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Franz-Keldysh effect is expressed in the smearing of the absorption edge in semiconductors under
high electric fields. While Franz [Z. Naturforsch. A 13, 484 (1958)] and Keldysh [Sov. Phys. JETP
7, 788 (1958)] considered a limited case of externally applied uniform electric field, the same
effect may also be caused by built-in electric fields at semiconductor surfaces and interfaces. While
in the first case, the bands are bent linearly, in the latter case, they are bent parabolically. This
non-linear band bending poses an additional complexity that has not been considered previously.
Here, we extend the linear model to treat the case of a non-linear band bending. We then show
how this model may be used to quantitatively analyze photocurrent and photovoltage spectra to
determine the built-in fields, the density of surface state charge, and the doping concentration
of the material. We use the model on a GaN/AlIGaN heterostructure and GaAs bulk. The results
demonstrate that the same mechanism underlies the band-edge response both in photocurrent and
photovoltage spectra and demonstrate the quantitative use of the model in contactless extraction of

important semiconductor material parameters. Published by AIP Publishing.
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I. INTRODUCTION

Light absorption in semiconductors commences mainly
when the photon energy becomes high enough to cause band-
to-band transitions. Hence, one would expect absorption to
increase sharply as the photon energy becomes equal to the
bandgap. However in reality, the absorption edge shows a
gradual increase towards the bandgap photon energy.' It has
become accepted that the main reason for this sub-band-edge
response is the presence of a naturally occurring built-in elec-
tric field at the surface.’™ In the presence of an electric field,
the absorption edge is red-shifted. This effect has been classi-
fied as a case of electro-absorption or the Franz-Keldysh
effect.®’ The original works of Franz® and Keldysh® dealt
with an externally applied electric field. An external field
would usually produce a linear band-bending. The purpose of
this work was to model a previously untreated case of
electro-absorption in internal built-in fields. Unlike the linear
case studied by Franz and Keldysh, built-in fields often add
an additional complexity in the form of a non-linear band
bending. A linear band bending may occur in semiconduc-
tors, when a layer is fully depleted, a case which is relevant
in quantum size structures, e.g., quantum wells (QW) and
quantum barriers. However, at semiconductor surfaces, or
interfaces, of thick layers, the band-bending is typically
non-linear. Here, we extend the electro-absorption model to
the case of non-linear band bending. We model electro-
absorption for both cases of internal built-in fields, with linear
and parabolic band bending, and examine their manifestation
in two electro-optical spectroscopies, photocurrent (also
known as spectral photoconductivity), and surface photovolt-
age. We show that for the linear case, the model may be used
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for interpretation of spectral data to determine the density of
charged surface states, while in the parabolic case, it may
also yield the doping concentration in the layer.

We note that the Franz-Keldysh effect is known mostly
for its effect above the bandgap photon energy (Franz-
Keldysh oscillations), a phenomenon which has been used
extensively in modulation spectroscopy.'®'? The present
work relates to its effect below the bandgap.

Il. MODEL

The main difference between the cases of linear and
parabolic band-bending is that the former is formed between
two equal 2D surface charges of opposite signs, while the
latter is formed by a single 2D surface charge concentrated
on one side, and a 3D volume charge of dopant ions on the
other.

In the following treatment, we will assume that the
effective photon flux (which is equal to the impinging photon
flux multiplied by the optical transmission of the surface) is
constant. Further discussion on how we practically achieve
this condition is given in Sec. IIL.

A. Linear band-bending

We consider, for example, a heterostructure made of a
thin n-type AlGaN layer on top of an n-type GaN substrate.
GaN and AlGaN are polar materials. Slight displacement of
Ga and N atoms in the c-direction induces a dipole in each
monolayer of the material. The charges forming this dipole
are then canceled by charges of adjacent dipoles induced
between the atoms of the adjacent layers. This nullifies the
total charge inside the lattice. At the surfaces, the situation is
different, as there is no further opposite charge to cancel the
charge of the outmost layer. Therefore, both surfaces of the
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layer have equal sheet charges of opposite signs. This charge
is commonly referred to as the polarization charge.'>'* The
AlGaN/GaN in our example is a structure commonly used
for high electron mobility transistors (HEMT).'® The hetero-
junction between the AlGaN and GaN forms a triangular
quantum well (QW). At equilibrium and steady state, all the
surface state electrons end up in the QW due to the presence
of the polarization field. The doping in the layer is typically
negligible, and so the AlGaN layer is placed between two
equal and opposite charges, similar to a parallel plate
capacitor.

