Oxygen on the (100) CdTe surface
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We have investigated oxygen on CdTe substrates by means of x-ray photoelectron spectroscopy
(XPS) and reflection high-energy electron diffraction (RHEED). A Te oxide layer that was at
least 15 A thick was found on the surface of as-delivered CdTe substrates that were
mechanically polished. This oxide is not easily evaporated at temperatures lower than 350 °C.
Furthermore, heating in air, which further oxidizes the CdTe layer, should be avoided. Etching
with HCl acid (15% HCI) for at least 20 s and then rinsing with de-ionized water reduces the
Te oxide layer on the surface down to 4% of a monoatomic layer. However, according to XPS
measurements of the O 1s peak, 20%-30% of a monoatomic layer of oxygen remains on the
surface, which can be eliminated by heating at temperatures ranging between 300 and 340 °C.
The RHEED patterns for a molecular beam epitaxially (MBE)-grown CdTe film on a (100)
CdTe substrate with approximately one monoatomic layer of oxidized Te on the surface lose the
characteristics of the normal RHEED pattesns for a MBE-grown CdTe film on an oxygen-free

CdTe substrate.

I. INTRODUCTION

The potential applications of CdTe in the areas of op-
toelectronics and solar energy conversion, and as a sub-
strate for commercially important HgCdTe materials have
given rise to considerable attention to the growth of high-
quality CdTe. The difficulty to reproducibly grow and dope
CdTe, however, limits its technological and commercial
exploitation. Thus, it is essential at the present to find
and eliminate any contamination that may result in a
deterioration of molecular beam epitaxially (MBE)-
grown samples.

Several articles have reported on heat treatment of
CdTe"? and Cdg¢sZny osTe substrates in ultrahigh vacuum
prior to the MBE growth of CdTe.} In addition, a number
of workers have studied CdTe surfaces resulting from var-
ious surface treatments using Auger electron spectroscopy,
x-ray photoelectron spectroscopy (XPS), and photolumi-
nescence techniques.*® But nobody has reported on the
effect of oxide on the MBE growth of CdTe. As is well
known, heating GaAs at 400 and 580 °C can completely
eliminate small amounts of carbon'® and much larger
amounts of oxygen,'! respectively. Therefore, many groups
oxidize GaAs substrates with H,SO, plus H,0 and H,0,
or even by heating the substrate in air at temperatures
ranging from 160 to 250 °C in order to reduce carbon con-
tamination on the surface. This procedure results in the
growth of good quality GaAs epilayers and related com-
pounds. Naturally, one could attempt to use a similar tech-
Nique in the heat treatment of CdTe substrates, i.e., oxidize
the CdTe in order to prevent carbon contamination of the
surface, which is not easily removed as reported by Shaw
o al? and Wu et al.* In order to determine if such a tech-
Mique is applicable to CdTe, it is essential to investigate the
effect of oxygen on the CdTe surface. In this article we

Teport on some experimental results on the oxidized CdTe
(100) surface.
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Il. EXPERIMENTAL DETAILS

The mechanically polished (100) CdTe substrates em-
ployed in this work were treated according to the following
procedure unless stated otherwise. They were first cleaned
with methanol, acetone, and trichlorethylene (or chloro-
form). This is our standard cleaning procedure. The sub-
strates were then chemomechanically polished with a
methanol, ethylenglycol and bromine (125:75:2) solution
for several minutes and rinsed in methanol. In order to be
chemomechanically polished, the substrates were attached
to a holder with wax that required a temperature of about
80 °C for several minutes. This procedure, which involves
the use of wax, introduces additional contamination that
was removed with the cleaning procedure described above.
Immediately prior to loading the substrates into the high
vacuum transfer system, they were rinsed in de-ionized
water, briefly dipped in hydrochloric acid (15% HCI) for
30 s and then rinsed in de-ionized water. The elapsed time
until the substrate was loaded into the transfer system was
kept as short as possible; about three minutes. The sub-
strate was maintained in ultrahigh vacuum for about 10 h
before heat treatment. The growth chamber and the XPS
chamber are connected by means of a transfer system,
whose vacuum was normally better than 2% 10~° Torr,
enabling in situ observations of reflection high-energy elec-
tron diffraction (RHEED) patterns in the growth chamber
as well as in situ XPS measurements before, during, and
after heat treatment. XPS measurements were conducted
with a Riber MAC2 electron spectrometer using both
MgKa(hv=1253.6 eV) and AlKa(hv=1486.6 eV) x-ray
sources without a monochromator and with a filament cur-
rent of 10 mA and a voltage of 10 kV. The background
vacuum of the XPS chamber”was normally better than
4107 '° Torr during XPS measurements. The substrates
were heated at various temperatures in either the transfer
system or the MBE growth chamber. The temperature of
the molybdenum substrate holder was measured with an
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FIG. 1. Photoelectron intensities of the Te 3d peaks a) before heating and
after heating b) at 300 °C, ¢) 350 °C, and d) 370 °C for 15 min. A MgKa
x-ray source was used for the XPS measurements.

