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Experimental capacitance–voltage (C-V) profiling of semiconductor heterojunctions and quantum
wells has remained ever important and relevant. The apparent carrier distributions (ACDs) thus
obtained reveal the carrier depletions, carrier peaks and their positions, in and around the quantum
structures. Inevitable errors, encountered in such measurements, are the deviations of the peak
concentrations of the ACDs and their positions, from the actual carrier peaks obtained from quantum
mechanical computations with the fundamental parameters. In spite of the very wide use of the C-V
method, comprehensive discussions on the qualitative and quantitative nature of the errors remain
wanting. The errors are dependent on the fundamental parameters, the temperature of measurements,
the Debye length, and the series resistance. In this paper, the errors have been studied with doping
concentration, band offset, and temperature. From this study, a rough estimate may be drawn about
the error. It is seen that the error in the position of the ACD peak decreases at higher doping, higher
band offset, and lower temperature, whereas the error in the peak concentration changes in a strange
fashion. A completely new method is introduced, for derivation of the carrier profiles from C-V
measurements on quantum structures to minimize errors which are inevitable in the conventional
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870287]
formulation. V
I. INTRODUCTION

With the advent of new materials and applications, semiconductors heterojunctions and quantum wells (QWs) are
being progressively used in the area of optoelectronic devices
like laser diodes, LEDs, photodetectors, solar cells, high electron mobility transistors, heterojunction field effect transistors,
and so on.1–7 The major issues of characterization of such
devices are the band offset of the heterojunction, carrier accumulation and distribution, presence of interface states, traps,
and deep levels, position of the interface, etc. The most convenient and widely used techniques for such characterizations
of nanostructures are the capacitance-voltage (C-V) measurement and its different forms, deep level transient spectroscopy,
etc.8–15 In spite of the wide use of the C-V profiling for the last
couple of decades, several aspects of the process remain unexplored. Recently, we have highlighted proper design of nanostructures for C-V measurements16 and we have explained the
nature of temperature shifts of C-V carrier profiles.17 Further to
this, we have explained the different shift of carrier peaks in
normal and inverted heterostructures.18
The carrier distribution, obtained from the C-V measurement, is generally called C-V carrier profile or apparent carrier distribution (ACD). In the case of heterojunctions and
QWs, ACDs are significantly different from the actual carrier
distributions, calculated from the fundamental parameters
through quantum mechanical computations.19 These are different from the bulk semiconductors as well. Thus, the measured carrier profile introduces tangible errors from the actual
profile, which depends on the fundamental parameters and
the temperature of the measurements.
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The typical structures and the band diagrams for the C-V
measurement are available in the literature.13,15 The ACDs
and actual carrier distributions for QW structures are well discussed in the literature15,19 but the carrier distributions in and
around heterojunctions for different parameters including
quantum mechanical calculations are not readily available.
Moreover, in spite of numerous research reports on the C-V
profiling of such nanostructures, minimization of errors in the
measurements has not been well discussed or addressed.
In this paper, we have made rigorous calculations to find
the carrier distribution in and around a heterojunction with
the fundamental parameters, results of which are presented
with suitable discussions. The aim of this work is to reduce
the error in the measurement for better accuracy.
For our studies, we have considered normal n-type heterojunctions of GaAs/AlxGa1-xAs which is a commonly used
lattice matched hetero-pair. The actual carrier profiles in the
structures have been computed through self-consistent solutions of the Schr€odinger and Poisson equations. The ACDs
have been determined from the calculated capacitances of
the structures.
The conventional formulation for the extraction of the
carrier distribution from experimental C-V data produces significant errors in the ACD.17,18 In this paper, we introduce a
new method for computation of carrier profile from measured C-V data, which is much more accurate and fits the
actual carrier distribution much better.
Errors arising from the series resistance during measurements are briefly highlighted.
II. THEORETICAL DETAILS

In our calculations, we consider n-type GaAs/AlxGa1-xAs
heterojunctions with Al Schottky on AlxGa1-xAs. In a
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heterojunction, the triangular QW which arises due to the
accumulation of carriers is described by the potential energy20
V ðzÞ ¼ quðzÞ þ DEc ðzÞ;

