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1. Introduction

Many semiconductor devices owe their functions 
to specific electronic properties at interfaces.(1) 

For instance, metal-insulator-semiconductor (MIS) 
transistors can function as an electronic switch 
through the formation of a depleted layer or inversion 
layer at the insulator/semiconductor interface by 
gate insulator-mediated bias control. The rectifying 
function for carriers (Schottky barrier diode and p-n 
diode) and the photovoltaic function (solar cells) 
result from the discontinuity of the energy bands and 
the potential gradient.  Because the energy bands at 
the interface determine the device properties, the band 
position and shape are important.

Energy bands are often sensitively modulated by 
surface- or interface-specific effects.  The reconstructed 
surface structure,(2) interface reactive layer,(3) interface 
altered-layer,(4) and adhesion of contaminations(5) can 
be induced by film formation, annealing, dry etching, 
wet treatment, or ion implantation. Thus, energy band 
measurement is an effective way to investigate the 
influence of different processes on device properties.

The valence band offset (VBO) can be determined 
experimentally by X-ray photoelectron spectroscopy 
(XPS).(6) This method has been widely applied to 

a variety of heterojunction interfaces(7-9) using a 
conventional XPS system with Al Kα (hυ = 1486.6 eV) 
or Mg Kα (hυ = 1253.6 eV) X-ray sources. Under 
these experimental conditions, the inelastic mean 
free path (IMFP) λ,(10) i.e., the effective photoelectron 
escape depth, is restricted to approximately 2-4 nm 
owing to strong inelastic scattering of photoelectrons.  
As a result, a heterojunction sample with an extremely 
thin top layer having a thickness close to the IMFP 
is needed.(6-9) The problem is that the VBO for a thin 
heterojunction sample does not always correspond 
to that for a real device. Therefore, it is preferable 
to measure the VBO using a sample with a top layer 
having a thickness close to that of a real device.

A large photoelectron escape depth is needed for 
thicker heterojunction samples. By raising the X-ray 
photon energy for excitation, the escape depth can be 
extended. In recent years, hard X-ray photoelectron 
spectroscopy (HAXPES) was developed using a 
synchrotron light source with a high photon flux.(11) 
HAXPES achieves a larger escape depth due to the 
higher kinetic energy of photoelectrons. For instance, 
the IMFP for Si 1s photoelectrons in SiO2 is extended 
to approximately 13 nm for hυ = 8 keV.(10)  In the 
case of conventional XPS with Al Kα, the IMFP 
for Si 2p photoelectrons in SiO2 is approximately 

HAXPES, Photoelectron Spectroscopy, Band Offset, Band Bending, 
Semiconductor Interface, Semiconductor Surface, CZTS, GaN,

 Inductively Coupled Plasma Etching

Energy bands at semiconductor surfaces and interfaces are important for characterizing 
various electronic properties.  We demonstrated measurement techniques for the valence band offset (VBO) 
and band bending using hard X-ray photoelectron spectroscopy (HAXPES).  Because the photoelectron 
escape depth for HAXPES is larger than that for conventional X-ray photoelectron spectroscopy, the energy 
band can be measured nondestructively using thicker real-device-like samples.  The VBO of the CdS/CZTS 
interface was successfully estimated by a new analysis method using only valence band spectra.  The 
band bending for p-type GaN was analyzed before and after inductively coupled plasma etching, using 
takeoff-angle-dependent photoelectron spectra.  The present techniques can be applied to various branches 
of semiconductor materials research.

