JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 2 15 JANUARY 2002

Alloy composition and electronic structure of Cd 1—xZn,Te by surface
photovoltage spectroscopy

Jihua Yang, Y. Zidon, and Yoram Shapira®
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 Gd,Zn,Te(111) sample and its spatial homogeneity have been
determined by surface photovoltage spectroscpyS 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 concentratierror<0.6% in comparison with the

latter techniqug In addition, SPS is capable of determining the face and type of the Zd, Te as

well as identifying gap states at its surface. The electronic structure has been investigated in
comparison withn-CdTg111), 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 TeO
A donor surface statéwith 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 measuremer2802 @merican
Institute of Physics.[DOI: 10.1063/1.1425071

I. INTRODUCTION From Eqg.(1), Zn concentrations ok between 0.06 and

, , 0.07 yield band gaps dE4 between 1.5428 and 1.5493 eV,

CdTe and its ternary alloy Gd,Zn,Te are important ogpectively, a difference of less than 7 meV. Therefore, for

semiconductor materials that are used in solar cells, x-ra¥;chx values. the measured band gap should be accurate to
detectors and other optoelectronic devitesDue to their \ithin several milli-electron volts, for errors less thar®.01
chemical and structural compatibility, they are also the may, y Hence, if optical techniques are to be used, both the
terial of choice as substrates for growing epitaxial layers of, iqent light source and the detector must have high spectral
HgCdTe, a useful IR detecting material in the 8@ in-  a5qjytion. Several techniques, e.g., photoreflectance and low

frared range. The introduction of Zn into CdTe makes theemperature photoluminescence have been used to determine
lattice of Cd _,Zn, Te tunable, by adjusting the Cd/Zn ratio, the CdZnTe band gap and this

hence, a better lattice-matched substrate for the growth of the  \yia have measured the band gap of a Gan,Te(111)
HdeTe ep|taX|§1I layer may be expengEuthermore, the samples and determined this alloy Zn concentration with
designable semiconductor band gap is obviously helpful fohigh accuracy using surface photovoltage spectroscopy
controlling the resistivity as well as the valence and conduc(SPS_s It has been assumed that the band gap values mea-
tion band alignment at the semiconductor interface. sured by SPS could be obtained with an accuracy of about
The control and monitoring of the Zn concentrationl, 4 1_g 2 eV, but we have improved the technique resolution
especially at the _surface, is crumal_ for obtaining aby introducing a band gap measurement methodology, i.e.,
CdyZnTe alloy with the required lattice parameter for y,o pang gap reference point is selected at the second knee of
matching HgCdTe. Also, it is an important consideration forye hang gap related transition, where the surface photovolt-
its use as a detector material. Besides direct determmatlogge reaches saturation as well as by using extremely slow
from the measurement of the lattice parametezan be ob- ;4 very small-stepped scafsee Sec. lllA. The high ac-
tained by the determination of the alloy band gap. Usingeracy has been proven by comparative measurements on the
room temperature photoreflectance and. lattice parameter, o sample using SPS and energy dispersive x-ray spec-
measurementsé Tobiet al. observed a relation between the troscopy (EDS). Measuring at eight different surface posi-
band gap and: tions, the homogeneity of the Zn concentration has been ex-
amined. Furthermore, it is important to characterize and
control the surface electronic structure and chemical compo-
sition of the substrate for epitaxial layer growth and device
performancé® In comparison with the Cd-ricti.e., the Cd
crystallographit surface ofn-CdTg111), we have studied
and assigned several transitions at the alloy surface to chemi-

aAuthor to whom correspondence should be addressed: electronic mait@! SPecies using SPS and x-ray photoelectron spectroscopy
shapira@eng.tau.ac.il (XPS.

Ey=1.5045+0.63X+0.128¢, (1)

whereEg is the band gap of the alloy, in electron volts, and
1.5045 eV is the band gap of CdTe.
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FIG. 1. SPV curves as a function of illumination energy measured at Cd- . . . . .
rich surfaces of a CdTe sampl® and a Cd_,Zn,Te samplgb). Important 150 152 154 1.56 1.58 1.60
transitions are marked by arrowsome are more easily detected if magni- ) ) En : ’ )
fied). The spectra are vertically shifted for clarity. ergy[eV]

