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SUMMARY

This report presents progress of the HgCdTe Surface Study Program (DARPA

Contract MDA-903-80-C-0496) during the six month period ending March 1, 1982.

During this time experiments were done which focus on the bulk electronic

structure of the HgCdTe alloy, the oxygen chemistry of the surface, composition

of the anodic axode interface and electronic structure of the passivated inter-

face.

The interface structure has been examined using capacitance-voltage (C-V)

and deep level transient spectroscopy (DLTS). Ellipsometry was also used to

monitor surface conditions during the prepassivation processing. These results

indicate that a very high quality interface can be produced by processing steps

which promote the growth of a thin layer of Te-oxide (probably TeO2 ) before the

application of the passivation (SiO 2 ). Surface treatments used were seen to

effect bulk electronic structure to depths on the order of a thousand Angst-

roms. The effect is the depletion of the activity of a trap associated with a

Hg vacancy complex. The alteration seen at this depth may be a more sensitive

measure of the alteration of Hg concentration seen in electro reflectance mea-

surement of the etched surface.

Ion milling and Auger electron spectroscopy (sputter/Auger) have been used

to measure the composition of the anodic oxide and interface region on HgCdTe.

The oxide consists of Cd and Te oxides with a few percent Hg. The subinterface

region shows the same elemental profiles as a processed unanodized wafer. Hg

depletion due to anodization was not detected. The oxide formed by exposing

the vacuum cleaved surface to excited oxygen has been found to be fundamentally

different from the anodic oxide. Here the steps involved in the initial oxygen

reaction were resolved as well as measuring the final composition. This was

done by controlling the exposure to oxygen and monitoring the changes in bond-

ing by observing line shifts seen in photoemission spectroscopy (PS). This

indicates that a Te oxide is produced with some Cd concentrated in the outer

layer. No Hg is involved in the oxide. By comparing results from HgCdTe and

HgTe, it has been determined that Cd plays a strong role in oxidation of the

alloy.

Bulk band structure has been probed with PS which indicates a fundamental

difference between Cd and Hg bonding to the lattice. The difference becomes

greater and the Hg bond becomes weaker as the Hg concentration increased (lower

x). This may have an important connection to the decreased resistance to de-

fect formation of the longer wavelength compositions.

iv



INTRODUCTION
S

The surface and interface properties of HgCdTe can have a first-order

effect on the performance and stability of devices made with this material.

*This alloy presents a special problem because one of the alloy components,

Hg, is much less strongly bonded than the others. Also, the bonding becomes

weaker as Hg content increases. This leads to a number of important effects

which impact surface properties. 1-2 The two principal effects of immediate

*importance are the ease with which defects are induced, principally Hg vacan-

cies and local alternations of stoichiometry.3 Both have strong effects on

electronic structure and oxide formation, which together determined the effec-

tiveness of surface passivation.

Analysis of the electronic structure of the interface and interface region

by capacitance-voltage (C-V) and deep level transient spectroscopy (DLTS) shows

a strong dependence on surface treatment (particularly oxide growth, as reveal-

ed by surface ellipsometry) prior to application of the passivant. This is

discussed in detail in Section 1.

Through the use of ultraviolet photoemission spectroscopy (UPS), investiga-

tion of the bulk electronic structure of Hg _xCd xTe and its composition depend-

ence produce evidence of differences in the bonding of Hg and Cd in the lat-

tice.4 Until recently, theoretical treatments of the electronic structure

assumed a compositionally weighted average potential for the cations. Results

obtained in this work indicated a breakdown of this approximation. The calcu-

lation by Chen and Sher, 5 however, used a technique which retains the differ-

ence in Cd and Hg potentials. This latter approach successfully predicts the

trends observed in our UPS data as the CdTe mole fraction varies. Continuing

discussion between the group at Stanford and A. Sher has clarified features of

the alloy electronic structure and important and far-reaching ramifications of

the difference in Hg and Cd bonds for the materials properties. These topics

are discussed in the paper appended to this report. Work is underway to deter-

mine the conection between the unusual materials and electronic properties of

this alloy.