Report received on May 13, 2015

Keita Kataoka, Tetsuo Narita, Daigo Kikuta and Shin Tajima

Measurement of Energy Bands at Semiconductor Surfaces and Interfaces 
by Hard X-ray Photoelectron Spectroscopy



http://www.tytlabs.com/review/

22

© Toyota Central R&D Labs., Inc. 2015

R&D Review of Toyota CRDL, Vol.46 No.2 (2015) 21-28

from a mixed VB spectrum for the heterojunction 
sample. In general, the onsets for materials A and 
B can be experimentally determined as follows.(6) 
Figure 1 shows schematic band diagrams for materials 
A and B, and for the heterojunction interface. The 
VB onsets (EVBM

A and EVBM
B) and the core level 

peaks (ECL
A and ECL

B) are measured independently.  
The energy differences (ECL-VBM

A = ECL
A – EVBM

A) and 
(ECL-VBM

B = ECL
B – EVBM

B) are specific to materials A 
and B, respectively. Therefore, using the core level 
peaks obtained for the heterojunction sample (ECL

A(A+B) 

and ECL
B(A+B)), the VBM (EVBM

A(A+B) and EVBM
B (A+B)) are 

given by

EVBM
A(A+B) = ECL

A(A+B) – ECL-VBM
A       (1)

EVBM
B (A+B) = ECL

B(A+B) – ECL-VBM
B,       (2)

and VBO is given by

EVBO = EVBM
A(A+B) – EVBM

B (A+B) 
          = (ECL

A(A+B) – ECL-VBM
A) – (ECL

B(A+B) – ECL-VBM
B). (3)

In addition to the general method described above, 
we developed a new method to determine the VBO.(15) 
As shown in Fig. 2, the VB spectra for materials A and 
B (VBA(E) and VBB(E)) are measured independently.  
The heterojunction sample provides a mixed VB 
spectrum (VBA+B(E)) for materials A and B.  By fitting 
using a linear combination of VBA(E) and VBB(E), 
the difference in the VB onsets for materials A and B 
yields the VBO.  The objective function for the fit can 
be expressed as follows:

VBA+B(E) = a × VBA(E + c) + b × VBB(E + d ),      (4)

where a, b, c, and d are constants (fitting parameters).  
This is more a direct method because VBO is 
determined using only the VB spectra.  

2. 2  Analysis Method for Band Bending

Figure 3 shows a schematic band diagram with 
upward band bending toward a surface or interface.  
The core levels have the same energy shift as the VB 
or conduction band (CB). Therefore, the shift in the 
energy band position is reflected in the shift in the core 
level peak. The band bending shape can be estimated 
on the basis of takeoff-angle-dependent core level 

3.8 nm.  The VBO values for more real-device-like 
thicker heterojunction samples can be measured 
nondestructively by HAXPES. 

Furthermore, the larger escape depth makes it 
possible to investigate energy band bending in 
near-surface or near-interface regions. In most 
previous studies using conventional XPS,(12-14) only the 
surface Fermi level position was measured because of 
the small escape depth. In HAXPES, the energy band 
position can be obtained over an extended escape 
depth by measuring the takeoff angle dependence.

In this study, we demonstrate the suitability of 
HAXPES for VBO and band bending measurements.  
For VBO measurement, an interface was prepared 
between CdS and Cu2ZnSnS4 (CZTS).(15) CZTS thin 
films are promising for use in high-efficiency, low-cost, 
nontoxic and rare-metal-free photovoltaic solar 
cells.(16-18) A CdS/CZTS layered structure is often used 
to obtain a higher open circuit voltage and to separate 
rapidly generated electron-hole pairs.  The conduction 
band offset (CBO) for the CdS/CZTS interface is 
important because it determines the electron transport 
properties. 

For band bending measurements, Mg-doped p-type 
GaN was prepared.(19) Inductively coupled plasma 
(ICP) etching is commonly used for GaN-based power 
devices. However, it is well known that etching damage 
is introduced into GaN.(20-22) It is necessary to determine 
the effects of ICP etching on the GaN surface in order 
to suppress or undo the etching-induced damage. We 
measured the changes in band bending of the p-type 
GaN surface before and after ICP etching.

