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ABSTRACT

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 (I, ), zero-bias barrier height (Pg, ), ideality factor (n) and series resistance (Rs), were
obtained from the forward bias I-V data. The n and @, values change from 3.49 and 1.313 eV (at 80K) to
1.73 and 0.492 eV (at 360K), respectively. These values of n indicate that the thermionic field emission
(TFE) mechanism is dominated the others, particularly at low temperature (80-170K). 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 @3, values do not have to be absolutely correct, especially when
there are more CTMs present in a given temperature interval. Also, n and Ry 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 @g, and activation energy (E,) 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

may be dominated CTMs especially at high temperature regime namely regime II.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gallium arsenide (GaAs)-based structures are used as a basic
component for high speed electronic, optoelectronic, low power
devices and quantum-well (QW) detectors and lasers [1-5]. The
GaAs well layers are doped with n-type dopant (Si) to provide
electrons in the ground states of the wells. The QW formed by
the conduction band discontinuity of AlGaAs and GaAs is in the
scope of interest as it is deeper than the one formed by the valance
band discontinuity; therefore it should be observed at higher tem-
perature. The basic condition to detect this QW successfully is
its location in the n-type part of the depletion layer of a reverse
biased p-n junction or Schottky barrier on n-type semiconduc-
tor [6]. In electronic devices such as metal-semiconductor (MS)
Schottky diodes, metal-insulator-semiconductor (MIS) structures,
solar cells and p—n junctions, a number of current-transport mecha-
nisms such as Thermionic Emission (TE), Thermionic Field Emission
(TFE), Generation-Recombination (GR), minority carrier injection,
multistep tunneling and leakage current, compete usually, one
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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
(0.1V<V<0.7V)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 Rg. It is well known the analysis of the [-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
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understand different aspects of CTMs. In addition, there are many
methods of determining the Rs of devices [30-33] but the theo-
retical expression of Rs is still unclarified in the literature. In our
calculations, we have applied the Ohm’s Law (R; =8V;/dI;).

In this study, the CTMs of GaAs/AlyGa;_xAs SQW lasers have
been investigated using forward and reverse bias -V measure-
ments methods in the temperature range of 80-360 K. The main
aim of this study is to present some interesting electrical charac-
teristics such as predominant CTMs, effect of the temperature and
Rs. The analysis of the experimental data of our devices indicated
that the CTM was controlled by TFE mechanism below 170K and
TE mechanism above 200 K.

2. Experimental details

The GaAs/AlyGa;_xAs single-quantum-well (SQW) laser was grown on Zn doped
p-type GaAs (100) substrate by solid source V8OH molecular beam epitaxy (MBE)
system. Prior to growth of the SQW laser structure, the substrate was cleaned
conventionally using acetone, methanol and deionized water. After the cleaning
step, the substrate were mounted on the molybdenum free substrate holder and
loaded in the system using fast entry lock. The substrate was transferred to out-
gas stage and heated up to 400°C for 2h to ensure the removal of any residual
organics. After the outgas process, the substrate was transferred to deposition
chamber and mounted on the manipulator. Then, the substrate was heated up to
690°C for the oxide desorption. After observing the fully oxide desorption, the
substrate temperature was reduced to 660 °C. After reducing the substrate temper-
ature, 0.5 wm Be doped (pge =1 x 108 cm~3) p-type GaAs buffer layer was grown
at a constant growth rate of 2.780A/s. The active layer was sandwiched between
1m Si doped (ns;=5 x 10'7 cm—3) n-type and Be doped (pge =1 x 10'® cm~3) p-
type AlosGao4As cladding layers and composed of 50 A thickness single intrinsic
i-GaAs quantum-well layer and 150A thickness Al,Ga;_yAs (x=0.20-0.60) con-
tinuously graded-index separate-confinement-heterostructure (GRINSCH) barrier
layers. Cladding, quantum-well and barrier layers were grown at a constant growth
rate of 0.447 A/s for AlAs and 0.670 A/s for GaAs. Finally, 0.25 wm heavily Si doped
(nsi=1 x 108 cm~3) n-type GaAs contact layer was then grown at 660°C at a con-
stant rate of 2.780 A/s to complete the growth. Fig. 1(a) and (b) show the schematic
conduction band diagram and the whole GaAs/Al,Ga;_xAs SQW laser structure of
the processed device.

