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a b s t r a c t

In this study, the main electrical parameters, such as doping concentration (ND), barrier height (˚CV),
depletion layer width (WD), series resistance (Rs) and Fermi energy level (EF), of GaAs/AlxGa1−xAs single
quantum well (SQW) laser diodes were investigated using the admittance spectroscopy (C–V and G/ω–V)
method in the temperature range of 80–360 K. The reverse bias C−2 vs. V plots gives a straight line in a wide
vailable online 30 November 2010
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voltage region, especially in weak inversion region. The values of ˚CV at the absolute temperature (T = 0 K)
and the temperature coefficient (˛) of barrier height were found as 1.22 eV and −8.65 × 10−4 eV/K, respec-
tively. This value of ˛ is in a close agreement with ˛ of GaAs band gap (−5.45 × 10−4 eV/K). Experimental
results show that the capacitance–voltage (C–V) and conductance–voltage (G/ω–V) characteristics of the
diode are affected by not only temperature but also Rs. The capacitance–voltage–temperature (C–V–T)

–tem
the e
arrier height
eries resistance

and conductance–voltage
the diode have effects on

. Introduction

Gallium arsenide (GaAs) based structures are extensively used
s a basic component for high speed electronic, optoelectronic, low
ower devices and quantum-well (QW) detectors and lasers [1–8].
he GaAs well layers are doped with n-type dopant (Si) to provide
lectrons to the ground states of the wells. In these devices, the con-
uction mechanism depends on various parameters such as surface
reparation process, formation of barrier height (BH) and interface
tates (Nss) at M/S interface, doping carrier concentration in semi-
onductor (ND or NA), series resistance (Rs), substrate temperature
nd applied bias voltage [9–14]. Among them, Rs is effective only
n the downward curvature region (accumulation region) of the
–V characteristics, but the Nss is effective in weak inversion and
epletion regions [15–20].

The obtained barrier height at M/S interface depends on the
easurement methods. In general, there is a discrepancy between

he BHs obtained from reverse bias C–V measurements and for-
ard bias I–V measurements, i.e., the value of ˚CV is significantly
igher than ˚IV. This discrepancy could be explained in terms of

he existence of excess capacitance of devices due to Nss or dislo-
ations at M/S interface and barrier height (BH) inhomogeneties
21–28]. It is well known that the electrical characterization
nly at room temperature or narrow temperature range of the

∗ Corresponding author. Tel.: +90 312 202 11 31; fax: +90 0312 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.
oi:10.1016/j.jallcom.2010.11.150
perature (G/ω–V–T) characteristics confirmed that temperature and Rs of
lectronic parameters in SQW laser diodes.

© 2010 Elsevier B.V. All rights reserved.

semiconductor devices, such as metal–semiconductor (MS) or
metal–insulator–semiconductor (MIS) type Schottky barrier diodes
(SBDs), solar cells (SCs) and laser diodes (LDs), cannot give detailed
information about their conduction mechanisms or the nature
of barrier formation at M/S interface. However, the temperature
dependent I–V and C–V measurements allow us to understand
the different aspects of conduction mechanisms of these devices
[29–34].

Therefore, the C–V and G/ω–V measurements should be done
over a wide temperature range in order to clearly understand the
nature of BH and conduction mechanisms. The temperature depen-
dence of electrical characteristics of these devices has been widely
investigated in the literature [35–46]. In our previous work [20],
we have investigated temperature and voltage dependent current
transport mechanisms in GaAs/AlGaAs single-quantum-well lasers
using forward and reverse bias I–V measurements in the tem-
perature range of 80–360 K. The analysis of the experimental I–V
data of the studied structures indicated that the current-transport
was controlled by the Thermionic Field-Emission (TFE) mecha-
nism below 170 K and Thermionic Emission (TE) mechanism above
200 K. The high values of n especially at low temperatures showed
that the conduction is controlled by TFE [7,20]. These results con-
firm that the predominant current transport mechanism is not only

the thermionic emission mechanism. In this study, the first aim
is to investigate the temperature dependent ˚CV and Rs obtained
from C–V and G/ω–V measurements, and compare with previous
study (obtained from I–V measurements) in GaAs/AlxGa1−xAs sin-
gle quantum well (SQW) laser diodes. The second aim is to explain

dx.doi.org/10.1016/j.jallcom.2010.11.150
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.2010.11.150
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Fig. 1. Schematic diagram for the GaAs/AlxGa1−xAs SQW laser diode.

