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Alloy composition and electronic structure of Cd 1ÀxZnxTe by surface
photovoltage spectroscopy

Jihua Yang, Y. Zidon, and Yoram Shapiraa)

Department of Physical Electronics, Tel-Aviv University, Ramat-Aviv 69978, Israel

~Received 29 January 2001; accepted for publication 15 October 2001!

The alloy composition of a Cd12xZnxTe~111! sample and its spatial homogeneity have been
determined by surface photovoltage spectroscopy~SPS! and compared to conventional energy
dispersive x-ray spectroscopy measurements. Experimental improvements of the former technique
yield a contactless, surface sensitive, and highly accurate spectral resolution of the band gap
(error,4 meV) and consequently of the Zn concentration~error,0.6% in comparison with the
latter technique!. In addition, SPS is capable of determining the face and type of the Cd12xZnxTe as
well as identifying gap states at its surface. The electronic structure has been investigated in
comparison withn-CdTe~111!, before and after various surface chemical treatments. An acceptor
surface state has been observed at 1.21 eV below the conduction band edge and attributed to TeO2.
A donor surface state~with a lower concentration relative to the corresponding state in CdTe!
associated with Cd atom displacement has been found at 1.42 eV above the valence band maximum.
A chemically induced surface state at 0.72 eV below the conduction band edge may be due to Zn
vacancies, as supported by x-ray photoelectron spectroscopy measurements. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1425071#
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I. INTRODUCTION

CdTe and its ternary alloy Cd12xZnxTe are important
semiconductor materials that are used in solar cells, x
detectors and other optoelectronic devices.1–3 Due to their
chemical and structural compatibility, they are also the m
terial of choice as substrates for growing epitaxial layers
HgCdTe, a useful IR detecting material in the 8–12mm in-
frared range. The introduction of Zn into CdTe makes
lattice of Cd12xZnxTe tunable, by adjusting the Cd/Zn rati
hence, a better lattice-matched substrate for the growth o
HgCdTe epitaxial layer may be expected.4 Furthermore, the
designable semiconductor band gap is obviously helpful
controlling the resistivity as well as the valence and cond
tion band alignment at the semiconductor interface.

The control and monitoring of the Zn concentration,x,
especially at the surface, is crucial for obtaining
Cd12xZnxTe alloy with the required lattice parameter f
matching HgCdTe. Also, it is an important consideration
its use as a detector material. Besides direct determina
from the measurement of the lattice parameter,x can be ob-
tained by the determination of the alloy band gap. Us
room temperature photoreflectance and lattice param
measurements, Tobinet al. observed a relation between th
band gap andx:5

Eg51.504510.631x10.128x2, ~1!

whereEg is the band gap of the alloy, in electron volts, a
1.5045 eV is the band gap of CdTe.

a!Author to whom correspondence should be addressed; electronic
shapira@eng.tau.ac.il
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From Eq.~1!, Zn concentrations ofx between 0.06 and
0.07 yield band gaps ofEg between 1.5428 and 1.5493 e
respectively, a difference of less than 7 meV. Therefore,
suchx values, the measured band gap should be accura
within several milli-electron volts, for errors less than60.01
in x. Hence, if optical techniques are to be used, both
incident light source and the detector must have high spec
resolution. Several techniques, e.g., photoreflectance and
temperature photoluminescence have been used to deter
the CdZnTe band gap and thusx.5

We have measured the band gap of a Cd12xZnxTe~111!
samples and determined this alloy Zn concentration w
high accuracy using surface photovoltage spectrosc
~SPS!.6 It has been assumed that the band gap values m
sured by SPS could be obtained with an accuracy of ab
0.1–0.2 eV, but we have improved the technique resolut
by introducing a band gap measurement methodology,
the band gap reference point is selected at the second kn
the band gap related transition, where the surface photov
age reaches saturation as well as by using extremely s
and very small-stepped scans~see Sec. III A!. The high ac-
curacy has been proven by comparative measurements o
same sample using SPS and energy dispersive x-ray s
troscopy~EDS!. Measuring at eight different surface pos
tions, the homogeneity of the Zn concentration has been
amined. Furthermore, it is important to characterize a
control the surface electronic structure and chemical com
sition of the substrate for epitaxial layer growth and dev
performance.7–9 In comparison with the Cd-rich~i.e., the Cd
crystallographic! surface ofn-CdTe~111!, we have studied
and assigned several transitions at the alloy surface to ch
cal species using SPS and x-ray photoelectron spectros
~XPS!.
il:
© 2002 American Institute of Physics
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II. EXPERIMENT