v



To explore the oxygen chemistry of the clean surface, cleaved (110) sur-

S faces of CdTe, Hg0 .7 8Cd0 .2 2Te, and HgTe were exposed to oxygen excited by an

operating ionization gauge. These surfaces were monitored during this process

by UPS and X-ray photoemission spectroscopy (XPS). In the alloy and HgTe, an

oxide is formed on CdTe and HgCdTe for the exposure conditions used. In add-

*1 ition, the oxygen uptake was greater for the alloy than for HgTe, further indi-

cating the contribution of Cd to the process. The results of this investiga-

tion are presented in detail in Section 2.

Auger electron spectroscopy (AES) combined with inert gas ion sputtering

1P (AES-sputter profiling) is a technique well suited to determine the variation

with depth of elemental components of systems such as oxidized semiconductors.

In the case of HgCdTe, artifacts induced by the sputtering process can make

interpretation of the measured profile difficult.6 Efforts to unravel the true

composition profile from the measured one are still in progress. Application

of AES-sputter profiling to anodic oxides grown on HgCdTe substrates indicates

that the oxide contains only a small concentration of Rg. Mercury depletion of

the substrate beyond the oxide semiconductor interface observed in other sam-

ples, 7 due to anodization, is not detected in this case. These profiles are

presented in Section 3.

I
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Section I

* INTERFACE STRUCTURE

In this study we have characterized the electronic structure of HgCdTe

interfaces with two types of passivation: anodically grown oxide, and photo-

chemically deposited SiO2 (Photox). The more optimum interface was produced

with photo Si02. These interfaces were characterized using capacitance-voltage

C-V techniques as well as DLTS.

The capacitance technique is very interface sensitive and allows us to

determine directly the surface state density, NSS. 8 Other properties of the

interface region, such as hysteresis, flatband shift, and carrier concentration

profiles, are also of interest. 9 DLTS is employed to characterize traps in the

interface region, since the technique is less biased toward surface states.

Distortions of bulk properties due to surface treatments have been reported

which extend hundreds of Angstroms below the surface.1 0 These changes affect

carrier concentration, trap activity, stoichiometry, and even electrical type.

Properties of the passivation layer itself are not the focus of this study and

are covered extensively elsewhere.
11- 13

Ellipsometry is used to monitor the HgCdTe surface condition during pre-

passivation processing. It is by comparison of these results with interface

structure that our model of the passivated interface emerges.

1.1 SAMPLE PREPARATION

Measurements were done on MIS devices formed on zone melt and solid state

recrystallized bulk material annealed n-type to 1014 to 1015 cm- 3 at x - 0.3.

The basic surface preparation used consisted of a chemical polish in 2% Br2-DMF

(dimethylformamide) followed by a light Br2-ethylene glycol spray etch. Each

step was followed by a solvent rinse to remove residue. The surfaces were

passivated with either anodization or deposition of SiO 2 by the patented
'Photox'Th process. The SiO2 is deposited to a standard thickness of 1500A,

which yields devices of about 60 pF. Metal contacts were deposited to form

capacitors with an area of 2.04 x 10- 3 cm2.

1.2 RESULTS

A comparison of C-V results of the best interfaces achieved with each type

of dielectric is shown in Table 1.
1
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Table 1. Comparison of C-V Results

Anodic Oxide SiO 2

FLATBAND VOLTAGE -2.OV -O.4V ± 0.5F
(charges/area) (1x1012 cm -2 ) (< Ix I010 cm- 2 )

HYSTERESIS 0.5V < 0.2V

SURFACE STATE DENSITY 1x01 cm- 2 eV- 1  1.4x0 10 cm- 2 eV-1

NSS (minimum)

STORAGE TIME 85 sec 1.8x103 sec

SURFACE RECOMBINATION 1.6x102 cm sec-' 1x10- 2 cm sec - 1

VELOCITY

The density of interface states (Nss) as derived from the difference of

measured and theoretical quasistatic capacitance, is shown in Figure 1 for both

types of dielectrics. An additional anodic oxide curve is shown for comparison

which is derived from the difference between quasistatic and high frequency

(1 MHz) capacitance. There is good agreement of the two techniques between

accumulation and midgap regions which is the range of validity of the second

technique. We take the difference of these curves as a measure of the

uncertainty of NSS.