To excite an electron across the bandgap, a photon is
required to have at least the energy of the bandgap.
However, in the presence of a built-in electric field, photons
with energies smaller than the bandgap may be able to excite
an electron across the bandgap gaining the missing energy
from the electric field. This process may be described as an
electron excited into the forbidden gap close to the conduc-
tion band, and then tunneling sideways (or inward) into the
conduction band as depicted in Fig. 1. Under a strong electric
field, the Schrodinger equation solutions for the electronic
states in the conduction band and in the valence band are
Airy functions having their tails penetrating the forbidden
gap. So the same process may be visualized as excitation
taking place within the forbidden gap between the tails
of the Airy functions.'® Hence, the tunneling step shown in
Fig. 1 is, in most cases, divided into two tunneling steps, one
from the valence band into the forbidden gap and another
from the forbidden gap into the conduction band. Since the
tunneling probability is the same in both cases, we will
describe, for convenience, the case shown in Fig. 1.

To calculate the tunneling probability, we will use the
Wentzel-Kramers—Brillouin ~ (WKB)  approximation. 17
Figure 2 defines the energy-depth relations in the AlGaN
layer of Fig. 1. Per this definition, the function describing the
potential energy of the conduction band is

+Q1

a¥

FIG. 1. Schematic band diagram of an AlGaN/GaN heterostructure. A pho-
ton having energy smaller than the bandgap may still generate an electron-
hole pair with the assistance of the built-in field.
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FIG. 2. Schematic drawing of the AlGaN layer defining the energy—depth rela-
tions. A photon energy, hv, equals the potential energy at a certain point X,.

Eg — E
Mx.

E(x)=E0+ 7

)

An electron excited from the valence band (near the surface)
by a photon of energy hv reaches a potential energy that is
equal to

Eg —Ey

E(xo) = hv = Eg + 2 X0.- 2)
The probability of tunneling is defined as
L
PTunnel ~ exp -2 J ‘Y(x)dx where
Xo 3)

103 = V2" [1(x) — B(xe)]

and m is the reduced effective mass, and 7 is the reduced
Planck constant. Integration yields

N3 :
_(Eg—hv here AE — <ﬂ
AE 4/2m

)

and F is the built-in electric field. This result shows that the
probability to excite an electron across the bandgap does not
reduce to zero at once, when the photon energy is made
smaller than the bandgap, but rather decays exponentially as
the tunneling probability decreases. It has been shown previ-
ously that using this expression, it is possible to model the
band-edge step response in photocurrent spectra and, by
fitting the photocurrent spectral data, to obtain the built-in
electric field."® The built-in electric field is caused by the
surface-state charge density, Nz, which is equal in our case
to the charge density in the QW, ng. We can, therefore,
calculate this charge using the following relations: eFF = gNr

= qng.

Prunner = exp
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Similarly, we will derive here a model for surface photo-
voltage spectra of the same structure.

1. Photocurrent model for linear band-bending

A basic photocurrent model has been presented in our
previous paper.'® It covered the case of a linear band bend-
ing. We shall now describe it briefly for the integrity of the
discussion as an introduction to the more complicated case
of a parabolic band-bending. We will also extend it to the
case of photovoltage.

When a semiconductor is exposed to monochromatic
light and the photon energy is scanned from low to high
energy, the conductivity typically increases as the bandgap
energy is approached.' This band-edge photo-response
should be observed as a step at the exact energy of the
bandgap, where band to band electron transitions become
possible. However, at the presence of a strong-enough built-
in electric field, electric-field-assisted absorption enables
band-to-band transitions at energies smaller than the
bandgap. In the case of a uniform built-in field, the photo-
response takes the form of a step that is smeared to low
energies. The step starts from a below-bandgap value of the
current that we will denote as dark current, Ip, and rises
gradually to reach a new level at the bandgap energy that we
will denote as saturation current, Ig. Assuming a constant
photon-flux throughout the spectrum, the actual flux reaching
the sample is still reflected, in part, at the sample surface
before absorption can take place. The reflectance, R(hv), is a
function of the photon energy, hv.?° The flux available for
absorption is, therefore, I — R(hv) of the impinging flux. To
eliminate the effect of reflectance, the acquired data have to
be normalized by I — R(hv). The normalized current step
should follow the tunneling probability derived above. This
probability is zero for large values of Eg-hv (or as long as
the photon energy is much smaller than the bandgap energy)
and increases for decreasing values, reaching the value of 1
at the bandgap. The current may, therefore, be described by
the following model:

I(hv) = ID + (IS - ID)PTunnel or
Al(hv) = AI(Eg) “ PTunnet o)

where Al is the photocurrent, and Pry,e; is the tunneling
probability, given by Eq. (4) for the case of a linear band-
bending.