The CdTe sample and the Cd12xZnxTe samples were
provided by Imarad Imaging Systems Ltd, Israel. The C
rich surfaces of CdTe and Cd12xZnxTe were identified by a
standard etching test.10 All the surface photovoltage~SPV!
spectra of CdTe and Cd12xZnxTe were measured in ambien
temperature using a Kelvin probe arrangement~Delta-Phi
Electronik, Germany!. A spectrometer with a double mono
chromator~McPherson Inc., USA! provided monochromatic
incident light with a resolution about 0.18 nm. This yields
energy error of less than 4 meV for the measured band
values of the Cd12xZnxTe samples. In order to obtain a
accurate value of the band gap, the monochromator
scanned with 0.2 nm~0.4 meV! steps and a 10 s dwell tim
at each step. This procedure provided a sufficiently equ
brated signal response at every sampled wavelength to
sure a minimal experimental error. In the study of the surf
states, the SPS spectra were taken from 2000 to 450 nm,
2.0 nm steps and 1 s dwell time.

To assign the observed transitions to chemical spec
various surface chemical treatments were performed on
same Cd12xZnxTe sample. SPS was measured immediat
after 1 min etching in 1% Br2 /CH3OH;11 HCl; 5M KOH,12

and 5M KOH13 M NaCl solutions, respectively. Unles
otherwise noted, the etchings were carried out at room t
perature.

XPS measurements were performed in an UHV sys
(2310210Torr base pressure! using a 5600 Multi-Technique
System~PHI, USA!. The samples were irradiated with an A
Ka monochromated source~1486.6 eV! and the photoelec
trons were analyzed by a hemispherical analyzer using a
aperture of 0.8 mm in diameter.

III. RESULTS AND DISCUSSION

A. Determination of Cd 1ÀxZnxTe alloy composition

Figure 1 shows the SPV spectra of the Cd-rich surfa
of a CdTe sample@curve ~a!# and a Cd12xZnxTe sample
@curve ~b!#. The band gap-related transition of th
Cd12xZnxTe is blueshifted in comparison with the CdTe d
to the introduction of Zn. Since ZnTe has a larger band g
~2.263 eV! than CdTe~1.504 eV!, the Cd12xZnxTe alloy

FIG. 1. SPV curves as a function of illumination energy measured at
rich surfaces of a CdTe sample~a! and a Cd12xZnxTe sample~b!. Important
transitions are marked by arrows~some are more easily detected if magn
fied!. The spectra are vertically shifted for clarity.
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band gap increases withx. All the features below the band
gap values arise from subband gap transitions. The phys
mechanisms of the latter transitions are discussed later.

Conventionally, the band gap is estimated using the
set of the slope change~knee! in the SPV curve,13,14 signify-
ing the start of the band gap response, or the maximum of
SPV derivative, which is the midpoint between the knees15

The energy position is usually found by the tangent inters
tion and is limited in accuracy to about 0.1–0.2 eV. SP
spectral shape follows that of the absorption spectrum wh
is known to have ana;(hn2Eg)n behavior withn51/2 or
2 for direct or indirect semiconductor, respectively. The ba
gap can thus also be obtained by the extrapolation o
(SPV)2 or (SPV)1/2 curve.16

Since SPS is in fact an electro-optical method, the det
of the density of states~DOS! at the conduction band edge o
the semiconductor have to be considered. The ubiquit
band tail at the bottom of the conduction band as well
possible states or minibands next to it may blur the t
position of the band gap. The low concentration of states
those points is the cause of the slope change of the S
curve. Only the energy at which the DOS reaches its pa
bolic dependence is a true indication of the band gap an
retrospect, this is obvious in many studies@including curve
~a! in Fig. 1#.17–19Thus, a better point of reference should
the succeeding knee, where the SPV response reaches
ration after the transition. The saturation is used as a base
for the tangent while it may be absent in cases of high car
surface recombination.14

To obtain the band gap more accurately, we have a
chosen better experimental conditions. We have use
double monochromator~to avoid stray light and have a na
rower bandwidth!, which was scanned with a 10 s dwell tim
~to have a sufficiently equilibrated response! and an incre-
ment of 0.2 nm~;0.4 meV at the scan range of 830–77
nm! to ensure a minimum experimental error. The scan ra
was selected as indicated by curve~b! in Fig. 1.