Both interfaces produce qualitatively similar types of NSS curves. They

are free of discrete states and span the entire gap region. The general cur-

vature is also the same in both cases. Major differences in curvature can

arise from a difference in bonding at the interface.1' We see no evidence of

any such difference for these interfaces. The principal difference is the

lower midgap minimum seen in Si02 , in some cases by an order of magnitude. As

shown in Table 1, Si0 2 interfaces exhibit a quantitatively better structure

than anodic oxides. The most striking difference is the large flatband shift

for anodic oxides. This arises from a fixed positive charge in the passivation

) layer itvelf on the order of I x 1012 cm-2 . There is evidence this can be

con:rr id b7 the anodization process. 15

2
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Figure 1. Density of Interface States (Nss) for SiO 2 and Anodix Oxide

on Hg0 .7Cd0 .3Te.

The surface of all the wafers used were prepared using the above process,

with ellipsometry used to monitor the surface condition during processing.

Ellipsometry is a technique where circularly polarized light is reflected from

Vthe surface of a sample. Measurement of relative change in amplitude and phase

of the parallel and perpendicular components give an indication of thickness

and refractive index of thin films on the surface. The parameter L is seen to

decrease as film thickness increases. Immediately following the chemical pol-

(g ish, A is typically in the region of 147, which is near the value for a nomin-

ally clean HgCdTe surface. After the subsequent etch and clean-up and immedi-

ately prior to application of the passivation, A has dropped to the range of

140 to 143 (Figure 2). This decrease of 5 degrees is consistent with the

growth of a thin film on the order of 15 to 20A thick for very thin films. The
t$ dependence of A on thickness is not significantly affected by the refractive

index, as illustrated in Figure 3. Thus ellipsometry gives very little inform-

a.ion on the composition of the thin film seen. Wafers processed in this man-

ner have also been examined by Auger electron spectroscopy, however, and indi-

Scate that, the film is a thin layer of Te oxide.(-, Comparison of sputter/Auger

data of anodic oxides subsequently grown on these wafers indicates the oxide

layer formed during processing is compositionally different.-

3
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The anodic oxide is a complex oxide consisting of Te, Cd, and a small percent-

age of Hg, while the process induced layer is principally Te-oxide. It is on

this more simply oxidized surface that the better interfaces are made.

We have found that a higher A value can be recovered by a variety of tech-

niques immediately before passivation. These steps have a strong effect on the

structure of the resulting interface. A long dip etch in Br2 DMF recovers a L

of 147 and gives capacitance curves as shown in Figu::e 4 when SiO 2 is applied.

As expected, flatband voltage is unaltered. However, the hysteresis has in-

creased from 0.2V to 0.8V. Also, the slope of the curve through the flatband

4P region is lower, indicating an increase in surface state density. In addition,

then, to giving a lower surface state density, it appears that the existence of

the oxide layer at the interface inhibits the diffusion of carriers into states

in the SiO 2 and lowers the hysteresis.

*e A second technique was to treat the wafer with HF followed by a Br2

ethylene glycol spray etch. This produced a high A surface but with a much

poorer NSS curve. As shown in Figure 5, the midgap minimum had increased to

A 147 ZH-275-3C
RECOVERED BY ~8p :7
Br2 - Dint
DI P ETCH.