FIG. 2. SPV curves of the Gd,Zn,Te sample of Fig. (b) at eight different
surface positiongabout 3 mm apartand associated band gap measure-
Il. EXPERIMENT ments. The intersection point of the tangents is the suggested band gap

osition. The spectra are vertically shifted for clarity.
The CdTe sample and the €dZn,Te samples were P P Y b

provided by Imarad Imaging Systems Ltd, Israel. The Cd-

rich surfaces of CdTe and ¢d,Zn,Te were identified by @ pand gap increases with All the features below the band
standard etching test.All the surface photovoltagéSPV)  gap values arise from subband gap transitions. The physical
spectra of CdTe and Gd,Zn,Te were measured in ambient mechanisms of the latter transitions are discussed later.
temperature using a Kelvin probe arrangemébelta-Phi Conventionally, the band gap is estimated using the on-
Electronik, Germany A spectrometer with a double mono- get of the slope chang&nes in the SPV curveé®*signify-
chromator(McPherson Inc., USAprovided monochromatic  jng the start of the band gap response, or the maximum of the
incident light with a resolution about 0.18 nm. This yields angpy/ derivative, which is the midpoint between the knees.
energy error of less than 4 meV for the measured band gapne energy position is usually found by the tangent intersec-
values of the Cg ,Zn,Te samples. In order to obtain an tion and is limited in accuracy to about 0.1-0.2 eV. SPV
accurate value of the band gap, the monochromator wagpectral shape follows that of the absorption spectrum which
scanned with 0.2 nn0.4 me\ steps and a 10 s dwell time js known to have am~ (hv—Eg)" behavior withn=1/2 or

at each step. This procedure provided a sufficiently equili for direct or indirect semiconductor, respectively. The band

brated signal response at every sampled wavelength t0 egap can thus also be obtained by the extrapolation of a
sure a minimal experimental error. In the study of the surfac%qspv)z or (SPV)“2 curve®
t

states, the SPS spectra were taken from 2000 to 450 nm, with - sjnce SPS is in fact an electro-optical method, the details

2.0 nm steps ahl s dwell time. of the density of statedO9) at the conduction band edge of
To assign the observed transitions to chemical specieghe semiconductor have to be considered. The ubiquitous
various surface chemical treatments were performed on thgand tail at the bottom of the conduction band as well as
same Cgl_,Zn,Te sample. SPS was measured immediatelyyossible states or minibands next to it may blur the true
after 1 min etching in 1% B/CH;OH;* HCI; 5M KOH,"®  position of the band gap. The low concentration of states at
and 5M KOH+3 M NaCl solutions, respectively. Unless those points is the cause of the slope change of the SPV
otherwise noted, the etchings were carried out at room temeyrye. Only the energy at which the DOS reaches its para-
perature. bolic dependence is a true indication of the band gap and in
XPS measurements were performed in an UHV systemetrospect, this is obvious in many studféscluding curve
(210" *°Torr base pressureising a 5600 Multi-Technique (g in Fig. 1].17-1°Thus, a better point of reference should be
System(PHI, USA). The samples were irradiated with an Al the succeeding knee, where the SPV response reaches satu-
Ka monochromated sourdd486.6 eV and the photoelec- ration after the transition. The saturation is used as a baseline
trons were analyzed by a hemispherical analyzer using a slipy the tangent while it may be absent in cases of high carrier

aperture of 0.8 mm in diameter. surface recombinatiolf:
To obtain the band gap more accurately, we have also
IIl. RESULTS AND DISCUSSION chosen better experimental conditions. We have used a

double monochromatdto avoid stray light and have a nar-
rower bandwidtlh, which was scanned with a 10 s dwell time
Figure 1 shows the SPV spectra of the Cd-rich surface¢to have a sufficiently equilibrated respopsad an incre-

of a CdTe sampldcurve (a)] and a Cd_,Zn,Te sample ment of 0.2 nm(~0.4 meV at the scan range of 830-775
[curve (b)]. The band gap-related transition of the nm)to ensure a minimum experimental error. The scan range
Cd, _,Zn,Te is blueshifted in comparison with the CdTe duewas selected as indicated by cur® in Fig. 1.

to the introduction of Zn. Since ZnTe has a larger band gap Figure 2 shows the measured SPV curves of the
(2.263 eV than CdTe(1.504 eV, the Cd_,Zn,Te alloy Cd,_,Zn,Te sample at eight different surface positions

A. Determination of Cd ;_,Zn,Te alloy composition
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TABLE |. Band gap and Zn concentrationof the Cd _,Zn,Te determined ~ TABLE Il. Zn concentratiornx of a CdZnTe sample as determined by SPS
by SPS, at eight different surface positionsE, is the band gap increase, and EDS at nine different surface positions.
due to Zn introduction, relative to CdTe.