2. Photovoltage model for linear band-bending

Let us consider, for example, the structure shown in Fig. 1.
While electrons, excited in this structure, will be swept into the
well and contribute to the photocurrent, holes will be swept by
the built-in fields away from the junction. We are interested in
the layer with the linear band-bending, the AlGaN, wherein the
holes will be swept to the surface and cancel some of the nega-
tive charge trapped at surface states. This charge separation
across the layer induces a change in the electric field across the
layer, resulting in a certain change to the band-bending which
can be detected (e.g., using a Kelvin probe) as a photo-induced
change to the surface voltage, i.e., surface photovoltage.>'
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The absorbed light generates electron-hole pairs, creat-
ing excess carrier density, An(hv). On the one hand, these
excess carriers (or the electrons) create the photocurrent

AI(hv) =V - q - An(hv) -y%, 6)

where V is the voltage between the two contacts contacting
the QW, ¢ is the electron charge, An(hv) is the excess sheet
charge concentration in the 2-DEG caused by the photo-
generated excess carriers, u is the electron mobility in the
2-DEG, L and W are the length and width of the 2-DEG
channel, respectively. On the other hand, the same excess
carrier density creates a change in the electric field across
the layer

q-An(hy) = s—Ad’B‘;(hv), (7)

where A®gg(hv) is the change in the layer potential upon
illumination with photons of energy, kv, and ¢ is the layer
thickness. From Eqgs. (6) and (7), it follows that

Apgp(hv) = c - AI(hv), )

where ¢ is a constant. It then follows immediately from Eq.
(5) that for a linear band-bending

A¢BB (hv) = A¢BB (Eg)  Prunner- 9

B. Parabolic band-bending

In many cases, such as a free depleted surface (Fig. 3), a
Schottky barrier, or the wide bandgap side of a heterojunction,
the built-in field is caused by an interplay between a 2D sheet
charge, such as the surface-state charge, and the 3D fixed
charge of dopant ions in the depletion region. Following the
energy-depth relations defined in Fig. 4, the function describ-
ing the potential energy of the conduction band is

hv

-Q

FIG. 3. Schematic band diagram of a depleted free surface. Here as well, a
photon having energy smaller than the bandgap may still generate an
electron-hole pair with the assistance of the built-in field.
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FIG. 4. Schematic drawing of a surface depletion layer defining the energy—-
depth relations. A photon energy, hv, equals the potential energy at a certain
point x,.

2
E(x) = Eo + (Eg—Eo)%. (10)

An electron excited from the valence band (near the surface)
by a photon of energy hv reaches a potential energy that is
equal to

2
X,
E(xo) :hv:E0+(Eg—E0)L—g. (11)

L
V2m |Eg—E) 1
X0
L %o
' 12 2 2 1+ 12
[ st | i |
xo

L

Hence, we get

Prupner = exp

13)

2
Taylor expansion of Eq. (13) with the variable 4/1 —%
yields

i=1

<. /Eg — hv\'"?
Prunner = exp [_ E < gAE ) ’
i

2
47 —1 hg'F' 7
AE; = (? =L : (14)

In general, a band-edge step observed in absorption-
related spectroscopies may now be fitted with a model based
on this tunneling probability to obtain the maximum of the
built-in electric field, F, and the depletion region width, L.
This way, we can get the surface band-bending voltage Vgp
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= F-L, the density of charged surface states Ny = ¢F/q, and
the doping concentration Np = eF/(qL).

1. Photocurrent model for parabolic band-bending

For a parabolic band-bending, the tunneling probability
is given in Eq. (14). Fitting the spectral response with a
model based on this tunneling probability uses 3 fitting
parameters: the bandgap, Eg (usually known a priori), the
maximum built-in field, F, and the depletion region width,
L. We note that the first term in the series in Eq. (14) yields
the linear case of Eq. (5). This means that if we take a rough
approximation of only a single term, we will be approximat-
ing the parabolic band-bending to be linear. This approxima-
tion is good only at photon energies close to the bandgap but
departs from reality further away. Besides the accuracy,
another advantage of using the more accurate expression is
the ability to extract two additional material parameters—the
doping level and the depth of the depletion region—in addi-
tion to the field and the surface state charge density.