-,

HYSTERES I S -LOWERED SLOPE THROUGH
INCREASED 50 FLAT BAND REGION INDICATES
TO. 8V /HIGHER Nss THAN FOR LOW A

40 INTERFACE

IA
'30

-4 -3 -2 - 0 2 3 4
BIAS V

Figure 4. High Frequency (1 M1z) C-V Curve of SiO, Layer on
Clean (i 147) Substrate. Hysteresis is Increased
to O.08V and Slope Through Flatband is Lowered.
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Figure 5. Density of Interface States (N s ) For Si0 2 on a Surface
Treated with HF Compared to an Untreated Surface.

5 x lol cm-2 eV- 1, with evidence of discrete states at 0.1 eV and 0.07 eV

above the valence band maximum. The latter has a high enough concentration to

pin Ef. In addition to removing the oxide layer, defects have been produced

which strongly alter the bonding with deposited Si0 2. These defects are induc-

ed deep enough that several micrometers of HgCdTe had to be polished away be-

fore an undamaged interface could be produced.

In a separate set of measurements on devices similar to those of Table 1,

the region below the interface was examined using DLTS. The data are shown in

Figure 6. The spectra of both types of interfaces are similar in their major

structure in that they are dominated by the same large peak corresponding to an

electron trap. The large peak is seen to be asymmetrically broadened indicat-
*$

ing a possible field dependence to the activation energy. An Arrhenius plot of
the of the DLTS data gives ET - EC - 0.02 eV. Correction for a field effect

yields an energy of - EC - 0.07 eV or about 1/3 the gap energy in this

material. Bulk trap levels at 1/2 E and EC - 1/4 E have been previouslyg Cg
reported. 1

6
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Figure 6. Comparison of DLTS Spectra for Anodic Oxide and SiO 2

Interfaces. Both Spectra are Dominated by an Electron
Trap with E A 1/3 E (0.07 eV).

Depth profile data taken of the SiO2 interface are shown in Figure 7.

These are obtained by maintaining a fixed rate window while the pulse height is

U varied between two successive DLTS cycles. This is a standard technique for

profiling traps in the depletion region of a diode. In our MIS devices we have

the added effect of producing different band bending on each pulse so that we

are at the same time profiling in energy across Eg and in depth through the

co depletion region. From our capacitance measurements we can convert bias pulse

height to surface potential. This is shown in Figure 8. From this data we see

that the curves shown in Figure 7 are consistent with two types of distribu-

tions: a distribution of interface states near the valence band, or a bulk

'I trap level near the conduction band which is depleted near the interface.

These alternatives are illustrated schematically in Figure 9. As the interpre-

tation of interface states giving rise to this signal is inconsistent with the

activation energy and does not comply with NSS derived from C-V data, we con-

clude that we are seeing the effects of bulk traps.

7
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Figure 7. DLTS Spectra Taken of SiO 2 Interface. The Rate Window
is Held Constant While Pulse Height is Varied to Provide
Depth Profile Information.
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Figure 9. Schematic Representation of Possible Interface
Structure seen by DLTS.

Based on this interpretation, a relative concentration is derived and plotted

in Figure 10. This shows a relative depletion of this trap level as the inter-

face is approached. Whether this is due to an alteration of the activity of a

certain center or an actual population change will be the subject of further

studies.

While action on HgCdTe such as that involved in chemical polishing, has

been seen to cause substantial Hg to be depleted in the surface region, elec-

troreflectance measurements have now monitored these effects up to 100- deep.1
9

Hg depletion has also been detected by Morgen, et.al., using sputter/Auger on

both anodic interfaces and on wafers prepared for anodization with the altered

stoichiometry is attributed solely to the preanodization processing. 2G As

these wafers were prepared in the same way as the SiO 2 interfaces studied by

DLTS, it is likely we are detecting the same alteration on a deeper scale.

This is due to the higher sensitivity of probing the electronic properties of a

trap rather than measuring compositional changes.

