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Abstract. Heterojunction composition profile is calculated by means of com
puter simulation of capacitance-voltage analysis of liquid-phase epitaxy grown 
AlxGa1-xAs/GaAs N-n heterojunctions. Considered is one case often met in 
practice - the existence of donor type interface states with high concentration, 
distributed in a box 150 A wide at the heterointerface and energy level position 
ascribed to Asa. antisite related defect. 

1. Introduction 

One of the most important parameters influencing electrical and optical properties of 
heterojunction (HJ) is the interface quality. An accurate knowledge of its properties is 
critical for the design of11eterostructure devices. 

As it is well known the volt-capacitance (C-V) profiling technique can be used with 
considerable success for assessment of a HJ interface properties - bandgap disconti
nuities and interface states concentration [1). Although C-V profiling is potentially a 
powerful and accura~e method, its success depends on the quality of the sample and 
its interface. When compositional grading or a gradient in the energy gap as well as 
interface charge with large concentration exists, the results obtained by the conven
tional C-V profiling are not accurate [2, 3). There are several works dedicated to these 

problems [2-4). 
In the present paper the interface properties of Al;i;Ga1_xAs/GaAs N-n hetero

junctions containing interface traps are investigated. We consider the problem of the 
existence of high concentration interface states at the heterojunction by using computer 
reconstruction of C-V profiles. The large amount of interface charge inherent to a 
nonabrupt heterojunction is taken to be spread in a box between the two semiconduc
tors up to a few hundred angstroms wide [2). The parameters of the interface charge 
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- energy position, total concentration, emission rate and box width are accounted for 
in the simulation. 

2. Simulation of Electrostatic Potential Profile of the Heterojunc
tion 

A. Analytical Implementation 

As it is known Poisson equation has not an analytical solution in general. Numerical 
solution have been considered by number of authors, i. e. [5]. The one-dimensional 
equation in the case of the structure with nonunifom1 doping composition is: 

p(x) 
(1) 

8x2 

where d·i/J = EF - Ei, Er and co are the material and vacuum permittivities, and 

p(x) = q[p(x) - n(x) + Nci - N,\] . (2) 

EF is the equilibrium Fermi level and the intrinsic Fermi level Ei is: 

Ei(X) = _ E9 (x) + (ln Nv(x)) kT _ q'i/J(x) . 
2 Nc(x) 2 

(3) 

The deionization of the donor Nci and acceptor N,\ impurities is given by Fenni-Dirac 

statistics. 
Let us consider a structure with nonuniform composition: 

Ec(x) = Ea - x(x) - qijJ(x) , 

Ev(x) = Ea - x(x) - E9 (x) - q'i/J(x) 
(4) 

where Ea is an internal reference level, x(x) is the difference between the reference 
level and Ee, and in principle may differ from electron affi!1ity. Free electron and hole 

concentrations are 

n(x) = Nc(x)F1;2(r/c), 

p(x) = Nv(x)F1;2(r/v), 

Fn-Ec 
'f/c = kT 

Fp- Ev 
'f/v = kT 

(5) 

F
1

;
2 

is the Fenni integral of order 1/2, Fn and Fp are the electron and hole quasi 

Fermi levels. 
Further the equation is detailed in the familiar manner [6]. A Schottky contact on 

one side of the heterojunction and an Ohmic one the other one are attributed to the 
heterostructure device, used in C-V profiling and the respective boundary conditions 
are needed. When a voltage is applied to the Schottky contact its value must be added 

to the equilibrium contact potential value. 
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B. Numerical Solution 

We have used Newton's method to obtain the solution of the-function 

(6) 

i/J is iteratively adjusted with 6.'lj; since F becomes zero. The procedure for updating 
'i/J is obtained by approximating F by the first two tenns of the Taylor series. 

(8F)-1 

6.'i/J= - 8ij; F('i/J). (7) 

Stonner's method for nonuniform mesh is used [7], n being the number of discrete 
mesh points and h the step: 

contact 1----+---+- ---+--+----i contact 

.io .i1 h .in-I .i11 .i11+1 
(8) 

· 1/Jo 1/J1 1/J2 1/J11-l 1/J,, 1/Jn+I 

For a mesh with variable step hj = Xj -Xj-l the second derivative in Poisson equation 
is 

'i/J" = 2 [ i/;j+l - -1L_ + i/;j+l ] . 
J hj(hj + hj+i) hjhj+l (hj + hj+1)hj+1 

(9) 

The matrix fonn for 8F / 81/J is tridiagonal and 6. 'i/J can be easily determined. The ini
tial guess ·ij;0 is obtained from the boundary condition at the Schottky contact at elec
troneutrality conditions. F is calculated iteratively till the enor criterion of le-6 kT / q 
is reached. 