SPS EDS
Position Band gap Eg) AE, .
measured (eV) (eV) x+0.006 Position Band gap
measured (eV) x*0.006 x=*0.005
1 1.545 0.041 0.064
2 1.543 0.039 0.061 2 1.575 0.109 0.118
3 1.543 0.039 0.061 3 1571 0.103 0.119
4 1.545 0.041 0.064 4 1.583 0.0121 0.121
5 1.544 0.040 0.063 5 1.583 0.121 0.123
6 Lea7 0.043 0.067 8 1.566 0.096 0.108
7 Lo 0.040 0.063 13 1.562 0.090 0.096
8 Leds 0.041 0.064 17 1.564 0.093 0.097
18 1.563 0.091 0.092
19 1571 0.103 0.097

(about 3 mm distant from each othdor band gap evalua-

tiop. The suggested method of determining the _imerse?tiofhrge(about 1.6% and 1.2%, respectivelghe other seven
point of the tangents to read the band gap value is also illussyamined points have a good agreement with a discrepancy
trated. From the band gap position, the Zn concentration Wass —194. This is also shown in Fig. 4, which describes the
calculated using Eq1) and is shown in Table I. An averaged measurement positions as well as the results of both tech-
x value of 0.0630.006 is obtained. The largestdiscrep- niques with their associated error bars.

ancy among different measured positions is 0.006, probably  gince the band gap of Gd, Zn,Te with low Zn concen-

due to Zn segregation effects in the ingot. Therefore, in the 4tion can be obtained with an accuracy<of meV by SPS,
investigation range, the current sample has a rather homoggie zn concentration can be determined with an error
neousx dlstrlt_)utlon. o <0.6%. Thus, this technique yields far better accuracies than
~ To examine the accuracy of this improved SPS techye ysyally reported by SPS users. Considering its operation
nique, as well as of the proposed method for band gap detegmjicity, surface sensitivity, and it; situ applicability,
mination, we have measured a reference CdZnTe sample Ugis technique can be used as an effective analytical tool for

ing our technique and com;z)ared the results with EDSpe highly accurate determination of CdZnTe alloy composi-
measurementaccuracy of-0.5%) taken at the same points o and most probably as a universal tool for other alloys.
on the sample. Naturally, the EDS measurements are taken

with very small spot size relative to SPS, which averages th
signal over the probe siZ2.5 mm in diameter Also, SPS is
more surface sensitivéimited to the space charge region ~ Curve(a) in Fig. 1 shows that the contact potential dif-
width, in our case within 0.Jum) while EDS averages the ference(CPD) of the CdTe sample decreases abruptly with
signal over a depth of aboutdm. Figure 3 shows the SPV an incident photon energy above 1.47 eV, signifying that the
curves of the sample at nine different points on the referencedTe sample is type. The transition energy is shifted from
sample. Table Il gives the measured band gap values arihe band gap energjl.5045 eV by about 35 me\(close to
compares determined by SPS and EDS measurements. AIKT) reflecting the band tail effect. Similar considerations ap-

though at positions 3 and 8, the discrepancy is somewhdtly to CdZnTe[curve(b)], in which the band tail effect starts
at about 1.50 eV.

B. Surface states of CdTe and Cd 0.937ZNg os3TE
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FIG. 4. SPSfull square$ and EDS(full circles) measurements of Zn con-
FIG. 3. SPV curves as a function of illumination energy and associated bandentrationx (%) at the same positions on the reference CdZnTe sample of
gap measurements at nine different positions on a reference CdZnTe samplgg. 3. The positions are slightly shifted for clarity. Inset shows the position
The spectra are vertically shifted for clarity. of the measurement points on the sample.
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Energy (eV) FIG. 6. SPV curves of Cd-rich surface of &dZng ¢s3Te before and after
different chemical etchingsi(a) before etching; (b) etched by 1%
FIG. 5. SPV curves of Cd-rich surfaces of CdTe beftaeand after(b) Br,/CHZ;OH solution;(c) etched by HCI;(d) and (e) etched by 5 M KOH
etching by 1% Bs/CH;OH. The spectra are vertically shifted for clarity. ~ +3.5M NaCl solution at room temperature and 80 °C, respectively. The
spectra are vertically shifted for clarity.

