Io/T2) vs q/kT for GaAs/AlxGa1−xAs SQW laser.

seen in Fig. 4 TFE is dominant mechanism in the temperature range
of 80–170 K. The TFE requires a change in tunneling current param-
eter Eo with temperature according to relation [43,47]

Eo = nkT/q = Eoo coth(qEoo/kT) (6)

with

Eoo = h/4�(ND/m∗εs)1/2 (7)

where m* = 0.067mo is effective mass of electrons and εs = 13.1εo

the permittivity of GaAs and the other symbol are of usual mean-
ing [3,15,16]. According to current-transport theory, TFE dominates
only when Eoo ∼= kT/q. n-GaAs with ∼6 × 1022 m−3 doping concen-
tration between 80 and 170 K (from C–V measurement) the value
of Eoo was found as 4.8 meV and this calculated Eoo is close to the
values of kT/q for the temperatures 80, 110, 140 and 170 K which
correspond to 6.9, 9.49, 12.08 and 14.66 meV, respectively. But the
values of Eoo for high temperatures are very less than the value of
kT/q. In addition, the minority carrier is significant only for devices
having very high saturation current with temperature independent
ideality factor which has a value is very close to unity. The field
emission (FE) theory is significant when nT is more or less constant
in the temperature range, but in our sample the values of nT change
with temperature. It is clear that for the CTMs in GaAs/AlxGa1−xAs
SQW laser, FE and minority carrier injection are ruled out. There-
fore, we can say that the TFE transport mechanism is dominant
at low temperatures while TE theory becomes dominant at high
temperatures.

For the determination of the barrier height, one may also make
use of the Richardson plot of the saturation current Eq. (2a) can be
written as

ln(Io/T2) = ln(AA∗) −
(

q˚Bo

kT

)
(8)

The dependence of ln(Io/T2) vs q/kT is given in Fig. 5. As shown
in Fig. 5, the ln(Io/T2) vs q/kT plot have two distinct linear regions
with different slopes which correspond to low temperature region
(between 80 and 170 K) and high temperature region (between
200 and 360 K), respectively. This implies that the BH is depen-
dent on temperature, and two different CTMs may dominate in
the whole temperature range. This plot yields a straight line with
whose slope the ˚Bo(=Ea) is determined and the intercept at the
ordinate giving the Richardson constant itself for known A* for

two regimes. The experimental data appear to fit with two straight
lines in different temperature regimes which correspond to low
and high temperature regions, and the calculated activation energy
values were found as 0.222 and 0.411 eV, respectively. Under for-
ward bias and for T > 200 K, activation energy’s having a value of
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to literature [8,50–53]. It may be associated to the increase in the
number of density of the free charge carriers, either by bond break-
ing or de-trapping mechanism [50].
ig. 6. Plot of (a) ln(I/T2) vs q/kT. (b) ln(I/T2) vs q/nkT for GaAs/AlxGa1−xAs SQW laser.

.411 eV which is close to the half of the band gap in GaAs sug-
ests that carrier TE (but n > 1) in the depletion layer plays a role
bove 200 K. However, at low temperatures (T < 170 K), the device
hows a small activation energy (0.222 eV) when compared to usual
alue. The values of A* obtained from the intercept of the straight
ortion for two regimes at the ordinate were found as 4.71 × 10−9

nd 5.38 × 10−3 A cm−2 K−2, which are much lower than the known
alue of 8.16 A cm−2 K−2 for n-GaAs. All these experimental results
how that the predominant CTMs is not only the TE mechanism
specially at low temperatures.

In order to interrupt the voltage dependent activation energy,
e drew the activation energy plots (ln(Io/T2) vs q/kT and q/nkT)

or GaAs/AlxGa1−xAs SQW laser that is calculated from Eqs. (1a)
nd (4) and they are given in Fig. 6(a) and (b), respectively. As it
an be seen activation energy plots are linear except for 80 K for
arious applied bias voltages (0.30–0.70 V). The experimental val-
es of activation energy (Ea) obtained from Fig. 6(a) range from
.318 eV (for 0.3 V) to 0.095 eV (for 0.7 V). On the other hand, these
alues of Ea obtained from Fig. 6(b) range from 0.777 eV (for 0.3 V)
o 0.205 eV (for 0.7 V). These results show that the values of BH and
a are strongly dependent on applied bias voltage especially at low
emperatures. The obtained experimental values of Ea are given in
ig. 7 and they decrease with the increasing applied bias voltage. As
hown in Fig. 7, the values of Ea are also lower than Eg/2 of GaAs at
ow bias voltages. These observations in Ea or ˚Bo indicate that our
esults cannot be explained by the classical drift diffusion and by

eneration-recombination mechanisms. Similar results have been
eported in the literature [48,49].

The forward bias ln(I) vs ln(V) plots at various temperatures are
iven in Fig. 8. As it can be seen from Fig. 8 ln(I) vs ln(V) plots can
Fig. 7. Plot of activation energy vs applied bias voltage for GaAs/AlxGa1−xAs SQW
laser.

be characterized by two distinct linear regions, indicating different
conduction mechanisms. At intermediate voltage region (I. regime)
the values of slopes are strong function of temperature and they
range from 26 (at 80 K) to 2.42 (at 360 K). At high voltage region
(II. regime) the values of slopes are strong function of temperature
and they range from 2.15 (at 80 K) to 1.40 (at 360 K). These results
show that space charge-limited current (SCLC) mechanism is not
the dominant mechanism especially in the low temperature regime
(I. regime). However, SCLC mechanism may be dominated in the II.
regime.