2. Photovoltage model for parabolic band-bending

Let us examine, for example, the case of a depleted sur-
face of a thick semiconductor layer, which surface band
bending is depicted in Fig. 3. Here, the most common sce-
nario is of surface states that trap majority carriers, and
(before illumination, i.e., in the dark) this trapped charge
density, Nrp, induces an electric field that extends inward,
into the layer, depleting a certain depth, L, which extent
depends on the doping density, Np, according to the relation

(6)
Nrp = NpL. (15)

The following expression for the surface band bending,
®pp, may be obtained from a solution of Poisson’s equation:
_aNmL _gN7,

BB 2¢ 2eNp '

(16)

Upon photon absorption, a generated electron-hole pair
undergoes charge separation by the built-in field in the deple-
tion region. While the majority carriers are swept into the
bulk, the minority carriers reach the surface and cancel the
effect of some of the majority carriers trapped in the surface
states. This way, the photo-induced excess carrier density,
An(hv), causes an equal change in the surface state charge

An(hv) = ANT(hV) = NT(hV) — NTD- (17)

From Egs. (16) and (17), we get

[Nrp + An(hv)]* = dppp + APpp(hv)

q
= mN%D + A¢gg(hv), (18)

q
2eN, D

where @pgpp is the surface potential (or surface band bend-
ing) in the dark, and A®y,(hv) is the photon-induced change
in the surface potential at a specific photon energy, hv (pho-
tovoltage). We get
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2¢N, D

A¢pp = [Nrp + An]* —N%, = An(2N1p + An). (19)

Assuming a small perturbation (4n < Npp), we get
A¢pp < An, and this confirms the validity of Eqgs. (8) and (9)
for the parabolic case as well, except for the expression for
Pryunner, for which we have to use Eq. (14). We also note that
A@pp here is assumed to have been normalized by (I — R).

Ill. EXPERIMENTAL DETAILS
A. Materials

To test the models on real spectra, we acquired photo-
current and photovoltage spectra from single layers and
heterostructures of the following materials. A 11 nm thick
undoped Aly3Gag-N on an undoped GaN layer on the sap-
phire substrate was used for testing the model for linear band-
bending, and Te-doped GaAs wafer (Atomergic Chemetals
Corporation 2-in., double-side polished, liquid-encapsulated
Czochralski, with etch-pit density of <8 x 10*cm™?) was
used for testing the model for parabolic band-bending. The
GaN substrates were grown on sapphire substrates by hydride
vapor phase epitaxy (TDI Inc.??). The AlGaN epilayer was
grown by metal-organic vapor-phase epitaxy.

B. Experiments

Photocurrent and photovoltage spectra were acquired in
the same experimental setup under identical conditions on
the same samples. For spectral data acquisition, the samples
were placed in a dark and shielded box at atmospheric room
temperature conditions. For illumination, we used a
300 Watt Xe light source for the visible/ultra-violet range,
and 250 W halogen lamp for the infra-red/visible range. The
source light was monochromitized using a Newport Corp.
double MS257 monochromator and further filtered by
order-sorting long-pass filters. The beam was split and part
of it was directed into an integrating sphere with photode-
tectors. The feedback from the photodetectors was used by
a closed loop control system to maintain a constant photon
flux throughout the spectral acquisition. The constant pho-
ton flux corresponded to a light intensity of 3.6 yW/cm?” at
500 nm. Photovoltage was measured using a Kelvin probe
(Besocke Delta Phi Gmbh) in a dark and shielded box using
the typical setup commonly used for surface photovoltage
spectroscopy.”> For photocurrent measurements, two
Ohmic contacts were used. For the AlGaN/GaN structure,
contacts of Ti(30 nm)/Al(70 nm)/Ni(30 nm)/Au(100 nm)
were deposited by e-beam thermal deposition and annealed
at 900°C for 60s in nitrogen ambient. For the GaAs,
contacts of Au-Ge(60 nm)/Pt(20 nm)/Ti(50 nm)/Au(50 nm)
were deposited by e-beam thermal deposition and annealed
at 450°C for 30 s in nitrogen ambient. Their Ohmic charac-
ter was verified using current-voltage measurements.
Resistivity and Hall effect measurements were carried out
on the same samples. All measurements were carried out at
room temperature.