Figure 2 shows the measured SPV curves of
Cd12xZnxTe sample at eight different surface positio

-

FIG. 2. SPV curves of the Cd12xZnxTe sample of Fig. 1~b! at eight different
surface positions~about 3 mm apart! and associated band gap measu
ments. The intersection point of the tangents is the suggested band
position. The spectra are vertically shifted for clarity.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp



-
tio
lu
w
d

b
th
og

ch
te

D
s
k
th

n

n
a
A
h

ncy
he
ch-

ror
han
tion

for
si-
s.

f-
ith
the

p-
s

,

a
m

S

-
e of
ion

705J. Appl. Phys., Vol. 91, No. 2, 15 January 2002 Yang, Zidon, and Shapira
~about 3 mm distant from each other! for band gap evalua
tion. The suggested method of determining the intersec
point of the tangents to read the band gap value is also il
trated. From the band gap position, the Zn concentration
calculated using Eq.~1! and is shown in Table I. An average
x value of 0.06360.006 is obtained. The largestx discrep-
ancy among different measured positions is 0.006, proba
due to Zn segregation effects in the ingot. Therefore, in
investigation range, the current sample has a rather hom
neousx distribution.

To examine the accuracy of this improved SPS te
nique, as well as of the proposed method for band gap de
mination, we have measured a reference CdZnTe sample
ing our technique and compared the results with E
measurements~accuracy of;0.5%! taken at the same point
on the sample. Naturally, the EDS measurements are ta
with very small spot size relative to SPS, which averages
signal over the probe size~2.5 mm in diameter!. Also, SPS is
more surface sensitive~limited to the space charge regio
width, in our case within 0.1mm! while EDS averages the
signal over a depth of about 1mm. Figure 3 shows the SPV
curves of the sample at nine different points on the refere
sample. Table II gives the measured band gap values
comparesx determined by SPS and EDS measurements.
though at positions 3 and 8, the discrepancy is somew

TABLE I. Band gap and Zn concentrationx of the Cd12xZnxTe determined
by SPS, at eight different surface positions.DEg is the band gap increase
due to Zn introduction, relative to CdTe.

Position
measured

Band gap (Eg)
~eV!

DEg

~eV! x60.006

1 1.545 0.041 0.064
2 1.543 0.039 0.061
3 1.543 0.039 0.061
4 1.545 0.041 0.064
5 1.544 0.040 0.063
6 1.547 0.043 0.067
7 1.544 0.040 0.063
8 1.545 0.041 0.064

FIG. 3. SPV curves as a function of illumination energy and associated b
gap measurements at nine different positions on a reference CdZnTe sa
The spectra are vertically shifted for clarity.
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large ~about 1.6% and 1.2%, respectively!, the other seven
examined points have a good agreement with a discrepa
of ,1%. This is also shown in Fig. 4, which describes t
measurement positions as well as the results of both te
niques with their associated error bars.

Since the band gap of Cd12xZnxTe with low Zn concen-
tration can be obtained with an accuracy of,4 meV by SPS,
the Zn concentration can be determined with an er
,0.6%. Thus, this technique yields far better accuracies t
are usually reported by SPS users. Considering its opera
simplicity, surface sensitivity, and itsin situ applicability,
this technique can be used as an effective analytical tool
the highly accurate determination of CdZnTe alloy compo
tion and most probably as a universal tool for other alloy

B. Surface states of CdTe and Cd 0.937Zn0.063Te

Curve ~a! in Fig. 1 shows that the contact potential di
ference~CPD! of the CdTe sample decreases abruptly w
an incident photon energy above 1.47 eV, signifying that
CdTe sample isn type. The transition energy is shifted from
the band gap energy~1.5045 eV! by about 35 meV~close to
kT! reflecting the band tail effect. Similar considerations a
ply to CdZnTe@curve~b!#, in which the band tail effect start
at about 1.50 eV.

nd
ple.