he discrepancy in barrier height obtained from reverse bias C–V
nd forward bias I–V measurements. In addition, the temperature
ependence of reverse and forward bias C–V and G/ω–V character-

stics of GaAs/AlxGa1−xAs SQW laser diodes by considering Rs effect
n the temperature range of 80–360 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 con-
entionally using acetone, methanol and deionized water. After the cleaning step,
he substrate were mounted on the molybdenum free substrate holder and loaded
nto the system using fast entry lock. The substrate was transferred to outgas stage
nd heated up to 400 ◦C for 2 h to ensure the removal of any residual organics.
fter the outgas process, the substrate was transferred to deposition chamber and
ounted on the manipulator. Then, the substrate was heated up to 690 ◦C for the

xide desorption. After observing the fully oxide desorption, the substrate tem-
erature was reduced to 660 ◦C. After reducing the substrate temperature, 0.5 �m
e doped (pBe = 1 × 1018 cm−3) p-type GaAs buffer layer was grown at a constant
rowth rate of 2.780 Å/s. The active layer was sandwiched between 1 �m Si doped
nSi = 5 × 1017 cm−3) n-type and Be doped (pBe = 1 × 1018 cm−3) p-type Al0.6Ga0.4As
ladding layers and composed of 50 Å thickness single intrinsic i-GaAs quantum
ell layer and 150 Å thickness AlxGa1−xAs (x = 0.20–0.60) continuously graded-index

eparate-confinement-heterostructure (GRINSCH) barrier layers. Cladding, quan-
um well and barrier layers were grown at a constant growth rate of 0.447 Å/s for
lAs and 0,670 Å/s for GaAs. Finally, 0.25 �m heavily Si doped (nSi = 1 × 1018 cm−3)
-type GaAs contact layer was then grown at 660 ◦C at a constant rate of 2.780 Å/s to
omplete the growth. Fig. 1 shows the whole GaAs/AlxGa1−xAs SQW laser structure
f the processed device.

For the electrical characterization of the device, the top (rectifier) and bottom
ohmic) contacts were formed by deposition of metals using thermal evaporation
ystem (Bestec, Germany) having base pressure on the order of 10−8 mbar. The
vaporating system has four crucibles for metal sources. After the small pieces of
u, Ni metals and Au–Ge alloy were loaded in the different crucibles at the same
ime, the deposition chamber was pumped to reach the desired base pressure. To
orm the bottom contact, firstly, Au–Ge alloy with the thicknesses of 1000 Å was
eposited at 400 ◦C substrate temperatures with a growth rate of 2.4 Å/s. Secondly,
u metals with the thicknesses of 600 Å were deposited on the Au–Ge contact
ith a growth rate of 2.2 Å/s. After the formation of bottom contact the 1 mm
iameter dot shaped multilayer top contact with the metal layer thicknesses of
Fig. 2. The temperature dependent plots of: (a) C–V and (b) G/ω–V characteristics
for the GaAs/AlxGa1−xAs SQW laser diode.

350/500/350/1750 Å were formed by deposition of Ni/Au–Ge/Ni/Au metals with
growth rates of 6.0/2.0/2.0/3.6 Å/s, respectively. After the top and bottom metal-
lization processes, the sample was annealed at 425 ◦C for 25 s 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 C–V and G/ω–V measurements.

The C–V measurements of GaAs/AlxGa1−xAs single quantum well (SQW) laser
diodes were carried out at enough high frequency (1 MHz) by using HP 4192A LF
impedance analyzer in the temperature range of 80–360 K in a temperature con-
trolled Janis vpf-475 cryostat, which enables us to make measurements in the
temperature range of 77–450 K. The sample temperature was always monitored
by using a copper–constantan thermocouple close to the sample, and measured
with a dmm/scanner Keithley model 199 and a Lake Shore model 321 auto-tuning
temperature controllers with sensitivity better than ±0.1 K. All measurements were
carried out with the help of a microcomputer through an IEEE-488 ac/dc converter
card.