9
9
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Figure 10. Relative Depth Profile of the Bulk Trap Derived
from DLTS Data of Figure 7.

1.3 CONCLUSION

The highest quality passivated interface seen to date has been produced

with Photox 4 SiO2. These interfaces show no discrete surface states, an NSS

minimum of 1.4 x 1010 cm-2 eV"1 , essentially no flatband shift and hysteresis

values as low as 0.2 eV. The electronic structure of this interface is most

(D likely due to an oxide interlayer formed during predeposition processing. That

oxide is not of the same composition as formed by anodization but a thin layer

of tellurium oxide. The actual oxide formed depends on the surface stoichio-

metry and defect density, both of which are dictated by details of the surface

treatments used before passivtion. These surface treatments have also been

seen to affect electronic activity to 1000A from the interface.

10
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Section 2

* UPS STUDY OF THE INTERACTION OF HgCdTe
WITH ACTIVATED OXYGEN

2.1 INTRODUCTION

Earlier studies of the interaction of oxygen with clean HgCdTe surfaces

demonstrated this material to be highly inert to dry molecular oxygen in the

ground state, (i.e., unexcited) and that oxidation proceeded if activated

oxygen was used.21-23 In the case of oxygen activated by an operating ioniza-

tion guage, 24 exposure to 3.6 x 106 L (I Langmuir - 10-6 torr-sec) resulted in

a loss of Hg from the cleaved (110) surface without oxygen uptake; for a sub-

sequent exposure roughly 100 times greater, further Hg depletion was observed

together with evidence of oxidized tellurium. Thus it appeared oxidation oc-

curred via a two step process in which Hg loss preceded oxide formation.

To investigate this process in more detail, a systematic series of exposur-

es to oxygen in the presence of the operating ionization guage were performed

on cleaved (110) surfaces of CdTe, HgTe, and Hg0 .78Cdo.22Te. The oxygen uptake

was monitored by UPS and XPS as in the previous case. For the alloy sample,

exposures were performed in two ways: with the sample positioned so that there

was no direct path between the sample surface and excitation source (ion guage)

and with the sample placed in direct line of sight with the guage. Oxygen

uptake for the out of line-of-sight geometry did not occur, as evidenced by the
lack of 0 2p emission in valence band spectra. This suggests that atomic or

ionic oxygen may be necessary for strong oxidation rather than the meta-stable

02-singly excited state of the molecule (which is important for III-V oxida-

tion). A depletion of surface Hg is indicated by the XPS results, however, due

to the "out of line-of-sight excited oxygen." Subsequent exposure of this sur-

face at the line-of-sight position resulted in oxide formation characterized by

a chemical shift in the Te 3d core level emission. While the evidence for a

two step process is different from the earlier experiments, 2 5 the data obtained

(0 are consistent with this model in as much as oxide formation occurred on a

surface which was deficient in Hg following the indirect exposure. In add-

ition, the experiments yield information on the different roles of Hg and Cd in

oxide formation for the alloy; data of this kind are supplemented by monitoring

40 oxygen uptake of cleaved samples of HgTe and CdTe as well.
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The difference in experimental conditions is important to consider when

comparing the present results to those obtained previously. 26 Factors such as

geometry and oxygen pressure can have an influence on the nature and amount of

excited species arriving at the surface. These variables will be the subject

of further study. A description of the experimental procedure used for the

current study is given and a discussion of the results obtained follows.

2.2 EXPERIMENTAL

A description of the experimental apparatus used as well as an outline of

the exposure procedure have been given elsewhere27; details of the exposure

used including relevant changes in equipment are discussed. For this study,

clean surfaces of CdTe (II-VI, Inc.), HgTe (SBRC), and HgCdTe (x - 0.22, SBRC)

were prepared by cleaving along a (110) plane in vacuum (p < 10- 10 torr).