accuracy of *2 °C, by means of a thermocouple that was
in physical contact with the substrate holder. The thermo-
couple was calibrated at the melting point of indium.

lll. RESULTS AND DISCUSSION

The oxidized surface of a CdTe substrate, which had
been neither chemomechanically polished nor etched in a
HCI solution to remove the original oxide, was initially
investigated. This mechanically polished, mirror-like
(100) CdTe substrate was only cleaned as described above.
An XPS spectrum of this sample in the vicinity of the Te
3d;,, and Te 3ds,, peaks is shown in Fig. 1(a). The peak
due to the Te 3d;,, core level is at 582.90 eV and the
corresponding chemically shifted peak due to some form of
Te oxide is at 586.56 eV. The amplitudes of the chemically
shifted peaks are larger than that of the unshifted peaks as
shown in Fig. 1(a). According to the calculations below, a
surface layer that contains oxidized Te is at least 17 A
thick. Therefore, at least the first 5 monolayers contain Te
oxide if a CdTe substrate is held in air for an extended
period of time. The curves in Figs. 1(b)-1(d) show both
the shifted and unshifted Te 3d peaks after heat treatment
at 300, 350, and 370 °C in ultrahigh vacuum for 15 min,
respectively. The chemically shifted Te 3d peak is still ob-
servable even after being heated at 370 °C.

The relative intensity (area) of the oxygen 1s peak for
this substrate is plotted versus the temperature of the heat
treatment in Fig. 2. Curve a is a least square fit of an
exponential function to the experimental data. Waag et al.
investigated oxygen contamination on CdTe substrates
that had been cleaned, subsequently etched with a solution
of bromine in methanol, and finally rinsed with methanol.
The corresponding 1s intensities are reproduced in Fig. 2.
Similarly, curve b is a least square fit of an exponential
function to these experimental data. As can be seen, these
two sets of data are very similar. This is in contrast to the
data represented by curve c, which is a least square fit of a
linear function. These heat treatment data are for a
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FIG. 2. Photoelectron intensities of the O 1s peak as a function of the
heat treatment temperature in vacuum for a substrate that was a) cleaned
but otherwise untreated, b) cleaned and polished according to Ref. 1, and
¢) cleaned, polished, and then etched with HCl acid (15% HCI) for 30s
according to Ref. 3. Curves a and b are least square fits of an exponential
function to the experimental data, and curve c is a least square fit of a
linear function.

Cdyg¢Zng o4 Te substrate from Wu et al.,> which had been
cleaned, polished in a solution of bromine in methanol, and
then etched in a HCI solution as described above. Obvi-
ously, etching with HCI greatly facilitates the removal of
oxygen from the surface and lowers the temperature nec-
essary to completely remove oxygen from the surface. This
is desirable because heating at temperatures higher than
350 °2C will degrade a CdTe substrate according to Shaw
et al.