The series resistance (Rs) and shunt resistance (Rsh) are deter-
mined from the structure resistance (Ri) versus applied bias voltage
(Vi) plot determined from the I–V characteristics by using Ohm’s
law (Ri = dVi/dIi) and they were given in Fig. 9. It was observed that
at sufficiently high forward bias voltage the structure’s resistance
values approach to a constant value which corresponds to the series
resistance (Rs) value for GaAs/AlxGa1−xAs SQW lasers. Similarly,
also at sufficiently high reverse bias voltage, the structure’s resis-
tance values reach to constant value, which is equal to structure’s
shunt resistance (Rsh). It is clear that the magnitude of the resis-
tance values decreases with the increasing temperature according
Fig. 8. Plot of ln(I) vs ln(V) for GaAs/AlxGa1−xAs SQW laser.
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ig. 9. The plot of the structure resistance vs applied bias voltage as a function of
emperature for GaAs/AlxGa1−xAs SQW laser.

. Conclusions

It is well known the quantum-well lasers are the most impor-
ant optoelectronic devices in many application fields. Therefore,
he forward and reverse bias I–V characteristics of GaAs/AlxGa1−xAs
QW lasers were measured in the temperature range of 80–360 K.
he experimental semi-logarithmic I–V characteristics exhibit a lin-
ar behavior in the intermediate bias voltage region (0.1 < V < 0.6 V)
nd show a good rectifier behavior. The n, ˚Bo and Rs obtained
rom forward bias I–V characteristics act as a function of tempera-
ure and applied bias voltage. The high values of n indicate that the
ample obeys the thermionic field emission mechanism rather than
he other transport mechanism particularly at low temperature
80–170 K). Also, such behavior of n can be attributed to image force
owering of the barrier height, tunneling current at low temper-
ture, generation-recombination current within the space charge
egion and the existence of interface states at metal/semiconductor
nterface. Experimental results show that direct calculations of the

Bo from experimental I–V–T characteristics do not have to be
bsolutely correct especially when there are more CTMs present
n a given temperature interval. Also, the ideality factor and series
esistance were shown to be extremely dependent on the contribu-
ions of particular CTMs to the total current; the ratio of which to the
E theory increases with the increasing temperature. It is observed
hat the values of ˚Bo and Ea depend strongly on both tempera-
ure and applied forward bias voltage. The change in ˚Bo and Ea

ecreases with linearly increasing temperature and applied bias
oltage. In addition, double-logarithmic plots of the forward bias
–V characteristics of GaAs/AlxGa1−xAs SQW laser have shown two
istinct linear regions/regimes at each temperature. At regime II,
CLC mechanism may be dominated current-transport mechanism
specially in the high temperature regime.
cknowledgements
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29] İ.Y. Erdoğan, Ö. Güllü, J. Alloys Compd. 492 (2010) 378.
30] H. Norde, J. Appl. Phys. 50 (1979) 5052.
31] K. Sato, Y. Yasamura, J. Appl. Phys. 58 (1985) 3655.
32] K. Cheung, N.W. Cheung, Appl. Phys. Lett. 49 (1986) 85.
33] E.H. Nicollian, J.R. Brews, MOS Physics and Technology, New York, John Wiley

& Sons, 1982.
34] T.V. Blank, Y.A. Goldberg, Semiconductors 41 (2007) 1281.
35] H. Bayhan, A.S. Kavasoglu, Solid State Electron. 49 (2005) 991.
36] R.P. Raffaelle, H. Forsell, T. Potdevin, R. Friedfeld, J.G. Mantovani, S.G. Bailey,

S.M. Hubbard, E.M. Gordon, A.F. Hepp, Sol. Energy Mater. Sol. Cells 57 (1999)
167.

37] P. Kozodoy, J.P. Ibbetson, H. Marchand, P.T. Fini, S. Keller, J.S. Speck, S.P. Den-
Baars, U.K. Mishra, Appl. Phys. Lett. 73 (1998) 975.

38] F.A. Padovani, R. Stratton, Solid State Electron. 9 (1966) 695.
39] W.M.R. Divigalpitiya, Sol. Energy Mater. 4 (1989) 253.
40] W.P. Kang, J.L. Davidson, Y. Gurbuz, D.V. Kerns, J. Appl. Phys. 78 (1995) 1101.
41] P. Cova, A. Singh, Solid State Electron. 33 (1990) 11.
42] H.C. Card, E.H. Rhoderick, J. Phys. D. Appl. Phys. 4 (1971) 1589.
43] A. Singh, K.C. Reinhardt, W.A. Anderson, J. Appl. Phys. 68 (1990) 3475.
44] J. Tersoff, Phys. Rev. Lett. 52 (1984) 465.
45] J. Bardeen, Phys. Rev. B 71 (1947) 717.
46] M. Soylu, B. Abay, Microelectron. Eng. 86 (2009) 88.
47] S. Ashok, P.P. Sharma, S.J. Fonash, IEEE Trans. Electron Devices 27 (1980) 725.
48] L. Hirsch, B. Barriere, J. Appl. Phys. 94 (2003) 5014.

49] S. Mangal, P. Banerji, J. Appl. Phys. 105 (2009) 083709.
50] K.S. Karimov, M.M. Ahmed, S.A. Moiz, M.I. Federov, Sol. Energy Mater. Sol. Cells

87 (2005) 61.
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