To acquire the photo-response of the material without
the effect of the photon energy dependence on the light
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source, the common practice is to normalize the data to the
spectral response of the lamp. This method is based on the
assumption that the photo-response of the material is linear
throughout the intensity range of the light source. We found
that for the purpose of the experiments reported here, the
intensity of the light source varied to an extent that rendered
this method invalid and yielded erroneous results. Therefore,
we used a home-built control system to maintain a constant
photon flux throughout the spectral range of our measure-
ments. This way, a constant number of photons per unit time
and per unit area would impinge on the sample surface over
the entire spectral range of the measurement. Yet, the
impinging flux still had to be transmitted through the sample
surface to be available for absorption. Not all the impinging
photons make it through the surface. A certain part of them,
R, is reflected from the surface. Unfortunately, the reflec-
tance, R, is photon-energy dependent as well. However, its
variation range is typically limited to a few percent, in which
case one may safely normalize the data to the surface trans-
mission, I — R.>*

C. Data fitting procedure

1. Graphic method for linear band-bending

This method applies to all cases of a linear band-
bending (or cases when a band-bending is parabolic but one
chooses to approximate it by a linear one).

The photocurrent model is given by

Eg — hv 32
()] e

Equation (20) may be rearranged in the following way:

y(hy) = {m (ji((l;:f))ﬂg - EgA;hv. Q1)

AI(hv) = AI(Eg) - exp

Presenting the data this way transforms the response into a
linear curve. The linear curve intersects the photon energy
axis at hy = Eg and has a slope of —1/4E. In most cases,
the bandgap is known, and the fit is practically a single
parameter fit.

The photovoltage model yields a similar equation for
the linear case

B. Fitting method for parabolic band-bending

This method applies to cases of a parabolic band-
bending. For example, to fit Eq. (9), when the tunneling
probability is given in Eq. (14), we take the logarithm of
both sides and get

Appp(EZ)]  ~~ (Eg—hv o
I“qug,,(hvﬂ;( AE, ) - ®

The left hand side of Eq. (23) is the fitted data, which is to be
fitted with the function on the right, using the 3 fitting
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parameters: Eg, F, L. We note that in practice, we used only
2 fitting parameters, as the bandgap was known. To fit photo-
current spectra, we replace A¢pp with Al in Eq. (23).

IV. RESULTS AND DISCUSSION
A. Linear band-bending

We tested the case of a linear band-bending using
AlGaN/GaN heterostructures for both photocurrent and pho-
tovoltage. The inset in the top panel of Fig. 5 shows the
(surface-transmission-normalized) photocurrent spectrum.
The main curve shows the data after applying the graphic
method described in Eq. (21). The linear part of the resulting
curve intersects the photon-energy axis at the transition
energy (the AlGaN bandgap in this case). Equation (4) is
then used to obtain the built in electric field from the slope
of the curve. Similarly, we applied the same analysis to a
photovoltage spectrum obtained from the same layer, as
shown in the bottom panel of Fig. 5 and obtained the same
results: 1.37 =0.02 and 1.32 =0.03 MV/cm for the photo-
current and photovoltage, respectively. It is thus evident
from Fig. 5 that the model describes faithfully the band edge
response in both spectroscopic methods. It is also evident
that there is no basic difference whether the band edge data
are of photovoltage or photocurrent—the treatment is identi-
cal and the obtained parameters are identical within the
experimental error.”> For the band-edge response, the

Oo § 30.0
— Ens
* 2 = =]
5' §29.6
< 3
e a29.4
;\ 38 39 40 41
‘a 1F Photon Energy [eV] =
; Photocurrent
Model
0
o ! T ——————
N o 11

©

Photovoltage (mV] J}
5

Y hv) [a.u.]

8 39 40 41 =
Photon Energy [eV]
Photovoltage Eg
Model 4.07¢V

0 1 M [ M 1
3.8 3.9 4.0 4.1
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FIG. 5. Top: The inset shows the photocurrent step response of the AlGaN
layer in the structure of Fig. 1. The step is sloped and smeared to lower ener-
gies. Using the graphic method, we transform the photocurrent step into a
linear curve that intersects the photon energy axis at the bandgap and which
slope is —1/AE. Bottom: The inset shows the surface photovoltage band-
edge step and the main curve is obtained using the graphic method. Both
methods give identical results within the experimental error. The arrow
marks the bandgap of the AlGaN according to Ambacher ez al. (Ref. 13).
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difference between photovoltage and photocurrent is mainly
in the method of measurement. A similar structure was simu-
lated and measured wusing electro-reflectance by
Gladysiewicz et al.*® Their built-in field for the AlGaN layer
in this structure was ~1.4MV/cm, in agreement with our
results.