TABLE II. Zn concentrationx of a CdZnTe sample as determined by SP
and EDS at nine different surface positions.

Position
measured

SPS EDS

Band gap
~eV! x60.006 x60.005

2 1.575 0.109 0.118
3 1.571 0.103 0.119
4 1.583 0.0121 0.121
5 1.583 0.121 0.123
8 1.566 0.096 0.108
13 1.562 0.090 0.096
17 1.564 0.093 0.097
18 1.563 0.091 0.092
19 1.571 0.103 0.097

FIG. 4. SPS~full squares! and EDS~full circles! measurements of Zn con
centrationx ~%! at the same positions on the reference CdZnTe sampl
Fig. 3. The positions are slightly shifted for clarity. Inset shows the posit
of the measurement points on the sample.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Two obvious subband gap transitions are observed
1.2160.05 eV (E1) and;1.3960.05 eV (E2), respectively
@The jump at 1.18 eV is a filter changing effect. It should
noted that it has no effect on the accuracy of the spect
copy. The jump does not evolve from the light source sp
trum but rather from stray light effects that even a dou
monochromator arrangement cannot entirely elimina
However, the accuracy of the observed transitions~;0.05
eV! is lower than that of the band gap measurements#. The
transition atE1 has a negative slope change and thus is ch
acteristic of electron transition from an occupied accep
surface state at 1.21 eV below the conduction band minim
~CBM! to the CBM. The other transition atE2 shows a posi-
tive CPD slope change, indicating photoexcitation from
valence band maximum~VBM ! to an unoccupied donor sur
face state situated;1.39 eV above the VBM.

In a previous article,20 Bursteinet al. have shown that
SPS can distinguish between the electronic structures
CdTe Cd-rich and Te-rich surfaces. They identified two kin
of surface states on the Cd-rich surface ofp-CdTe. One kind
was an acceptor state at 1.17 eV below the CBM and
attributed to TeO2–CdTe interaction. The other kind was du
to Cd atom displacement~i.e., Cd atom perturbation from it
normal position on the surface by the preferential oxyg
adsorption on Te surface sites!. These states are found to b
unoccupied and situated at 1.11 and 1.33 eV above the V
respectively. By comparison, we conclude that the transiti
at E1 andE2 of our n-CdTe are also due to the TeO2–CdTe
interaction and the Cd atom displacement, respectively.

The same CdTe sample was etched using Br2 /CH3OH
solution, which would leave either Cd-rich or Te-rich su
faces with a thick Cd-depleted TeO2 layer.11 This should
make the SPV signal due to the TeO2–CdTe interaction sur-
face state become dominant while that from the Cd at
displacement weaker.20 Figure 5 shows the SPV behavior o
a Cd-rich CdTe surface@curve ~a!# before $same as Fig. 1
@curve ~a!#% and @curve ~b!# after etching by a 1%
Br2 /CH3OH solution. Clearly, the transition atE1 becomes
stronger, while the transition atE2 practically disappears
Therefore, it seems reasonable to assign theE1 andE2 tran-
sitions to TeO2–CdTe interaction and Cd atom displaceme
respectively.

FIG. 5. SPV curves of Cd-rich surfaces of CdTe before~a! and after~b!
etching by 1% Br2 /CH3OH. The spectra are vertically shifted for clarity.
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As mentioned earlier, the Cd-rich surface of thep-CdTe
should have another surface state at 1.11 eV above the V
associated with Cd atom displacement, which could not
observed at then-CdTe surface. It is not clear whether th
concentration of this state is too low to be detected,
whether it becomes a filled acceptor state inn-CdTe. In the
latter case, the transition energy from such a state to
CBM is about 0.40 eV, which is beyond our spectral rang