2. Techniques for Measurement of the Energy Band
    by HAXPES

2. 1  Determination of the Valence Band Offset

In principle, the energy positions of photoelectron 
spectra are determined relative to the Fermi level, which 
is defined as 0 eV in binding energy. The onset of the 
valence band (VB) spectrum corresponds to the valence 
band maximum (VBM) in reference to the Fermi level. 
Because the Fermi levels for the two materials at the 
heterojunction interface are spontaneously adjusted by 
charge exchange to coincide with each other, the VBO 
corresponds to the difference in the VBM of the two 
materials.

It is difficult to resolve the two different onsets 
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spectra as follows. The effective analysis depth (λeff), 
i.e., the component of IMFP(10) perpendicular to the 
surface, is:

λeff = λ sin θ,         (5)

where θ is the takeoff angle measured from the surface.  
The photoelectron intensity (IPE) emitted at a depth x 
decreases exponentially with x as:

IPE(x) = I0 exp (–x /λeff ),       (6)

where I0 is the photoelectron intensity at x = 0. The 
core level spectrum can be interpreted as the integrated 

Fig. 1 Schematic energy band diagram obtained through measurement of the valence band offset by photoelectron spectroscopy.  
Since the energy difference between ECL and EVBM is constant, the valence band offset of the heterojunction sample can 
be obtained experimentally.

Fig. 3 Schematic energy band diagram with upward band 
bending toward the surface and the corresponding 
photoelectron spectrum of the core level.
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GaN buffer layer. An activation anneal was performed 
at 850°C. The ICP etching gas mixture was Cl2 

and BCl3, used at a flow rate of 25 and 5 cm3/min, 
respectively, under 1 Pa pressure. ICP etching was 
performed at an antenna power of 300 W and a bias 
power of 30 W.

4. Results and Discussion

4. 1  The Valence Band Offset for the CdS/CZTS
        Interface

First, we estimated the VBO using the conventional 
method. We measured the core levels and VB spectra 
for the CZTS and CdS standards.  The energy difference 
between the Cu 2p3/2 peak (ECL

CZTS ) and the VB onset 
(EVB

CZTS ) for the CZTS sample (ECL
CZTS  – EVB

CZTS ) 
was 931.67 eV. The energy difference between the 
Cd 3d5/2 peak (ECL

CdS) and the VB onset (EVB
CdS) for the 

CdS sample (ECL
CdS  – ECL

CdS) was 403.35 eV. The VB 
onsets were determined by linear extrapolation of the 
leading edges of the VB spectra. For CdS (5 nm)/CZTS 
(700 nm), the Cu 2p3/2 peak for the CZTS layer and 
the Cd 3d5/2 peak for the CdS layer were measured; 
the results are shown in Fig. 4. The Cu 2p3/2 peak 
(ECL

CZTS(CZTS + CdS )) and the Cd 3d5/2 peak (ECL
CdS(CZTS + CdS )) 

were 932.14 and 404.94 eV, respectively. By using 
Eqs. (1) to (3), the VBO was estimated to be 1.1 ± 0.1 eV.

Next, the new method was employed to estimate the 
VBO by using Eq. (4). Figure 5 shows the curve fit 
obtained for the VB spectrum of CdS (5 nm)/CZTS 
(700 nm), using the VB spectra of the CZTS and CdS 
standards.  The fit was in excellent agreement with the 
VB spectrum of the heterojunction sample. Thus, the 
VBO was estimated to be 1.0 ± 0.1 eV, which agrees 
within experimental error with the VBO obtained by 
using the core level peaks.  This indicates that the new 
method is useful for VBO estimation.