Oxygen contamination on the surface is detrimental to
the MBE growth of CdTe. We have attempted to grow
CdTe on a (100) CdTe substrate with approximately one
monoatomic layer of oxidized Te on the surface as judged
by the intensity of the chemically shifted Te 3d;,, core level
peak. After heating at 300°C for 10 min, the RHEED
patterns still consisted of streaks but they were less intense
than those for a CdTe with no oxygen on the surface.
However, no rings and no spots were present. When we
grew CdTe on this surface, the RHEED patterns did not
become brighter. In addition, they became spotty and then
off angle streaks appeared, that is they lost the character-
istics of the normal RHEED patterns for a CdTe film. This
might be due to either oxygen or oxidized Te on the sur-
face. Of course, after the cleaning, polishing, and etching
procedure described above, no measurable oxidized
Te is left on the surface. However, heating at a lower tem-
perature or heating for a shorter period of time in order
to keep the RHEED pattern smooth could leave some 0%
idized Te on the surface, and considerably affect the CdTe
film quality.

This problem can be avoided if the sample is 10!
heated in air after polishing and, if after etching with HC
acid and rinsing with de-ionized water, it is not exposed 10
air for appreciably longer than 10 min. We have meas
the XPS peaks due to the Te 3d and O Ls core levels ff
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TABLE I. Thickness of Te oxide as calculated according to Egs. (1)-(3) before and after various substrate treatments. Substrates 1-3 are as-delivered
CdTe substrates that had been mechanically polished. Substrate 4 had been stored in air for one month after being etched in HCI (15%) for 20 s. Finally,
substrate 5 is a molecular beam epitaxially grown layer on a CdTe substrate that had been exposed to air for one month.

Treatment Subr. 1 Subr. 2 Subr. 3 Subr. 4 Subr. 5
No HCI etch 17.0+2 A 16.7+2 A 150 =2 A 90 £1 A 110 =1 A
HCI (15%) etch for 5 s 1.6+£0.2 A 0.02+0.02 A 0.02+0.02 A
HCI (15%) etch for 10 s 0.9+0.1 A
HCI (15%) etch for 20 s 0.06+0.03 A

CdTe substrates after our normal cleaning, polishing, and
etching treatment and after heating in ultrahigh vacuum at
temperatures ranging from 300 to 340 °C for 15 min. No
oxygen contamination was found on the surface. This heat
treatment is shown as a function of temperature for a
Cdy 96ZngosTe substrate in Fig. 2(c).’

An experiment to determine the influence of HCI on
surface oxide was carried out on five CdTe substrates. All
five substrates were mechanically polished. Three were as-
delivered, one had been stored in air for one month after
being etched in HCl (15%) for 20 s, and one whose sur-
face was a MBE-grown CdTe layer had been stored in air
for about one month at room temperature. These CdTe
substrates were cleaned as described above and the original
XPS amplitude of the chemically shifted Te 3d;,, peaks
was measured before etching with HCI (see Table I). This
amplitude for the three as-delivered substrates differed by
less than +=10%. The CdTe substrates were then etched
with HCI acid (15%) for various periods of time and the
XPS amplitude of the chemically shifted Te 3d;,, peaks
was measured and the results are listed in Table I. Figure
3 displays the resulting XPS peaks for the Te 3d;,, core
levels and the corresponding chemically shifted core levels
due to oxygen for the three as-delivered substrates for dif-
ferent HCI etch time periods.

In order to determine how much oxide is left on the
surface after etching with HCI acid for different periods of
time, we have measured the Te 3d, Cd 3d, and O 1s core
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FIG. 3. Photoelectron measurements of the chemically shifted and un-
shifted Te 3d,/, peaks of a substrate after being etched in HCI (15%) for
3) zero seconds, b) 5's, c) 105, and d) 20, as well as e) after growth of

