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A theoretical semi-classical method to calculate the modulated field profile in a semiconductor is
presented. The behavior of quasi-Fermi levels and chemical potentials for the majority and minority
carriers is investigated. Systematic studies of the non-thermodynamic equilibrium electric potential
profile as a function of the modulation light intensity are performed.

While the methodology used in the determination of
the non-modulated field spatial distribution in a semi-
conductor is easily found in literature [1, 2, 3, 4], the
same does not happen when a treatment of a system un-
der influence of modulating agents, that is, at the non-
thermodynamic equilibrium, is required. The problem
of determining the electronic band spatial profile and
of investigating the behavior of quasi-Fermi levels at
the non-thermodynamic equilibrium was already ap-
proached semi-empirically by different authors. [5, 6, 7]
However, these studies are limited to the flat quasi-
Fermi level approximation [5, 6] and to the assump-
tion of electronic bands edges, parabolic in real space.
[5, 6, 7] An attempt to consider a more general case
with non-flat quasi-Fermi levels in a depletion region
was made, but the shape of the quasi-Fermi levels in
this region was arbitrarily drawn. [7] The necessity to
calculate modulated electric field profiles for a rigorous
determination of modulation spectroscopy lineshapes is
urged to interprete a wide number of experimental op-
tical studies. [3, 4, 8, 9, 10] Thus, a method to obtain
the modulated profiles of the electric potential and field
is highly desirable.

We calculate the band bending profile self-
consistently following the approach for the non-
modulated electric field profile developed earlier. [1, 2,
3, 4] The importance of the self-consistency in such kind
of calculations was also pointed out recently. [4, 11] A
bulk semiconductor extends from z = 0 to z = oo.
The other infinite half space is assumed to be a vac-
uum. The potential ¢(z, ) of a semiconductor modu-
lated with light intensity I depends on the total charge
density p(z,I) and is governed by the integral Poisson’s
equation [12]
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There are two essential differences to be noted in com-
parison to the non-modulated case. [1, 2, 3, 4] First,
the surface barrier ¢(0,7) depends on the modulating
light intensity I. Second, the total charge density

p(Z,I) = _e[n('z’j) +N,Z(Z’I) —p(z,[) - N;)—(Z’I)]a

2)
depends on the chemical potentials for electrons (&)
and holes (£,) through n, p, Ny, Nj;, the electron, hole,
ionized acceptor and ionized donor concentrations, re-
spectively, calculated through Fermi statistics. Hence,
Fq.(2) can describe degenerated and non-degenerated
cases. If a stationary state is achieved, the remaining
difference between these chemical potentials implies an
equilibrium in the energy distribution of the carriers
inside the electron and valence bands but not between
carriers from different bands. This consideration is jus-
tified by a low intra-band energy relaxation time when
compared to the lifetime of the generated carriers. [13]
In this way, we can say that our perturbed sample finds
itself in the state of stationary non-thermodynamic
equilibrium. By analogy to the case of thermodynamic
statistics, in standard expressions for n, p, N, NI‘I; we
substitute the thermodynamic equilibrium chemical po-
tential £ by &, for electrons and by &, for holes. Using
the continuity equation and equalling the photogener-
ated current density (depending on the generation G
and recombination R) to the sum of the diffusion and
drift current densities we obtain quasi-Fermi levels in
terms of the photoinduced current
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Epn(z,]) = Ep—e / (', I)dz' / (Gu(z" 1) = Ro(2", 1))dz" (3)
Epp(z,1) = Ep + ¢? / oy (2 T)d2! / (Gp(z 1) = Rp(z", I))dz" (4)

where Ep stays for the Fermi level energy at the thermodynamic equilibrium and o, and o, are the electron and
hole conductivities, respectively. To deduce Eqs (3) and (4) we assume the non-degenerated form of the equation
for current density. Using &,(z,1) = ep(z,I) + Epn(2,1), &p(2,I) = ep(2,I) + Epp(z, I), and Eq.(1) we obtain two

coupled equations for the chemical potentials
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where &,(2) = &x(2, 1), ete...

coupled since each of the potentials 1s dependent not

. These expressions are

only on 1its own value but on the value of the chemi-
cal potential for the other type of carriers too. Since
FEqs.(5) and (6) are unlikely to have analytical solu-
tions, they should be solved self-consitently taking into
consideration their coupling.

In semiconductors the photogeneration of electron-
hole pairs predominates over the generation of single
carriers, then we write G,(z) = Gp(2) = G(2) and

Gz) = (m-%) . (7)

w

w 18 the modulating photon frequency, and « stays for
the absorption coefficient. [14] In the case of stationary
non-thermodynamic equilibrium state the electron and
hole recombinations should be the same at any chosen
point and are represented by a Shockley-Read-Hall re-
combination [15]. Thus, R,(z) = R,(z) = R(#) and
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Here, 7,(p)0 = s, x Ny ! stays for the electron

n(p) n(p)
(hole) capture time; sy,(,) is the electron (hole) capture

cross section; vy (,y is the electron (hole) thermal veloc-
ity.