For the electrical characterization of the device, the top and bottom ohmic
contacts were formed by deposition of metals using thermal evaporation system
(Bestec, Germany) whose base pressure is 10-8 mbar. The evaporating system has
four crucibles for metal sources. After the small pieces of Au, Ni metals and Au-Ge
alloy were loaded in the different crucibles at the same time, the deposition chamber
was pumped to reach the desired base pressure. To form the bottom contact, firstly,
Au-Ge alloy with the thicknesses of 1000 A was deposited at 400°C substrate tem-
peratures with a growth rate of 2.4 A/s. Secondly, Au metals with the thicknesses of
600 A were deposited on the Au-Ge contact with a growth rate of 2.2 A/s. After the
formation of bottom contact the 1 mm diameter dot shaped top contact with the
thicknesses of 350/500/350/1750 A were formed by deposition of Ni/Au-Ge/Ni/Au
metals growth rates of 6.0/2.0/2.0/3.6 A/s, respectively. After the top and bottom
metallization processes the sample was annealed at 425°C for 25s in a nitrogen
ambient atmosphere in order to form the ohmic contacts. Then, the silver paste was
used 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-
stant current source and Keithley 614 electrometer. The [-V characteristics of these
devices were measured in the temperature range of 80-360K using a tempera-
ture controlled Janis vpf-475 cryostat, which enables us to make measurements
in the temperature range of 77-450K. The sample temperature was always moni-
tored using a copper-constantan thermocouple close to the sample and measured
with a dmmy/scanner Keithley model 199 and a Lake Shore model 321 auto-tuning
temperature controllers with sensitivity better than +0.1 K.

3. Results and discussion

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

Itg =1, [exp (%) —1} (1a)

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

e =1 e (%ﬂ {1-e0 [%} ! (1b)

Table 1
Temperature dependent values of various parameters determined from forward bias
I-V characteristics of GaAs/AlyGa;_xAs SQW laser.

Sicaklik (K) Io (A) n Dp, (eV) Rs (at4V)(R2)
80 233x1072'  3.490 1.260 72.08
110 3.38x10°17  2.625 1.114 70.48
140 6.08 x10-">  2.120 0.997 68.34
170 3.00x 10" 1.879 0.909 66.19
200 7.33x10~""  1.839 0.780 64.27
230 2.04x10°° 1.811 0.704 62.43
260 3.23x 1078 1.819 0.641 60.45
290 2.97 x 1077 1.804 0.590 58.12
320 1.52 x 106 1.771 0.555 56.29
340 3.84x10°° 1.740 0.535 55.32
360 8.61x 1076 1.730 0.517 54.68

where I, is the reverse-saturation current and described by
Iy = A*AT? exp(—q®g,/kT) (2a)

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

kT AA*T?
¢BO = ? In |: A :|

(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]:

1= {exp (L) 1 ton e (L5700) -1

V —IR V — IR
+ltun {EXP ((](Eig) - 1} + TS (3)
o sh

Choosing the proper saturation currents Itg, Igr, Itun, the tunneling
parameter E, and resistances Rs and Ry}, allows us to fit the experi-
mental forward bias [-V plots in a wide range of applied biases and
atvarious 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 -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= % (d(cli:1)> “)

The experimental values of I, n and @g, of the device are given
in Table 1 for each temperature. As can be seen in Table 1, both
the values of n and @g, depend strongly on temperature and they
decrease with the increasing temperature. The experimental values
of n and ®g, for the device range from 3.49 and 1.313 eV (at 80K)
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/Al,Ga;_xAs SQW laser structure. (b) Schematic diagram of the processed device.

Fig. 2. The semi-logarithmic forward and reverse bias -V characteristics of
GaAs/AlyGa;_,As SQW laser at various temperatures.

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 ®g, 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 170K) and high temperature
region (between 200 and 360 K), respectively. The value of @g, for
two regimes decreases with the increasing temperature and can be
described as

Ppo(T) = Ppo(T = 0) —aT (5)

where @p, (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 @g, (T) yields &g, (T=0)=1.07eV
and a=-16x10"%eV/K for low temperature region and ®g,
(T=0)=1.55eV and a=-39x10"%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 (0Eg/0T)
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



H. Uslu et al. / Journal of Alloys and Compounds 507 (2010) 190-195 193

Fig. 3. Temperature dependent(a)nvsT.(b) @g, vs Tof GaAs/Al,Ga;_xAs SQW laser.

in the band gap [11]. In addition, the decrease in BH with the
increasing temperature is an evidence of the derivation from the
pure Thermionic Emission (TE) to the Thermionic Field Emission
(TFE) [46]. Here the negative temperature coefficient of the bar-
rier height is found to be larger than that of the GaAs band gap
of 5.405 x 10~ eV/K in the temperature range of interest. Similar
results have been reported in the literature [5,38,39].

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

Fig. 4. Experimentally and theoretically found tunneling current parameter (E, ) vs
kT/q for GaAs/Al,Ga;_xAs SQW laser.

Fig. 5. Plot of In(I/T2) vs q/kT for GaAs/AlyGa;_xAs SQW laser.

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

Eo = nkT/q = Eoo coth(gEqo/kT) (6)
with
Eoo = h/47(Np/m*es)"/? (7)

where m" =0.067m, is effective mass of electrons and &s=13.1¢,
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 Eg, = kT/q. n-GaAs with ~6 x 1022 m—3 doping concen-
tration between 80 and 170K (from C-V measurement) the value
of Eoo was found as 4.8 meV and this calculated Ey, is close to the
values of kT/q for the temperatures 80, 110, 140 and 170K which
correspond to 6.9, 9.49, 12.08 and 14.66 meV, respectively. But the
values of E,, 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/AlxGa|_yxAs
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

In(lo/12) = In(aa*) - (1222 (8)
kT

The dependence of In(I/T2) vs q/kT is given in Fig. 5. As shown
in Fig. 5, the In(Io/T?) vs q/kT plot have two distinct linear regions
with different slopes which correspond to low temperature region
(between 80 and 170K) and high temperature region (between
200 and 360K), 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 @g,(=E,) 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>200K, activation energy’s having a value of
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Fig. 6. Plot of (a) In(I/T2) vs q/kT.(b) In(I/T?) vs q/nkT for GaAs/Al,Ga;_xAs SQW laser.