Nonetheless, the choice of the method has some impor-
tant implications that need to be considered. For example,
when measured with a Kelvin probe, the surface photovolt-
age method is contactless and does not require any fabrica-
tion steps. However, it is limited to equilibrium conditions.
On the other hand, photocurrent requires at least two Ohmic
contacts. However, if it is possible to apply an external field,
e.g., using a gate, the photocurrent method may provide the
built-in fields not only in equilibrium but also under any
other external field (applied using the gate voltage).”’

The linear portion of the curve close to the band edge
provides a visual confirmation that the assumed mechanism,
the Franz-Keldysh effect, is indeed the main mechanism
responsible for the near band-edge smearing of the photo-
response curve.

B. Parabolic band-bending

The case of a parabolic band-bending is relevant in thick
layers, e.g., in a depleted surface of a bulk sample, or in the
depletion region in the wide bandgap side of a heterojunc-
tion. Here, we tested this case using GaAs. The top panel of
Fig. 6 shows photocurrent and the bottom shows photovolt-
age spectra obtained from the same sample under identical
conditions (insets). Except for the units, the spectra appear to
have identical shape. Using the expression on the left hand
side of Eq. (23), the spectral data are transformed to that
shown as the main curves in Fig. 6 and then fitted with the
series expression on the right hand side of Eq. (23). From the
fit, we get the built-in field at the very surface of the sample,
F, and the depth of the surface depletion region, L. The
obtained maximum built-in fields are 47 =6 and 50 = 3kV/
cm for photocurrent and photovoltage, respectively. The
obtained depletion layer width is 20.3 == 4.8 and 20.5 * 3.6 nm
for photocurrent and photovoltage, respectively. From these
results, we calculated the doping using the relation Np = &F/
(gL). The obtained doping concentration was 1.65 = 0.44
x 10" and 1.74 + 0.35 x 10"” cm ™ for photocurrent and pho-
tovoltage, respectively. We also carried out Hall effect mea-
surements on the same sample. The Hall effect carrier
concentration was found to be 1.54 +0.23 x 10'7cm . All
the three methods gave values that were practically identical
within the measurement error. From the value of the surface
built-in field, we also calculated the density of charge in sur-
face states using Ny = ¢F /q. From the photocurrent data, we
get 3.35+ 1.2 x 10" cm 2. From the photovoltage data, we
get 3.57 +0.91 x 10" cm 2 The results are identical within
the measurement error. The clear advantage of the photovolt-
age method is in being contactless.

The foregoing treatment was limited to the case of
electron-hole generation. However, excitons are likely to be
generated as well. Dow and Redfield showed that excitonic
absorption followed a model different from the Franz-Keldysh
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FIG. 6. Top: The inset shows the photocurrent step response of the GaAs
layer in the structure of Fig. 1. The step is sloped and smeared to lower ener-
gies. Using the graphic method, we transform the photocurrent step into the
main curve that is then used for the fit. Bottom: The inset shows the surface
photovoltage band-edge step from the same GaAs sample, and the main
curve is obtained using the same graphic method. Both methods give identi-
cal results within the experimental error.

model.”® If excitonic absorption affected the photocurrent, our
graphic method would show a considerable deviation from the
linear or the parabolic curves of Figs. 5 and 6. As the devia-
tions from our model are rather minor, it serves to confirm the
adequacy of the Franz-Keldysh model. The absence of exciton
expression in our photocurrent and photovoltage may be
accounted for by the fact that excitons are electrically neutral
and require significant dissociation and significant post-
dissociation lifetime to be able to contribute to the current.

V. CONCLUSION

The proposed model and the presented experimental
results show the role of the surface state charge and the doping
in the formation of built-in fields that give rise to the smearing
of the absorption edge in spectral responses obtained using
optical spectroscopies that are based on absorption. When used
with surface photovoltage spectroscopy, the proposed model
thus affords a contactless quantitative tool to measure carrier
concentration and surface state charge density in semiconduc-
tor layers. There is currently a great difficulty in measurement
of carrier concentration in nanostructures, such as nanowires,
as it typically requires fabrication of single nanowire transis-
tors. Being contactless, the combination of surface photovolt-
age with an adequately modified version®* of the proposed
model may serve to assess average carrier concentration in
large ensembles of nanowires at a relatively small effort.