Z Z
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In order to find solutions for the Eqs.(5) and (6),
we need to determine the surface value of the chemical
potential for majority carriers, either £,(0) or £,(0), de-
pending on the n- or p-type of the surface layer. As the
density of the majority carriers is elevated in compari-
son to the minority carriers density, one could suppose
that the majority carriers are the main agents respon-
sible for the change of the electric potential. At the
surface the difference between the modulated and non-
modulated electric potential values depends on the pho-
toinduced current density j [10]
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where jsq¢ 18 the non-perturbed saturation current den-

(0, 1) = ¢(0,0) = Ap(0) =

sity; 7 1s so-called 1deal factor and r stays for the ratio
between the surface area contributing to the saturation
current and the illuminated surface area. The above
equation could be used as a boundary condition for
the chemical potential of the majority carriers if one
equals the surface electric potential value determined
by Eq.(9) to its value coming out of the solution of
Fqgs.(5) and (6). It is worth noting that j is a func-
tional of &, (#) and £,(z). It must be calculated at each
iteration during the solution Eqgs.(5) and (6), provid-
ing a self-consistently adjusted use of this quantity as
a boundary condition via Eq.(9).



Brazilian Journal of Physics, vol. 29, no. 4, Dezembro, 1999 7T

As an example, we consider the chemical potentials
in n-type (Np = 5 x 10%m=3, non-degenerated case)
bulk GaAs subject to illumination, T=300K. In our
calculations we used the following values of the elec-
tron and hole mobilities and capture cross sections:
pn = 8 x 103em?V=1s71 p, = 4 x 10%em?V—1s™!
[16], s, = 107*7em?, s, = 107%m? [12], respec-
tively. The deep centers concentration was assumed
N, = 10 2em™—3.

files of the chemical potentials as a function of the light

In Fig.1 we present calculated pro-

intensity. One could observe that for low light inten-
sities, the system tends to the thermodynamic equilib-
rium since the modulated chemical potentials approach
the non-modulated curve. For the high light intensities
the minority carrier chemical potential shows a prac-
tically constant behavior. This is due to the almost
complete flattening of the valence and conduction band
edges. At the same intensity the majority carrier chemi-
cal potential tends also to a flat behavior. Fig. 1 clearly
shows that for the high modulating light intensities the
minority carrier chemical potential at the surface drops
below its thermodynamic equilibrium value. This con-
tradicts the well known and widely employed expres-
sion linking the difference between quasi-Fermi levels
at an illuminated semiconductor surface and the pho-
toinduced change in the surface potential: [5, 6]
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Figure 1. Calculated chemical potentials for electrons (&)
and holes (£;) as a function of the modulating light inten-
sity I for n-type bulk GaAs. Zero on the ordinate coincides
with the conduction band bottom.

This condition is an implicit assumption that at the sur-
face the minority carrier chemical potential has always
the same value of the non-modulated case. Thus, our
self-consistent calculations reveal that this expression
is applicable only for low modulating light intensities.

Fig. 2 depicts calculated quasi-Fermi levels profiles
and the conduction and valence band edges for the p-
type bulk GaAs with dopant concentrations equal to
5 x 10'%m™3. We observe that the behavior of the
quasi-Fermi level for the majority carriers (holes) prac-
tically does not change, continuing flat even under per-
tubation. Note that this comes as a result of our self-
consistent calculations and not as an assumption as in
semi-empirical approaches. [5, 6, 7] The values of the
hole quasi-Fermi level for any light intensity is very
similar to the Fermi level value in the non-perturbed
material; however, changes are seen in the band edges
profiles. For the non-modulated system the free carrier
current equals to zero due to the anihilation of the drift
current by the diffusion current. Since the Fermi level
at the surface is pinned in the middle of the gap, the
hole density in the depletion region is rather low. Under
illumination the electric potential decreases, inducing a
decrease of the electric field strength. The diffusion cur-
rent overcomes the drift current causing the increase of
the hole density close to the surface.

T T T T T T
0.0 L -

I C.B.
_02 - —
04 I=10' mW/mm® A

-1 2

06k ] =10 mw/mm"

- K] K
A L 710 mWimm E.
Z 08k i - I=10° mW/mm> -
= 1.0 |
@ er .
.5 - Fp
S 14t —

4 L V.B.
16 :
18t .
2.0 F .

1 i i 2 1 L 1 i ] " 1

0 2000 4000 6000 8000 10000

Z(A)

Figure 2. Calculated conduction (C.B.) and valence band
(V.B.) edges and quasi-Fermi levels for different modulating
light intensities in bulk GaAs of p-type.
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For the minority carriers (electrons) quasi-Fermi
levels, one could clearly see the increase of the energy
separation from the unperturbed Fermi-levels with the
increase of the light intensity. Under low light intensi-
ties the number of electrons near the surface remains
practically unchanged. This coincides with the practi-
cally flat behavior of the electron quasi-Fermi level in
the proximity of the surface. For higher light intensities
this behavior disapears. This means that the perturba-
tion is already sufficient to modify the electron density
not only far in the bulk but also at the surface. For
the electrons the changes in their charge density are
mostly due to the photogeneration and not to the drift
and diffusion currents, as in the case of holes, since the
decrease in the surface potential leads to a decrease in
the number of electrons, present in the depletion region.
Under the flat band conditions the electron quasi-Fermi
level reaches the flat behavior near the edge of the con-
duction band. It should be noted that far in the sample
for the whole range of light intensities it approaches the
hole quasi-Fermi level, that is, the Fermi-level of the
unperturbed material.

In summary, the behavior of the chemical potentials
and quasi-Fermi levels was investigated for the station-
ary but non-equilibrium state of a semiconductor for
different light intensities. Applications of our method
to photoreflectance spectra calculations are in progress
and will be reported elsewhere. [12]
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