0.411 eV which is close to the half of the band gap in GaAs sug-
gests that carrier TE (but n>1) in the depletion layer plays a role
above 200 K. However, at low temperatures (T<170K), the device
shows a small activation energy (0.222 eV) when compared to usual
value. The values of A" obtained from the intercept of the straight
portion for two regimes at the ordinate were found as 4.71 x 109
and 5.38 x 103 Acm~2 K2, which are much lower than the known
value of 8.16 Acm~2 K=2 for n-GaAs. All these experimental results
show that the predominant CTMs is not only the TE mechanism
especially at low temperatures.

In order to interrupt the voltage dependent activation energy,
we drew the activation energy plots (In(Io/T2) vs q/kT and q/nkT)
for GaAs/AlyGa;_xAs SQW laser that is calculated from Egs. (1a)
and (4) and they are given in Fig. 6(a) and (b), respectively. As it
can be seen activation energy plots are linear except for 80K for
various applied bias voltages (0.30-0.70 V). The experimental val-
ues of activation energy (E,) obtained from Fig. 6(a) range from
0.318 eV (for 0.3 V) to 0.095 eV (for 0.7 V). On the other hand, these
values of E; obtained from Fig. 6(b) range from 0.777 eV (for 0.3 V)
to 0.205 eV (for 0.7 V). These results show that the values of BH and
E, are strongly dependent on applied bias voltage especially at low
temperatures. The obtained experimental values of E, are given in
Fig. 7 and they decrease with the increasing applied bias voltage. As
shown in Fig. 7, the values of E; are also lower than Eg/2 of GaAs at
low bias voltages. These observations in E; or @g, indicate that our
results cannot be explained by the classical drift diffusion and by
generation-recombination mechanisms. Similar results have been
reported in the literature [48,49].

The forward bias In(I) vs In(V) plots at various temperatures are
given in Fig. 8. As it can be seen from Fig. 8 In(I) vs In(V) plots can

Fig. 7. Plot of activation energy vs applied bias voltage for GaAs/Al,Ga;_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 80K) to 2.42 (at 360K). At high voltage region
(I regime) the values of slopes are strong function of temperature
and they range from 2.15 (at 80K) 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 (Rgy,) are deter-
mined from the structure resistance (R;) versus applied bias voltage
(V;) plot determined from the I-V characteristics by using Ohm’s
law (R; =dV;/dl;) 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/AlxGa;_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 (Rqp). It is clear that the magnitude of the resis-
tance values decreases with the increasing temperature according
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].

Fig. 8. Plot of In(I) vs In(V) for GaAs/Al,Ga;_xAs SQW laser.
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Fig. 9. The plot of the structure resistance vs applied bias voltage as a function of
temperature for GaAs/AlyGa;_,As SQW laser.

4. Conclusions

It is well known the quantum-well lasers are the most impor-
tant optoelectronic devices in many application fields. Therefore,
the forward and reverse bias I-V characteristics of GaAs/AlyGaj_xAs
SQW lasers were measured in the temperature range of 80-360 K.
The experimental semi-logarithmic I-V characteristics exhibitalin-
ear behavior in the intermediate bias voltage region (0.1<V<0.6V)
and show a good rectifier behavior. The n, @, and Rs obtained
from forward bias I-V characteristics act as a function of tempera-
ture and applied bias voltage. The high values of n indicate that the
sample obeys the thermionic field emission mechanism rather than
the other transport mechanism particularly at low temperature
(80-170K). Also, such behavior of n can be attributed to image force
lowering of the barrier height, tunneling current at low temper-
ature, generation-recombination current within the space charge
region and the existence of interface states at metal/semiconductor
interface. Experimental results show that direct calculations of the
Pp, from experimental I-V-T characteristics do not have to be
absolutely correct especially when there are more CTMs present
in a given temperature interval. Also, the ideality factor and series
resistance were shown to be extremely dependent on the contribu-
tions of particular CTMs to the total current; the ratio of which to the
TE theory increases with the increasing temperature. It is observed
that the values of @g, and E; depend strongly on both tempera-
ture and applied forward bias voltage. The change in @, and E,
decreases with linearly increasing temperature and applied bias
voltage. In addition, double-logarithmic plots of the forward bias
I-V characteristics of GaAs/AlyGa;_xAs SQW laser have shown two
distinct linear regions/regimes at each temperature. At regime II,
SCLC mechanism may be dominated current-transport mechanism
especially in the high temperature regime.
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