J. Appl. Phys. 124, 075102 (2018)

SUPPLEMENTARY MATERIAL

See supplementary material for detailed derivation of
the probability of tunneling through a parabolic barrier.

ACKNOWLEDGMENTS

This work was funded by a research grant from the
Israeli Ministry of Defense (MAFAT).

'P. Yu and M. Cardona, Fundamentals of Semiconductors: Physics and
Materials Properties, 4th ed. (Springer, Berlin, 2010),p. 265.

T. S. Moss, G. J. Burrell, and B. Ellis, Semiconductor Opto-Electronics
(Butterworths, London, 1973), p. 81

3R, Kudrawiec, H. B. Yuen, S. R. Bank, H. P. Bae, M. A. Wistey, J. S.
Harris, M. Motyka, and J. Misiewicz, “Contactless electroreflectance
approach to study the Fermi level position in GaInNAs/GaAs quantum
wells,” J. Appl. Phys. 102, 113501 (2007).

“R. Calarco, T. Stoica, O. Brandt, and L. Geelhaar, “Surface-induced
effects in GaN nanowires,” J. Mater. Res. 26, 2157 (2011).

SM. A. Reshchikov, M. Foussekis, and A. A. Baski, “Surface photovoltage
in undoped n-type GaN,” J. Appl. Phys. 107, 113535 (2010).

SN. Bachrach-Ashkenasy, L. Kronik, Y. Shapira, Y. Rosenwaks, M. C.
Hanna, M. Leibovitch, and P. Ram, “Surface photovoltage spectroscopy of
quantum wells and superlattices,” Appl. Phys. Lett. 68, 879 (1996).

K. W. Béer, Introduction to Space Charge Effects with Figures in
Semiconductors (Springer, Berlin, 2010)

Sw. Franz, “Einflul eines elektrischen Feldes auf eine optische
Absorptionskante,” Z. Naturforsch. A 13, 484 (1958).

°L. Keldysh, “Bahavior of non-metallic crystals in strong electric field,”
Sov. Phys. JETP 7, 788 (1958).

'°F. H. Pollak and H. Shen, “Modulation spectroscopy of semiconductors:
Bulk/thin film, microstructures, surfaces/interfaces and devices,” Mater.
Sci. Eng. R 10, 275 (1993).

K. Zelazna, M. P. Polak, P. Scharoch, J. Serafinczuk, M. Gladysiewicz, J.
Misiewicz, J. Dekoster, and R. Kudrawiec, “Electronic band structure of
compressively strained Ge;_,Sn, with x <0.11 studied by contactless
electroreflectance,” Appl. Phys. Lett. 106, 142102 (2015).

2c, Huber, C. Krammer, D. Sperber, A. Magin, H. Kalt, and M. Hetterich,
“Electroreflectance of thin-film solar cells: Simulation and experiment,”
Phys. Rev. B 92, 075201 (2015).

130. Ambacher, J. Majewski, C. Miskys, A. Link, M. Hermann, M.
Eickhoff, M. Stutzmann, F. Bernardini, V. Florentini, V. Tilak, B.
Schaff, and L. F. Eastman, “Pyroelectric properties of Al(In)GaN/GaN
hetero- and quantum well structures,” J. Phys.: Condens. Matter 14,
3399 (2002).

147, Lahnemann, O. Brandt, U. Jahn, C. Pfuller, C. Roder, P. Dogan, F.
Grosse, A. Belabbes, F. Bechstedt, A. Trampert, and L. Geelhaar, “Direct
experimental determination of the spontaneous polarization of GaN,”
Phys. Rev. B 86, 081302 (2012).

'SU. Mishra and J. Singh, Semiconductor Device Physics and Design
(Springer, Netherlands, 2008), pp. 375-394

'D. A. B. Miller, D. S. Chemla, T. C. Damen, A. C. Gossard, W.
Wiegmann, T. H. Wood, and C. A. Burrus, “Band-edge electroabsorption
in quantum well structures: The quantum-confined stark effect,” Phys.
Rev. Lett. 53, 2173 (1984).

7K. Palotas, G. Mandi, and W. A. Hofer, ‘“Three-dimensional
Wentzel-Kramers—Brillouin approach for the simulation of scanning
tunneling microscopy and spectroscopy,” Front. Phys. 9, 711 (2014).

18y. Turkulets, T. Bick, and I. Shalish, “Double surface effect causes a peak
in band-edge photocurrent spectra: A quantitative model,” J. Phys. D:
Appl. Phys. 49, 365104 (2016).