(1)

where DEc is the band offset of the conduction band and u is
the electrostatic potential, determined by the ionized donor
concentration, NDþ and electron concentration n through the
Poisson equation,




d
duðzÞ
(2)
¼ q NDþ ðzÞ  nðzÞ :
eðz Þ
dz
dz
The electron concentration in the QW, again, depends on the
quantized energy states and the wave functions of the electrons, which are obtained from the Schr€odinger equation,


h2 d

1 dwðzÞ

þ V ðzÞwðzÞ ¼ EwðzÞ:
(3)
2 dz m ðzÞ dz
It is found that the parameters involved in the Schr€odinger
and Poisson equations are mutually dependent, which give
rise to the necessity of the self-consistent solution of the two
equations to determine the electron distributions in the structures. To solve the two equations self-consistently, Eqs. (2)
and (3) are discretized using finite difference method with
non-uniform mesh as20
!
2eiþ1=2 ðuiþ1  ui Þ 2ei1=2 ðui  ui1 Þ

hi ðhi þ hi1 Þ
hi1 ðhi þ hi1 Þ

þ
þ q NDi  ni ¼ 0
(4)
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2
h
2ðwi  wi1 Þ


2 miþ1=2 hi ðhi þ hi1 Þ mi1=2 hi1 ðhi þ hi1 Þ
þ Vi wi ¼ Ewi ;

(5)

respectively, where hi is the mesh size between adjacent
grid points ziþ1 and zi. Equation (4) is solved by NewtonRaphson method using the matrix equation,21

Jdu ¼ f u0 ;
(6)
where J is the Jacobian matrix expressed as
8
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>
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In each iteration of the Newton-Raphson method, Eq. (5) is
solved to provide the term ni. By this, the self-consistency of
the two equations is achieved. To solve Eq. (5), it is transformed to a matrix eigenvalue equation as
Hw ¼ Ew;
where H is a tri-diagonal matrix given by
8
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>
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0

(10)

if j ¼ i þ 1;
if j ¼ i  1; (11)
if j ¼ i;
otherwise:

A standard matrix eigenvalue solver routine has been developed to solve Eq. (10).
The boundary conditions for the Poisson equation are, at
the surface u is equal to the Schottky barrier height and in
the neutral region, far away from the Schottky, u is equal to
the potential corresponding to the energy of the conduction
band edge. The second boundary condition is computed taking into account the splitting of the Fermi level due to the
applied bias, conduction band offset, and donor concentration in GaAs. It appears that the boundary conditions set V(z)
equal to the energy of the conduction band edge considering
the equilibrium Fermi level as the reference.
To determine the electron concentration, we have considered both the quantum states in the QW and the continuum states above these.22
To determine the C-V characteristics, the capacitance of
the structure for an applied bias is computed from the change
of the surface electric field due to the small change of the
applied bias using Gauss theorem.15 The ACD in the structure is obtained from this calculated C-V data through the
formulation of the C-V technique.18
Parameters of GaAs/AlxGa1-xAs structures, used in the
calculations, are given in Table I. The donor ionization
energies of Si dopants in GaAs and AlGaAs are 5 meV
(Ref. 15) and 50 meV (Ref. 23), respectively, which have a
significant effect on the carrier concentration especially at
low temperature.
III. RESULTS AND DISCUSSION

du is the correction vector to the initial approximation vector
u0 to obtain the actual vector u as
u ¼ u0 þ du;

and f is given by

(8)

Fig. 1 shows ACDs in the GaAs/Al0.3Ga0.7As heterojunctions at the temperature 300 K for different doping levels
(NDH) in the higher band gap material, i.e., in AlGaAs over a
wide range. ACDs at 50 K are also depicted in the figure for
two different values of NDH to observe the temperature
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TABLE I. Parameters used for the simulation on GaAs/AlxGa1-xAs structures. (m*, m0, and e0 are the effective mass of electron, the rest mass of
electron, and the permittivity of free space, respectively.)
m*/m0a
x
0.3
0.54