3. Simulation of C-V Profiling of Heterostructure 

The calculated spatial distribution of the electrostatic potential is further developed in 
the numerical simulation of C-V profiling. It allows the free carrier distribution n(x) 
to be obtained. The differential capacitance per unit area of a space charge layer is 

C _ dQsc 
SC - dV (10) 

where V is the applied external bias. The tot~! charge in the space charge layer Qsc is 
represented by the first integral of Poisson equation and is calcu_lated for various values 
of the bias V. The apparent free carrier concentration profile is calculated according 
to the standard relati?n [ 1] 

n*(x) = _sz:_ dCsc , 
q€r€o dV 

(11) 

The actual concentration of the free carriers n(x) is derived from Eq. (5) knowing 
the distribution of the equilibrium potential from section II. 
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The presence of interface charge is accounted in the space charge density p(x) in 
Poisson equation. According to different models of the LPE grown heterointerface it 
might be assumed that the interface traps are spread in a box over the distance d of 
about of few hundred angstroms. A homogeneous distribution of a discrete trap with 
energy level position Et and concentration Nt0 is assumed. 

The concentration of the ionized traps at a position x , Nt(x), is given by: 

[ EF - Ee(x) +Et] [ -1] 
Nt(x) = ±N1o(x) 1 + gexp ± " kT 1 - exp 2WT (12) 

where w is the measurement frequency, g is the degeneracy factor and 1 / T is the 
emission rate of the traps. N1 is zero outside the box. The upper sign refers to donors, 
and the lower to acceptors. The capacitance frequency response is related to the interface 
traps energy position E1 through their emission rate [8] 

(13) 

where er is the capture cross section, VB is the thennal velocity and Ne is the density 
of states in the conduction band. 

The homogeneous distribution of the traps is accounted for by assuming 

(14) 

4. Results 

Figure 1 shows the calculated potential distribution of the heterostructure as a first step 
needed for the concentration profile simulation. The impurity concentrations in the 
GaAs substrate and the epilayer are N~ = 1 x 1017 cm-3 and the band discontinuity 

taken !::,,,Ee= 0.24 eV, according to [9]. 
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Fig. I. Calculated potential distribution in the heterojunction region of 
Alo.3Gao.7As/GaAs N-n heterostructure 
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Figure 2 presents the calculated actual profile n(x) and apparent profile n*(x) of the 
free carriers of the investigated AlxGa1 _xAs/GaAs N-n hcterojunctions. It is consid

. cred as an abrupt one and the composition is taken to be x = 0.3: The discrepancy of the 
two profiles is due to the limited spatial distribution inherent to the C-V method beina 
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Fig. 2. Calculated actual n(:i:) and apparent n• (x) carrier concentration 
profile in Alo.3Gao.1As/G~As N-n heterojunction 
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Fig. J. Computer reconstruction of carrier concentration profile of 
Alo.3Gao.1As/GaAs GaAs N-n heterojunction containing interface 
states 

of the order of the Debye length £ 0 and is demonstrated especially in the region of 
the junction where the potential changes abmptly. 

The numerically simulated profile, as discussed in the present paper, when the pres
ence of interface states is accounted for, is shown in figure 3. The assumed values 
of the heterojunction parameters are density of interface states N1 = -3 x 1011 cm-2 

with energy position Ee - Et = 0.14 eV, which are distributed in a box d = 150 A 
wide. The widtl1 of the box corresponds to a mean value of the given in the literature 
heterojunction widths. 
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Acceptor states with the energy position of E e - E 1 = 0.14 eV have already been 
observed in LPE grown AlGaAs/ GaAs N-n heterostructures and their possible origin 
was ascribed to Asoa antisite related defect [10]. 

The emission time constants of the traps can be chosen as follows. We use data 
given in [8] for a capture cross section laying in the interval a= Jo- 15 to lo-rn cm- 2 

and them1al velocity VB ~ 107 cm/ s at room temperature. As the range of capture cross 
section values is approximate, we take the more severe requirement u = 10- 16 cm-2 

which reveals trap emission rate T ~ 10-7 s. The measurement frequency is taken to 
be w = 300 kHz. -

5. Discussion 

Peak B appears to be due to the accumulation layer at the heterojunction and peak A 
.-- to the charge trapped in the interface states. The conduction band profile near the 
interface of an N - n type heterojunction might be modified when negatively charged 
traps exist. 

Peak A fonns via emission of trapped electrons when the electron level becomes 
E1 > EF at the heterojunction. Indeed, in the GaAs bulk F~rmi level position for the 
given concentration No = 1 x 1017 cm-3 is EF = 0.18 eV and according to E1 value 
the traps are empty and thus neutral. In the accumulation region at the heterojunction 
E 1 is situated bellow E F and the traps are occupied by electrons. As voltage is increased 
during C- V sweep EF crosses E1 and the electrons are emitted giving rise to peak A. 

The depletion charge in GaAs doped to 1 x 1017 cm- 3 is of the order of 1012 cm-2 . 

In this respect the interface state density N 1 is in good correspondence with the depletion 
charge value and creates an electric field comparable in magnitude. The carrier emission 
from localized states ·at the heterojunction converts the depletion layer to accumulation, 
so that the "dip" in the profile cannot be observed, a situation often observed in N-n 
junctions with donor states at the heterointerface. 

6. · Conclusion 

We have detailed a method for estimation of interface quality of AlxGa1-xAs/GaAs 
N-n heterostructures. It was shown that when characterizing heterojunctions with high 
densities of interface traps where the conventional Kroemer's method is not applicable, 
the existence of the states and their spatial distribution in a box at the interface must 
be accounted for. 
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