In the case of CdTe, the oxygen doses were carried out in the main experi-

mental chamber in a manner similar to that in reference 12. The pressure and

duration of each increment used to achieve a given accumulated dose are shown

in Table 2. Oxygen pressure was monitored by a cold cathode gauge for all but

the highest exposure, for which a millitor gauge (Varian Assoc.) was used. A

Bayard-Alpert ionization gauge operating at 0.4 mA emission current and located

out of direct line-of-sight from the sample surface served as an excitation

source for the oxygen. For pressures of 10- 3 torr and above, the gas was re-

moved at the end of the exposure period by an auxiliary pumping station 28 prior

to valving on the main ion pump.

For the HgTe and alloy samples, gas exposures were performed in an evacuat-

ed appendage separated from the main chamber by an all-metal straight through

valve. This appendage consists of a linear motion feedthrough operating

through the valve for transferring the sample from the main chamber, a leak

valve and oxygen bottle, and an ionization gauge for both exciting the oxygen

and measuring the pressure. The gauge and oxygen source were used in two con-

figurations. In one, they were located in the arm of a cross perpendicular to

the linear motion and behind the sample surface. In the second location, the

sample surface, gauge, and gas inlet were colinear with the sample placed at

one position by linear motion, but not in a direct line with the sample placed

at another. The auxiliary pumping station, connected through an all-metal

valve to this volume, was used to pump the oxygen following an exposure, and

pumping at a low rate was maintained during the exposure to minimize carbon

contamination of the sample.
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By performing the exposure sequences in the appended volume, pumping time fol-

U lowing a dose was reduced and the main chamber pressure preserved.

Pressures and duration of exposure are given together with the ionization

gauge emission current in Table 2 for the accrued exposures for HgCdTe and

HgTe. The pressure was monitored with the ionization guage in the range up to

*10-2 torr; a DV-6 thermocouple gauge remotely situated at the auxiliary pump

cart was used at higher pressured.

Exposures out of line-of-sight of the gauge were performed on fresh cleaves

of the alloy using the gauge in both configurations. Because oxygen uptake was

not evident in the UPS data for a dose of 107 L in either case, the surface

exposed in the second configuration was then used in the direct line-of-sight

exposure sequence. The procedure involved adjusting the oxygen pressure and

gauge emission current to the required values with the sample in the out of

line-of-sight position, then sliding the sample with the linear motion to the

line-of-sight location for the duration of the exposure, returning the sample

to the original position, and removing the oxygen. In this way, the duration

of the exposure could be reduced while negligible inaccuracy was added to de-

termination of the exposure. The total time required to transfer the sample

from the main chamber, dose it, and replace it was roughly 40 minutes.

A differentially pumped He discharge lamp with monochromator provided

21.2 eV radiation for the UPS measurements while a Mg (1253.6 eV) or Al

(1486.6 eV) anode was the excitation source for XPS measurements for CdTe or

the samples containing Hg, respectively. Emitted electrons were energy analyz-

ed using a double pass cylindrical mirror analyzer resolution with axis normal

to the sample surface. The analyzer resolution was 0.18 eV for UPS and 0.5 eV

in the XPS measurements.

2.3 RESULTS AND DISCUSSION

2.3.1 CdTe

The UPS spectra for clean and oxygen exposed CdTe are given in Figure 11.

The number of electrons is plotted versus the electron initial state energy.

The origin of the energy scale is the valence band maximum (VBM) for each

curve. The spectra are presented as recorded, without normalization.
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Figure 11. Photoemission Spectra (21.2 eV) of CdTe Showing the Effect
of Oxygen Exposure on Valence Band Structure and the Cd 4d
Core Lines.
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In the clean surface spectrum, valence band emission extends to around

-5 eV, and the spin orbit split Cd 4d levels appear near -10.4 eV. The Fermi

level position for the cleaved surface lies 1.1 ± 0.2 eV above the VBM as indi-

cated in the figure. Because the sample was n-type (In doped) with a carrier

concentration greater than 1017 cm- 3 , the bulk Fermi level position is expected

to be near the conduction band minimum; hence, the cleaved surface Ef is

pinned by - 0.4 eV.