Two obvious subband gap transitions are observed at As mentioned earlier, the Cd-rich surface of hvCdTe
1.21+0.05eV [E;) and~1.39+-0.05eV (,), respectively should have another surface state at 1.11 eV above the VBM
[The jump at 1.18 eV is a filter changing effect. It should beassociated with Cd atom displacement, which could not be
noted that it has no effect on the accuracy of the spectrossbserved at th&-CdTe surface. It is not clear whether the
copy. The jump does not evolve from the light source speceoncentration of this state is too low to be detected, or
trum but rather from stray light effects that even a doublewhether it becomes a filled acceptor statmiCdTe. In the
monochromator arrangement cannot entirely eliminatelatter case, the transition energy from such a state to the
However, the accuracy of the observed transitior®.05 CBM is about 0.40 eV, which is beyond our spectral range.
eV) is lower than that of the band gap measuremlefitke Moving to Fig. 1[curve(b)], a subband gap transition is
transition atE, has a negative slope change and thus is chambtained for then-CdzZnTe at 1.21 eV, with the same transi-
acteristic of electron transition from an occupied acceptotion polarity as that of th&, transition of CdTe. It has been
surface state at 1.21 eV below the conduction band minimumeported that TeQis also present at CdZnTe surfa¢édhis
(CBM) to the CBM. The other transition &, shows a posi- is true for our sample as shown laténsert in Fig. 7. By
tive CPD slope change, indicating photoexcitation from thecomparison to CdTe, the state at CBM—1.21 eV may be at-
valence band maximurfVBM) to an unoccupied donor sur- tributed to TeGQ—CdZnTe interaction. Another transition is
face state situated1.39 eV above the VBM. found at 1.42 eV. This indicates a relatively weak transition

In a previous articlé® Bursteinet al. have shown that from the VBM to an unoccupied donor. Similarly to tke
SPS can distinguish between the electronic structures dfansition in CdTe, this transition may be related to Cd atom
CdTe Cd-rich and Te-rich surfaces. They identified two kindsdisplacement. The reason for the weaker transition in com-
of surface states on the Cd-rich surfacgpe€dTe. One kind parison with that in CdTe may reflect the effect of increasing
was an acceptor state at 1.17 eV below the CBM and idond energy and decreasing defect density due to the intro-
attributed to Te@-CdTe interaction. The other kind was due duction of Zn to CdTé:?>%
to Cd atom displacemefite., Cd atom perturbation from its Figure 6 shows the SPS results obtained after various
normal position on the surface by the preferential oxygerchemical treatments of the CdZnTe sample. In comparison
adsorption on Te surface sijeFhese states are found to be with the untreated surfadeurve (a)], Br,/CH;OH etching
unoccupied and situated at 1.11 and 1.33 eV above the VBMcurve (b)] enhances the 1.21 eV transition signal. This may
respectively. By comparison, we conclude that the transitionbe attributed to the increased Tefayer thickness and thus
atE; andE, of our n-CdTe are also due to the TeaCdTe the stronger contribution of the TeGurface state to the
interaction and the Cd atom displacement, respectively. ~ SPV. On the other hand, a subsequent HCI etclhingve

The same CdTe sample was etched using/®@H;OH  (c)] weakens this transition due to the oxide layer removal by
solution, which would leave either Cd-rich or Te-rich sur- HCL.}
faces with a thick Cd-depleted TeQayer!* This should Comparing our results with the work of Burstedhal.,
make the SPV signal due to the Te€CdTe interaction sur- the SPS again shows its advantage in contactless character-
face state become dominant while that from the Cd atonization of the polar surfaces of CdZnTehich has a similar
displacement weaké?.Figure 5 shows the SPV behavior of surface electronic structure to CgT@he SPS finding of a
a Cd-rich CdTe surfacfcurve (a)] before{same as Fig. 1 reduction in the Cd surface displacement density by Zn in-
[curve (@]} and [curve (b)] after etching by a 1% troduction indicates a possible method for monitoring the
Br,/CH;OH solution. Clearly, the transition &, becomes displacement density in semiconductor alloys.

stronger, while the transition &, practically disappears. An interesting phenomenon is that the, BEBH;OH etch-

Therefore, it seems reasonable to assignBh@andE, tran-  ing causes a rather widely distributed, new transition at
sitions to Te@—CdTe interaction and Cd atom displacement,0.72+0.05 eV. This transition did not disappear after further
respectively. treatment with HCI. Since this effect does not occur at the
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' ' ' . surface state has been found at 1.21 eV below the CBM and
Zn2p /\ TeO; attributed to Te® species. A donor surface state has been
r /\ found at~1.42 eV above the VBM with a lower concentra-
| AL tion relative to CdTe and attributed to Cd atom displacement;
*?, / a chemically induced surface state at 0.72 eV below the
g a [0 4 T CBM may be due to Zn vacancies, as supported by XPS
= L 570 575 580 585 590
- Binding Energy [eV] results.
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