In photoelectron spectroscopy, it often happens 
that charging due to X-ray irradiation becomes a 
problem because it induces a shift in the energy 
band.  The charging effect can be monitored by 
measuring the photoelectron peak shift as a function 
of the X-ray photon flux.  In our case, energy shifts 
on the order of several tens of meV were found for all 
samples.  However, for CdS (5 nm)/CZTS (700 nm), 
the magnitude of the peak shifts for the Cu 2p3/2 and 
Cd 3d5/2 levels were the same at the same X-ray photon 
flux. This indicates that the VBO was not changed by 

spectrum emitted from a given depth.  Each spectrum 
can be approximated by a Gaussian function. Thus, the 
core level spectrum F(E, x) can be expressed as

∫0

∞[IPE(x) × exp( –                )]dxF(E, x) = 2σ2

(E – Ebending(x))2

,   (7)

where E is the photoelectron energy and Ebending(x) is a 
function of the band bending shape. The band bending 
shape can be quantitatively analyzed by applying 
Eq. (7) to the takeoff-angle-dependent spectra.

3. Experimental Details and Sample Preparation

HAXPES measurements were carried out at the 
BL46XU and BL47XU beam lines of Spring-8.  The 
excitation X-ray photon energy was approximately 
8 keV.  We observed the photoelectron spectra of Cu 
2p3/2 and the VB region for CZTS, the photoelectron 
spectra of Cd 3d5/2 and the VB region for CdS, and the 
photoelectron spectra of Ga 2p3/2 and N 1s for GaN.  
The λ values calculated by TPP-2M(10) were about 17, 
12, 9.0, and 9.7 nm for Cu 2p3/2 in CZTS, Cd 3d5/2 in 
CdS, Ga 2p3/2 in GaN, and N 1s in GaN, respectively.  
The takeoff angles of photoelectrons were 80° for 
CZTS and CdS, and 80°, 40°, and 12° for GaN.  All 
photoelectron spectra were calibrated using an Au film 
deposited on a Si substrate.  The Fermi edge for Au 
was defined as 0.00 eV in binding energy.

For the VBO measurement of the CdS/CZTS 
interface, CdS (5 nm)/CZTS (700 nm)/Mo/glass, 
CZTS (700 nm)/Mo/glass, and CdS (100 nm)/CZTS 
(700 nm)/Mo/glass were prepared.  The buried CZTS 
layer of CdS (5 nm)/CZTS (700 nm) was measurable, 
thanks to the larger IMFP. CZTS (700 nm) and CdS 
(100 nm)/CZTS (700 nm) were used as standards 
for CZTS and CdS, respectively. The roughly 
700-nm-thick CZTS layers were formed by sulfurizing 
a CZTS precursor using H2S gas. CdS buffer layers 
were deposited on the CZTS layers by chemical bath 
deposition and subsequently annealed at 473 K under 
a N2 atmosphere. The details of CZTS cell fabrication 
have been reported elsewhere.(18)

In the band bending measurements for GaN, unetched 
and ICP-etched Mg-doped p-type GaN samples were 
prepared using conventional metalorganic chemical 
vapor deposition on a-plane sapphire substrates. A 
2-μm-thick p-type GaN film doped with 2.5 × 1019 cm–3 
Mg was grown on a 1-μm-thick unintentionally-doped 
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4. 2  Band Bending for ICP-etched p-type GaN

Figure 7 shows takeoff-angle dependent Ga 2p3/2 and 
N 1s spectra of unetched and ICP-etched p-type GaN.  
The spectra of both samples changed dramatically 
with takeoff angle.  The N 1s spectra exhibited similar 
shapes to the Ga 2p3/2 spectra. Thus, the spectrum shapes 
reflect the shifts in the energy band due to the depth, 
rather than to the chemical bonding state.  In the case 
of Ga 2p3/2 photoelectrons, the λeff  values calculated 
by Eq. (5) are 8.8, 5.8, and 1.9 nm for takeoff angles 
of 80°, 40°, and 12°, respectively.  For both samples, 
the Ga 2p3/2 level gradually shifted to a higher binding 
energy with decreasing λeff , which shows downward 
band bending toward the surface.

charging, although the absolute energy position with 
reference to the Fermi level could not be obtained.