3. Results and discussion

The temperature dependent reverse and forward bias C–V and
G/ω–V characteristics of the GaAs/AlxGa1−xAs single quantum well
(SQW) laser diodes at 1 MHz are shown in Fig. 2(a) and (b), respec-
tively. As it can be seen in Fig. 2(a) and (b) both the C–V and the

G/ω–V plots increase with the increasing temperature, especially
in the depletion and accumulation regions. Also, it can be seen in
Fig. 2(a) that C–V plots show a concave curvature behavior espe-
cially at low temperature in the accumulation region because of



A. Bengi et al. / Journal of Alloys and Compounds 509 (2011) 2897–2902 2899

F
v

t
h
R
t
r
m
C
f
t

f
e
v
i
t
t
c
b
T
b
t
q
G

R

w
d
(
s
c
t
i
t
o
b
r

1
u

resistance–temperature (Rs–T) plots for various applied bias
ig. 3. The temperature dependence of series resistance as a function of applied bias
oltage for the GaAs/AlxGa1−xAs SQW laser diode.

he effect of Rs and interfacial insulator layer. It is clear that at
igh temperature, these peaks disappear. In order to extract the
s of structure, several methods have been suggested in the litera-
ure [9,19,28]. Among them, the methods given in Refs. [34,47] are
elated to forward bias current–voltage characteristics. The other
ethod which is given in Ref. [7] is related with the forward bias

–V and G/ω characteristics, and in addition, it can be generalized
or whole measured region. In our calculations, we have applied
he method developed by Nicollian and Brews [9].

When the C–V and G/ω–V plots are obtained at sufficiently high
requencies (f ≥ 500 kHz), the effect of interface states (Nss) can be
liminated, since they do not follow ac signal above these frequency
alues. In this case, the series resistance seems to be the most
mportant parameter which causes the electrical characteristics of
he semiconductor devices to be nonideal [9]. Therefore, in order
o determine the real C and G/ω of these devices, the measured
apacitance and conductance values, under reverse and forward
ias, were corrected as Cc and Gc/ω by eliminating the effect of Rs.
hese very significant values require that special attention should
e given to the effect of the series resistance in the applications of
he admittance-based measured method. At sufficiently high fre-
uency values, the values of Rs can be obtained from the C–V–T and
/ω–V–T measurements for a given applied bias voltage as [9,10]

s = Gm

G2
m + (ωCm)2

(1)

here Cm and Gm represent the measured capacitance and con-
uctance for any bias voltage at sufficiently high frequency values
f ≥ 500 kHz). The values of Rs are calculated according to Eq. (1) and
hown in Fig. 3 for various temperature values. These are signifi-
ant values such that special attention should be given to effect of
he Rs on the capacitance and conductance based measurements. It
s clearly seen in Fig. 3 that the Rs plots give a peak. While the posi-
ion of the peak shifts toward negative bias region, the amplitude
f these peaks decreases with the increasing temperature. Such
ehavior of Rs–V peak can be attributed to the restructuring and

eordering of interface charges.

In order to see the Rs effect, C–V and G/ω–V measurements at
MHz under the reverse and forward bias were corrected. The val-
es of corrected capacitance Cc and conductance Gc are calculated
Fig. 4. The voltage dependent plot of the corrected (a) Cc–V and C–V (b) Gc/ω and
G/ω–V for the GaAs/AlxGa1−xAs SQW laser diode.

from the relations [9]

Cc =
(

G2
m + (ωCm)2)Cm

a2 + (ωCm)2
(2)

and

Cc =
(

G2
m + (ωCm)2) a

a2 + (ωCm)2
(3)

where a = Gm − (G2
m + (ωCm)2)Rs. C–V and G/ω–V plots before and

after correction are given in Fig. 4(a) and (b), respectively. As it
can be seen in Fig. 4(a) and (b), when the correction was made
on the C–V plot, the values of Cc increase from depletion region to
accumulation region. On the other hand, the plot of the corrected
conductance (Gc/ω–V) gives a peak in the depletion region which
proves that the charge transfer can take place through the interface.
Therefore, we can say that Rs effect is very strong in the depletion
and accumulation regions.