DEc (eV)
b

0.235
0.437c

e/e0a

GaAs

AlxGa1-xAs

GaAs

AlxGa1-xAs

0.067
0.067

0.092
0.112

13.18
13.18

12.24
11.5

a

From Ref. 25.
From Ref. 23.
c
From Ref. 26.
b

dependence. The donor concentration in the GaAs side (NDL)
is considered as 5  1015 cm3. All distances are measured
from the GaAs/AlGaAs interface. The curves show a depletion region followed by an accumulation region along the
depth as is usual for quantum structures. It is seen that at
300 K when the doping is lower (NDH ¼ 2  1016 cm3), the
peak of the ACD is as much as 29 nm away from the interface. As the doping increases, the peak gradually moves
towards the interface and at the doping of 1018 cm3 the peak
is 9 nm away from the interface; whereas the peak of the
actual carrier distribution moves from 8 nm to 3.6 nm for
the dopings mentioned. Hence, there is a large reduction in
the error at the higher doping. It is also observed that the concentration of the peak is higher than the barrier at low doping
but at higher doping it is less. It should be noted that the
Debye length in the barrier and in the accumulation region
changes widely with the doping concentration. This causes
significant change in the ACD peaks as depicted in Fig. 1.
At 50 K, the Debye smearing at different reverse bias,
used in the C-V measurement, decreases leading to significant reduction in the shift of the carrier peaks as reflected in
Fig. 1.17 At this temperature, the large enhancement of the
peak concentration as seen in the figure arises mainly due to
the avoidance of quantum mechanical aspects and temperature dependence in the procedure of conventional C-V profiling as discussed in our published work.17
The error in C-V profiling is considered to be the deviation from the actual carrier peak, both in the position and
concentration. In Fig. 2, we have plotted the errors in the
concentration and position of the ACD peak with respect to
the actual carrier peak due to the variation of doping concentration in AlxGa1-xAs for two different conduction band offsets, 0.235 eV and 0.437 eV corresponding to the Al mole
fraction 0.3 and 0.54, respectively, at 300 K. It is seen that
the peak concentration of ACDs may be less than or greater
than the actual values. The error is defined as negative for
the former case and positive for the latter. As seen in the figure, the error in the peak position decreases with higher doping, whereas error in the peak concentration increases with
doping. For the higher band offset, the increase in the doping
concentration raises the error of the peak concentration more
sharply changing it from negative to positive, whereas it
decreases the error of peak position more rapidly.
It seems from the results that for a set of parameters, it
might be possible to estimate the error in the ACD for necessary corrections in the measurement. It should be noted that

FIG. 1. ACDs in GaAs/Al0.3Ga0.7As heterojunctions for different donor concentrations in the AlGaAs region at 300 K (solid lines) and 50 K (dotted
lines) with NDL ¼ 5  1015 cm3 and DEc ¼ 0.235 eV. Inset shows the conduction band and the actual carrier distribution in a GaAs/Al0.3Ga0.7As heterojunction for a typical case with temperature 300 K, Va ¼ 0,
NDH ¼ 1017 cm3, NDL ¼ 5  1015 cm3, and DEc ¼ 0.235 eV. Distances are
measured from the hetero-interface.

it is quite hard to formulate any analytical relation between
the actual carrier distribution and the ACD since several
mechanisms are responsible for the difference between the
two, such as Debye smearing of 2D and 3D carriers,19 noninclusion of quantum properties and temperature dependence
in the formulation of C-V method,17 the shift of the probability function with external voltage, and the effect of the series
resistance of the system on the measured capacitance.17
Except the series resistance, all of these are taken into
account in our calculations.
Fig. 3 shows the variation of the peak shift and peak carrier concentration with the doping concentration at 50 K. It is
seen that at low temperature the peak moves towards the
interface and saturates, whereas the peak concentration
increases monotonically with the doping concentration.
From all the above discussions, it is evident that by the
widely used conventional computation for the extraction of
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n2D ¼

Qw
;
qA

(13)

where q is the electron charge and A is the area of the
Schottky interface. So, using this method n2D can be determined experimentally. In a narrow QW where the carriers
are mostly bunched up in the first sub-band, the distribution
of the confined carrier concentration can be expressed as15
n ¼ n2D jw1 j2 ;

FIG. 2. Errors in the positions (solid lines) and in the concentrations (dashed
line) of ACD peaks in GaAs/AlxGa1-xAs heterojunctions as a function of donor concentration in the AlGaAs side for two different band offsets at 300 K.

carrier profiles from C-V measurements, it is quite difficult
to harness or predict the large error of measurements. Here,
we are introducing a new method for computation of the carrier profile from the measured C-V data, which should be
more accurate than the conventional one. Fig. 4(a) shows the
experimental C-V characteristics, obtained from C-V measurements on an In0.24Ga0.76As/GaAs single QW structure
with the well width 8 nm at two different temperatures. The
details of the growth condition, structure, and measurements
are discussed in Ref. 24. If the 1/C2 curve is followed for
various applied reverse bias Vr, it is seen that initially it is a
straight line of a finite slope and once it enters the depletion
region the slope increases and as it meets the accumulation
region in the QW, the slope turns to a flatter one corresponding to accumulations. In the accumulation region, the QW
gets continuously depleted with increasing voltage and the
curve remains almost flat and at the end of depletion it turns
again for an enhanced slope. The total charge content of the
QW (Qw) is found from the region between the turning
points on the 1/C2–V curves and is directly calculated for the
accumulation region of the experimental curve as
Qw ¼