Moving to Fig. 1@curve~b!#, a subband gap transition i
obtained for then-CdZnTe at 1.21 eV, with the same trans
tion polarity as that of theE1 transition of CdTe. It has been
reported that TeO2 is also present at CdZnTe surfaces.21 This
is true for our sample as shown later~insert in Fig. 7!. By
comparison to CdTe, the state at CBM–1.21 eV may be
tributed to TeO2–CdZnTe interaction. Another transition i
found at 1.42 eV. This indicates a relatively weak transiti
from the VBM to an unoccupied donor. Similarly to theE2

transition in CdTe, this transition may be related to Cd at
displacement. The reason for the weaker transition in co
parison with that in CdTe may reflect the effect of increas
bond energy and decreasing defect density due to the in
duction of Zn to CdTe.4,22,23

Figure 6 shows the SPS results obtained after vari
chemical treatments of the CdZnTe sample. In compari
with the untreated surface@curve ~a!#, Br2 /CH3OH etching
@curve~b!# enhances the 1.21 eV transition signal. This m
be attributed to the increased TeO2 layer thickness and thu
the stronger contribution of the TeO2 surface state to the
SPV. On the other hand, a subsequent HCl etching@curve
~c!# weakens this transition due to the oxide layer removal
HCl.11

Comparing our results with the work of Bursteinet al.,20

the SPS again shows its advantage in contactless chara
ization of the polar surfaces of CdZnTe~which has a similar
surface electronic structure to CdTe!. The SPS finding of a
reduction in the Cd surface displacement density by Zn
troduction indicates a possible method for monitoring t
displacement density in semiconductor alloys.

An interesting phenomenon is that the Br2 /CH3OH etch-
ing causes a rather widely distributed, new transition
0.7260.05 eV. This transition did not disappear after furth
treatment with HCl. Since this effect does not occur at

FIG. 6. SPV curves of Cd-rich surface of Cd0.937Zn0.063Te before and after
different chemical etchings:~a! before etching; ~b! etched by 1%
Br2 /CH3OH solution;~c! etched by HCl;~d! and ~e! etched by 5 M KOH
13.5 M NaCl solution at room temperature and 80 °C, respectively. T
spectra are vertically shifted for clarity.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Br2 /CH3OH treated CdTe surface, it seems not to be cau
by a change in the surface concentrations of Cd, Te an
their oxides. Since etching by Br2 /CH3OH depletes the
CdZnTe of Zn,21 this transition may be associated wi
chemically induced Zn vacancies.

Treatments by KOH or KOH1KCl solutions can recove
the stoichiometry of CdTe and CdMnTe etched
Br2 /CH3OH and mineral acids.12 Figure 7 shows the XPS Zn
2p peak @curve ~a!# before and@curve ~b!# after chemical
treatment in KOH1NaCl solutions. The inset depicts the pa
of the spectrum showing the Te 3d and TeO2 peaks@curve
~a!# before and@curve~b!# after the treatments. The analys
shows that the Zn surface concentration decreases by
after the treatments. Curves~d! and ~e! in Fig. 6 show the
SPV curves after treatments in KOH1NaCl solution at room
temperature and 80 °C, respectively@the SPV curve after
treatment in KOH solution is similar to curve~d!#. The tran-
sition at 0.72 eV persists in agreement with its attribution
Zn vacancies.

IV. CONCLUSIONS

Using an experimentally improved band gap measu
ment methodology, surface photovoltage spectroscopy
been found to be an effective analytical tool for highly acc
rate determination of Cd12xZnxTe~111! alloy composition.
The error inx is below 0.6%, which is comparable to th
measurement results of a reference CdZnTe sample by
ventional energy dispersive x-ray spectroscopy. Besides
CdZnTe~111! face, band gap and type, SPS enables inve
gation of the electronic structure of this sample: An accep

FIG. 7. XPS spectra of Zn 2p of Cd0.937Zn0.063Te ~inset shows the Te 3d and
TeO2 peak shapes! before ~a! and after ~b! chemical treatments in
KOH1NaCl solutions.
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surface state has been found at 1.21 eV below the CBM
attributed to TeO2 species. A donor surface state has be
found at;1.42 eV above the VBM with a lower concentra
tion relative to CdTe and attributed to Cd atom displaceme
a chemically induced surface state at 0.72 eV below
CBM may be due to Zn vacancies, as supported by X
results.
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