In order to see voltage dependent C, G/ω and
Rs values, we obtained capacitance–temperature
(C–T), conductance–temperature (G/ω–T) and series
voltages at 1 MHz which are shown in Figs. 5(a), (b) and 6, respec-
tively. It is clear that the values of C and G/ω almost increase
with the increasing temperature for each bias voltage value. It is
well known, when temperature is increased, the generation of



2900 A. Bengi et al. / Journal of Alloys and Compounds 509 (2011) 2897–2902

Fig. 5. The temperature dependence of (a) C and (b) G/ω values for the
GaAs/AlxGa1−xAs SQW laser diode for various bias voltages at 1 MHz.

Fig. 6. The temperature dependence of Rs values for the GaAs/AlxGa1−xAs SQW laser
diode for various bias voltages at 1 MHz.
Fig. 7. The reverse bias C−2–V characteristics of the GaAs/AlxGa1−xAs SQW laser
diode at various temperature and 1 MHz.

thermal carriers (electrons or holes) in semiconductor is enhanced
both at positive and negative biased conditions. Therefore, the
increase of C with temperature for almost all applied bias levels
can be understood by charge storage (=Q/V). Therefore, in order
to understand the effect of temperature on the capacitance (C)
clearly, the temperature dependent capacitance and conductance
measurements were performed in the temperature range of
80–360 K and the related graphs were given in Figs. 2 and 5.

As shown in Fig. 6 the values of Rs decrease with the increasing
temperature for each bias voltage. Such behavior of C, G/ω and Rs

with temperature can be attributed to the particular density distri-
bution of Nss and restructuring and reordering of interface charge
at M/S interface with the increasing temperature.

The temperature dependent C−2 vs. V characteristics were pre-
sented in Fig. 7. As it can be seen from Fig. 7, the C−2 vs. V plot gives
a straight line in a wide bias voltage range which is an evidence of
the admittance measurements were done at sufficiently high fre-
quency. The diffusion potential is obtained from the extrapolation
of these straight lines to the voltage axis, and is given in Table 1. The
depletion layer capacitance of diode can be expressed as [9–17].

C−2 = 2(VR + Vo)
qεsNDA2

(4)

where VR is the reverse bias voltage, ND is the doping concentration

and Vo is the built-in voltage at zero bias, and can be determined
from the extrapolation of the C−2 vs. V plot to the bias axis. Thus,
the values of Fermi energy level (EF), depletion layer width (WD)
and ND were calculated at various temperatures from Fig. 7, and

Table 1
Temperature dependent values of various parameters determined from C–V char-
acteristics of the GaAs/AlxGa1−xAs SQW laser diode.

T (K) ND (cm−3) EF (meV) WD (cm) ˚CV (eV) Rs (at 4 V) (�)

80 5.97 × 1016 14 2.22 × 10−5 1.17 34.83
110 5.83 × 1016 20 2.24 × 10−5 1.14 36.01
140 5.72 × 1016 25 2.23 × 10−5 1.10 35.78
170 5.92 × 1016 30 2.10 × 10−5 1.05 31.69
200 5.95 × 1016 36 2.07 × 10−5 1.04 24.65
230 6.19 × 1016 40 1.96 × 10−5 1.00 22.48
260 6.43 × 1016 45 1.87 × 10−5 0.99 21.86
290 6.60 × 1016 49 1.79 × 10−5 0.97 21.38
320 6.71 × 1016 54 1.74 × 10−5 0.95 21.02
340 6.82 × 1016 57 1.70 × 10−5 0.94 20.96
360 6.87 × 1016 60 1.66 × 10−5 0.92 20.96
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QW laser diode.

he following relations:

o = VD − kT

q
(5)

here VD is the diffusion potential at zero bias and EF is the Fermi
nergy level which was obtained from

F = kT

q
ln

(
NC

ND

)
(6)

ith

C = 4.82 × 1015 T3/2
(

m∗
e

mo

)3/2
(7)

here NC is the effective density of states in the semiconductor con-
uctance band and mo is the rest mass of the electron. Thus, barrier
eight ˚CV values were calculated at each temperature using the

ollowing relation:

CV = Vo + kT

q
+ EF − �˚B (8)

here �˚B is the image force barrier lowering and given by [48]

˚B =
(

qEm

4�εsεo

)0.5
(9)

here Em is the maximum electric field and it is obtained from the
ollowing relation:

m =
(

2qNDVd

εsεo

)0.5
(10)

The obtained values of ND, EF, WD, ˚CV and Rs at different tem-
eratures were presented in Table 1. As shown in Table 1, the
btained ˚CV, WD and Rs values decrease, while ND and EF values
ncrease with the increasing temperature.