:oucrdTe film with a Te stabilized surface, by means of a MgKa x-ray
ce.
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levels with XPS. The Cd 3d peak is chemically shifted only
0.8 eV by oxygen, according to Wagner ez al.'? This cannot
be resolved, therefore, the Cd 3d peak for an oxidized
CdTe surface containing oxidized Cd is wider than that for
a clean CdTe surface. Furthermore, the Cd MsN sN,s Au-
ger peak is shifted and deformed by the presence of oxide.
Comparing Cd 3d and Auger peaks one could qualitatively
determine if some form of Cd oxide is on the surface but
could not quantitatively determine the amount of Cd ox-
ide. In contrast, the Te 3d peaks are chemically shifted to
higher binding energies by about 3.66 eV. Thus, one can
qualitatively determine the Te oxide on the surface. This is
expressed as the ratio of the XPS intensity (amplitude) for
the chemically shifted Te 3d;,, peak to the total intensity
of the Te 3d;, peaks, i.e., the sum of the amplitudes for the
shifted and the unshifted Te 3d;/, peaks. This ratio for Te
oxide to total Te is shown as a function of time etched with
HCI acid (15% HCI) in Fig. 4, curve a. Moreover, the
amplitude of the peak due to the oxygen ls core level was
determined as a function of HCI time etched and is shown
as curve b in Fig. 4.

If one assumes that all the Te in a layer of thickness d
is oxidized, then according to XPS theory, the intensity
due to the photoelectrons from the chemically shifted Te
3d3 /2 core level is
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FIG. 4. Curve a shows the ratio of the XPS intensity (amplitude) for the
chemically shifted Te 3d;,, peak to the total intensity of the Te 3d;,
peaks, i.e., the sum of the amplitudes for the shifted and the unshifted Te
3d,,, peaks as a function of the HCI (15%) etch time. Similarly, curve b
displays the photoelectron intensity of the O 1s peak as a function of HCI
(15%) etch time.
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d
Io=10w[1—exp(—z)] A (1)

where I, is the intensity from a thick oxidized film and 4
is the photoelectron escape depth. Furthermore, if the Te
below this layer is not oxidized, then the intensity due to
the photoelectrons from the unshifted Te 3d;, core level is

d
IT=ITao exp(_Z) ’ (2)

where I is the intensity from a thick film on the surface
that is not oxidized. The escape depth of the Te 3d;,,
photoelectrons excited by MgKa x ray can be calculated to
be 15 A by means of the energy dependence relationship
A~ E®75 according to Wagner et al.'? Finally, because both
I, and I are due to the Te 3d;,, core level, even though
I, is chemically shifted, we assume that these two quan-
tities are equal. This results in

o N e 3

Using this formula, the thicknesses of the Te oxide layer
for different etch times were estimated and are listed in
Table I. It is readily apparent that etching CdTe substrates
with HCI acid (15% HCI) for 20 s can almost completely
eliminate Te oxide.

The oxygen contamination on the surface after etching
with HCI has also been determined from the XPS peak due
to the oxygen ls core level. The results are shown as curve
b in Fig. 4. Using our published method,'”* we have calcu-
lated that a layer of oxygen with the approximate thickness
of 0.3-0.5 A is left on the surface after etching with HCI
(15%) for 20 s. According to the results above, this layer
of oxygen is not in the form of Te oxide.

As might be expected, etching CdTe with more dilute
HCI acid requires a longer etch time in order to obtain an
oxygen free surface. We have etched a CdTe substrate with
dilute HCI acid (4% HCI) for 20 s and found that about
one monoatomic layer of oxidized Te remains on the sur-
face. Before being heated in vacuum, its RHEED patterns
were spotty and ring-like, but after heating at 210 °C for 15
min the RHEED patterns were bright and smooth. How-
ever, the XPS oxygen 1s could still be found even after
heating at 300 °C for more than 15 min.
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IV. CONCLUSIONS

In conclusion, CdTe substrates are oxidized when
stored in air. The Te oxide layer on the surface can be 15
A or thicker even if the substrate is not heated in air. This
oxide on CdTe is not easily evaporated at temperatures
lower than 350 °C. Therefore, heating in air which further
oxidizes the CdTe layer should be avoided. Etching with
HCl acid (15% HCI) for at least 20 s and then rinsing with
de-ionized water almost completely removes the Te oxide
layer on the surface. However approximately 20%-30% of
a monoatomic layer of oxygen remains on the surface as
determined from the O 1s peak. This can be eliminated by
heating at temperatures ranging between 300 and 340 °C.
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