9A. Cavallini, L. Polenta, M. Rossi, T. Stoica, R. Calarco, R. J. Meijers, T.
Richter, and H. Liith, “Franz—Keldysh effect in GaN nanowires,” Nano
Lett. 7, 2166 (2007).

20The effect of reflection is rather minor. So the effect of internal reflections
is even smaller because of the smaller differences in refractive index. For
this reason, we neglect the effect of internal reflections.

2IFor a thorough review of the method, see L. Kronik and Y. Shapira,
“Surface photovoltage phenomena: Theory, experiment, and applications,”
Surf. Sci. Rep. 37, 1 (1999).

*?Technologies and Devices International Inc., (TDI) has been acquired by
Oxford Instruments plc in 2008.


ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-124-016831
https://doi.org/10.1063/1.2817258
https://doi.org/10.1557/jmr.2011.211
https://doi.org/10.1063/1.3430979
https://doi.org/10.1063/1.116217
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1016/0927-796X(93)90004-M
https://doi.org/10.1063/1.4917236
https://doi.org/10.1103/PhysRevB.92.075201
https://doi.org/10.1088/0953-8984/14/13/302
https://doi.org/10.1103/PhysRevB.86.081302
https://doi.org/10.1103/PhysRevLett.53.2173
https://doi.org/10.1103/PhysRevLett.53.2173
https://doi.org/10.1007/s11467-013-0354-4
https://doi.org/10.1088/0022-3727/49/36/365104
https://doi.org/10.1088/0022-3727/49/36/365104
https://doi.org/10.1021/nl070954o
https://doi.org/10.1021/nl070954o
https://doi.org/10.1016/S0167-5729(99)00002-3

075102-8 Y. Turkulets and . Shalish

3L, J. Brillson, “The structure and properties of metal-semiconductor inter-
faces,” Surf. Sci. Rep. 2, 123 (1982).

2*We have neglected the effect of internal reflections within the sample.
Typically, such reflections would be observed as interference fringes in
the spectral responses. Since we do not observe such fringes, we deem it
safe to neglect the internal reflections.

Z5Note that this similarity applies only to the band-edge feature, while other
spectral features, such as sub-bandgap transitions may behave differently
in the two methods.

**M. Gladysiewicz, L. Janicki, J. Misiewicz, M. Sobanska, K. Klosek,
Z. R. Zytkiewicz, and R. Kudrawiec, “Engineering of electric field
distribution in GaN(cap)/AlGaN/GaN heterostructures: Theoretical

J. Appl. Phys. 124, 075102 (2018)

and experimental studies,” J. Phys. D: Appl. Phys. 49, 345106
(2016).

27y Turkulets and I. Shalish, “Probing dynamic behavior of electric fields
and band diagrams in complex semiconductor heterostructures,” J. Appl.
Phys. 123, 024301 (2018).

28], D. Dow and D. Redfield, “Electroabsorption in semiconductors: The
excitonic absorption edge,” Phys. Rev. B 1, 3358 (1970).

*The solution of Poisson’s equation for the surface space charge region is dif-
ferent in nanowires. See, for example, R. Gurwitz and I. Shalish, “Method for
electrical characterization of nanowires,” Nanotechnology 22, 435705 (2011).

M. A. Zimmler, J. Bao, I Shalish, W. Yi, V. Narayanamurti, and F.
Capasso, Nanotechnology 18, 395201 (2007).


https://doi.org/10.1016/0167-5729(82)90001-2
https://doi.org/10.1088/0022-3727/49/34/345106
https://doi.org/10.1063/1.5013274
https://doi.org/10.1063/1.5013274
https://doi.org/10.1103/PhysRevB.1.3358
https://doi.org/10.1088/0957-4484/22/43/435705
https://doi.org/10.1088/0957-4484/18/39/395201

	s1
	s2
	s2A
	l
	n1
	d1
	d2
	d3
	d4
	f1
	f2
	s2A1
	d5
	s2A2
	d6
	d7
	d8
	d9
	s2B
	d10
	f3
	d11
	d12
	d13
	d14
	s2B3
	s2B4
	d15
	d16
	d17
	d18
	d19
	f4
	s3
	s3A
	s3B
	s3C
	s3C1
	d20
	d21
	d22
	s3D
	d23
	s4
	s4A
	s4B
	f5
	s5
	s6
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	f6
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30