As can be seen in Fig. 8 and Table 1, the value of ˚CV decrease
ith the increasing temperature and can be described as

CV (T) = ˚CV (T = 0) + ˛T (11a)

here ˚CV (T = 0) is the barrier height extrapolated to zero tem-
erature and ˛ is the temperature coefficient of barrier height.

n Fig. 8, the fitting of the ˚CV (T) yields ˚CV (T = 0) = 1.22 eV and
= −8.65 × 10−4 eV/K. Here the negative temperature coefficient

f the barrier height is in a close agreement with the tempera-
ure coefficient of the GaAs band gap (−5.405 × 10−4 eV/K) in the
emperature range of interest. This temperature dependence of the
arrier height can be explained in the terms of either Fermi level
inning or reduction of diffusion potential. The Fermi level can be [
mpounds 509 (2011) 2897–2902 2901

pinned by either the metal induced gap states (MIGS) or defect
states at the interface [29]. If the Fermi level is pinned by defects,
the temperature dependence of barrier height will be weak because
their ionization entropy changes slightly with temperature. If the
Fermi level is pinned by defects, the temperature dependence of
barrier height will be strong because the temperature dependence
of the BH is governed by the temperature dependence of the band
gap. As can be seen from Fig. 8 that the ˚CV values decrease with the
increasing temperature and this behavior can be attributed to the
temperature dependence of GaAs Fermi level and band gap [7]. As a
result, the variation of the barrier height with temperature is sim-
ilar to forbidden band gap of semiconductor. It is well known the
variation of band gap with temperature can be expressed approxi-
mately by a universal function [12]

Eg(T) = Eg(0 K) − ˛T2

(ˇ + T)
(11b)

where Eg (0 K) is the value of band gap at absolute temperature, ˛
is the negative temperature coefficient of band gap (dEg/dT) and ˇ
is a constant. The decrease in the barrier height and band gap of
semiconductor with the increasing temperature can be explained
by using Eqs. (11a) and (11b), respectively.

4. Conclusions

The forward and reverse bias C–V and G/ω–V characteristics of
the GaAs/AlxGa1−xAs SQW laser diode were measured in the tem-
perature range of 80–360 K. The effects of Rs on the C–V and G/ω–V
characteristics were investigated. Experimental results show that
both C and G/ω values were quite sensitive to temperature, Rs

and applied bias voltage, and they increase with the increasing
temperature. The concave curvatures of C–V plots in the strong
accumulation region and at low temperature have been attributed
to the existence of Rs and interfacial insulator layer. As a result,
the decrease in C and G/ω values was attributed to the lack of free
charges especially at low temperature, carrier capture and emission
of interface states, and the injection of charge carriers involving a
process of hopping to localized interface traps. In addition, the val-
ues of ˚CV obtained from C−2–V plot decrease linearly with the
temperature and the fitting of ˚CV yields ˚CV (T = 0) = 1.22 eV and
˛ = −8.65 × 10−4 eV/K. This negative temperature coefficient (˛) of
the barrier height is close to the GaAs band gap of 5.405 × 10−4 eV/K.
In summary, it is obvious that neglecting the Rs and applied bias
voltage effect on C–V and G/ω–V measurements can lead to very
significant errors in the analysis of main diode parameters.
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46] F. Yakuphanoğlu, M. Okutan, K. Korkmaz, J. Alloys Compd. 450 (2008) 39.
47] H. Norde, J. Appl. Phys. 50 (1979) 5052.
48] P. De Visschere, Solid State Electon. 29 (1986) 873.


	Temperature dependent admittance spectroscopy of GaAs/AlGaAs single-quantum-well laser diodes (SQWLDs)
	Introduction
	Experimental details
	Results and discussion
	Conclusions
	Acknowledgement
	References