X

Ci DV;

(12)

(14)

where w1 is the normalized wave function of the carrier. For
a narrow QW, w1 can be approximated with that of a finite
square well and determined by solving the one dimensional
Schr€odinger equation numerically. The method should be
more effective at lower temperatures. The distance of the
QW from the Schottky can be estimated as


1
Qw
þ W;
Qt 
d¼
2
qAND

(15)

where ND is the doping concentration, W is the depletion
width of the Schottky junction without any external bias, and
Qt is the total charge depleted from the Schottky side barrier
and the QW by the external reverse bias. Qt is calculated by
integrating the C-V curve as mentioned earlier up to the second turning point.
The carrier profiles inside the QW, determined by this
method, at 249 K and 9 K are shown in Fig. 4(c) along with
the actual carrier profiles. The distances are measured from
the Schottky. The curves match within 2% error. The carrier
distributions, deduced by the conventional C-V technique, are
depicted in Fig. 4(b). It is seen that the error in our developed
model is almost negligible comparing to the conventional
C-V carrier profiles which are, as discussed previously,
widely different from the actual profiles in all respects.
The procedure can be used for a heterojunction in a similar way. In this case, the QW is approximated as an asymmetric triangular QW and d is modified as

i

where DV is the small voltage increments and Ci is the corresponding capacitances. The two dimensional carrier concentration (n2D) is calculated as

FIG. 3. The peak concentration (dotted line) and shift of peak position from
the interface (solid lines) in the ACD as a function of donor concentration in
AlGaAs at 50 K with NDL ¼ 5  1015 cm3 and DEc ¼ 0.235 eV.

d¼

1
ðQt  Qw Þ þ W;
qAND

(16)

since the depletion region exists in one side of the heterointerface.
For QWs and heterojunctions, due to very large difference between the experimental C-V carrier profiles and the
actual carrier distributions, usually the C-V characteristics
and the corresponding ACDs are deduced theoretically to
compare with the experimental ACDs.15,19 It is observed that
at lower temperature the peak of the theoretical ACD shifts
towards the Schottky, whereas for the experimental ACD,
the peak shifts much away from the Schottky.17 In our present work, similar temperature dependent shifts are observed
for the GaAs/AlGaAs heterojunction and the InGaAs/GaAs
QW. The shift of the peak position in the theoretical ACD
can be explained by the temperature dependence of the
Debye smearing of 2D and 3D electrons. The opposite shift
of the ACD peak, obtained from the experiment, seems to
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decreases at higher doping, higher band offset, and lower
temperature, whereas the error in the peak concentration has
a complex response with the parameters. To minimize the
error, we have described a modified technique for determination of the carrier profile of a nanostructure more accurately
than the conventional one from the measured C-V data.
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FIG. 4. (a) Experimental C-V characteristics of an In0.24Ga0.76As/GaAs single QW structure at two widely different temperatures, (b) the ACDs, constructed from these C-V data using the conventional method, and (c) the
carrier profiles, constructed from these C-V data, inside the QW using the
modified technique (solid circles) and the corresponding actual carrier profiles (solid lines). Distances are measured from the Schottky.

arise from the temperature dependence of the series resistance across the structure. At low temperature, this series resistance increases due to several mechanisms causing large
shift of the measured carrier peak. The detailed discussion is
available in Ref. 17. So, to minimize the error due to series
resistance it should be kept as low as possible.
IV. CONCLUSIONS

In conclusion, the ACDs obtained from C-V measurements on heterostructures and QWs are widely different
from the actual carrier distributions, calculated from the fundamental parameters, due to errors arising from several
mechanisms. We have investigated theoretically the errors in
the ACD of the GaAs/AlxGa1-xAs heterostructure with doping concentration for different band offsets and temperatures.
The study will be helpful to estimate the errors in the position and concentration of the ACD peak, obtained from the
measurement, in a particular heterostructure at a particular
temperature. It is observed that the error in the peak position
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