Figure 6 shows the experimentally obtained 
schematic energy band diagram for the CdS/CZTS 
interface. The band gap was estimated to be 2.4 and 
1.4 eV for CdS and CZTS, by using optical absorption 
and external quantum efficiency measurements, 
respectively. Using the band gaps, a CBO of 
0.0 ± 0.1 eV was obtained. This was slightly different 
from previously reported values.(23-25) It has been 
reported that the surface condition of the CZTS layer 
has no influence on the CBO.(25) Therefore, the CBO 
presumably depends on the film formation conditions 
or the quality of the CdS layer.

Fig. 4    HAXPES spectra of (a) Cu 2p3/2 and (b) Cd 3d5/2 levels obtained from the CdS (5 nm)/CZTS (700 nm) sample.

Fig. 5 Curve fit of the valence band (VB) spectrum for 
the heterojunction sample with CdS (5 nm)/CZTS 
(700 nm), using the VB spectra of the CZTS and 
CdS standards.  Inset shows a blowup of the onset 
of the VB spectra.
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1.6 eV has been reported for a Mg concentration of 
3 × 1019 cm–3.(26) These values are comparable to our 
results.

For the ICP-etched sample, the spectra calculated by 
assuming quadric band bending were not consistent 
with the experimental results. Under the assumption 
of a surface layer with a deep donor concentration 
(see Fig. 9), rather than of quadric band bending, the 
calculated spectra well fitted the experimental results, 
as shown in Fig. 8(b). We believe that a high deep 
donor density above 1×1020 cm–3 is induced by ICP 
etching in the near surface region.  The depth of the 
surface layer with a higher deep donor concentration 
was estimated to be approximately 8 nm.

We analyzed the band bending using Eq. (7). In 
our calculations, quadric band bending was assumed 
for Ebending(x). The calculated spectra for the unetched 
sample well fitted the experimental results as shown 
in Fig. 8(a), when an acceptor concentration of 
4.3 × 1019 cm–3 and a band bending potential of 
1.8 eV were assumed. The calculated N 1s spectra 
also well fitted the experimental results using the same 
parameters.  The acceptor concentration obtained 
was higher than the bulk Mg dopant concentration 
of 2.5 × 1019 cm–3. The higher Mg concentration 
was consistent with the results of secondary ion 
mass spectroscopy. We believe that the higher Mg 
concentration in the near-surface region was due 
to Mg segregation. A band bending potential of 

Fig. 7 HAXPES spectra of (a) the Ga 2p3/2 and (b) N 1s levels as a function of the takeoff angle (TOA) of photoelectrons for 
unetched and ICP-etched p-type GaN.  The spectra were measured at TOAs of 80°, 40°, and 12°.  The p-type GaN films 
were etched by an inductively coupled plasma (ICP) with a bias power of 30 W. 

Fig. 8 The takeoff-angle-dependent HAXPES spectra (black solid lines) and calculated spectra (red solid lines) of the Ga 2p3/2 
level for (a) the unetched sample and (b) ICP-etched sample with a bias power of 30 W.
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(21) Choi, K. J., Jang, H. W. and Lee, J. L., Appl. Phys. 

Lett., Vol. 82, No. 8 (2003), pp. 1233-1235.  

5.  Summary

We have demonstrated VBO and band bending 
measurements at the CdS/CZTS interface and 
ICP-etched p-type GaN surface, respectively, by 
exploiting the deep photoelectron escape depth 
for HAXPES. A VBO of 1.0 ± 0.1 eV for the 
more real-device-like CdS/CZTS interface was 
successfully estimated by the new analysis method 
through curve fitting the VB spectra. A schematic band 
diagram was obtained for the CdS/CZTS interface 
by using VBO and band gaps. A detailed analysis 
of the shape of takeoff-angle-dependent core level 
spectra successfully yielded the band bending in the 
near-surface region of p-type GaN. This suggested 
the presence of a surface layer with higher deep 
donor concentration after ICP etching. The present 
results are expected to find wide applicability 
in energy band measurements of semiconductor 
interfaces and surfaces using HAXPES.
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