For an exposure of 104 L, the Fermi level shifts 0.2 eV closer to the VBH.

The Cd 4d levels appear to shift to higher binding energy by 0.1 eV. From the

XPS data, no chemical shift is observed for the Te 3d or Cd 3d core lines,

although both levels are attenuated in strength relative to the clean surface.

While oxygen l's emission is weak in the XPS spectra, carbon intensity corre-

sponding to 0.1 monolayer is observed.

The changes observed following the 104 L exposure continue for doses total-

ing 10 5 and 106 L (Figure 11). Oxygen-induced emission near -3.5 eV increases

in strength with added exposure. In the 106 L curve, a weak, broad feature

appears near -8 eV. From the XPS data, the carbon to oxygen ratio is roughly

unity following this exposure. The Te and Cd core level intensity continues to

W decrease suggesting the build-up of an adsorbed layer on top of the surface.

For up to 106 L, the chemically shifted Te line is not observed.

Rapid oxygen uptake occurs for the highest exposure, resulting in prominent

structure at -3.5 and -6.9 eV. This second peak may have its origin in the

* broad feature near -8 eV in the 106 L curve, a point which will be examined in

future study. (A reduction in valence band width of this type occurs for me-

tallic Cd. 29 ) The Cd 4d spin orbit splitting is no longer resolved, indicating

disordering of the surface, and the 4d levels are further reduced in intensity.

In the XPS data, a chemically shifted component of the Te 3d core lines appears

at 3.5 eV higher binding energy indicating Te-oxide formation. The unshifted

(bulk) Te emission is further reduced as is the Cd 3d intensity; the attenua-

tion of the Cd emission is less than that of the Te, however, suggesting incor-

poration of Cd in the oxide layer. For the highest exposure, the Fermi level

at the surface has shifted by 0.35 eV from the cleaved surface position to

approximately 0.75 eV from the VBM.

For the purposes of analysis, one can use a layered model to examine the

variation in core line intensity in the XPS spectra. Such a model for the

oxide-substrate system supposes an abrupt planar interface between an homogen-

eous oxide layer and an homogeneous (bulk) semiconductor.

16
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Within the context of such a construct, the relative intensity of the bulk and

chemically shifted (oxidized) Te 3d core level emission indicates an oxide

layer thickness of - 9 A; where the additional assumptio- of constant density

for the Te atoms in both the bulk and oxide has been used. The ratio of oxygen

to oxidized Te is 2.4, while the ratio of Cd in the oxidized layer to oxidized

Te is 1.45. (The ratio of Cd to Te in the bulk in 1.0.)

The model discussed serves only to aid in analysis and is not taken to

describe the actual oxide-substrate system. The Cd enrichment of the oxide

layer relative to the bulk calculated in this way indicates the distribution of

Cd likely differs from homogeneous; a higher concentration of Cd near the sur-

face, for example, would explain the apparent enrichment. In a study of CdTe

oxidation using electron beam probes, the oxide was determined to be TeO 2 30.

the Cd component observed in the present case could possibly desorb under elec-

tron irradiation, particularly if it is a surface species. This possibility

can be tested in future work, and information obtained on the stages of oxida-

tion for exposures between 106 L and I07 L and at saturation, if such a point

is reached.

2.3.2 Hgie

Energy distribution curves (EDS) obtained using Hel (21.2 eV) radiation for

clean and oxygen exposed HgTe are presented in Figure 12. As was the case in

Figure 11, the EDC are plotted against initial state energy relative to the

op VBM. Since HgTe is a semimetal, this is also the location of the Fermi level

which is therefore not shown. These curves have been normalized to the height

of the distribution at -11 eV.

As the oxygen exposure increases, oxygen structure in the valence band

10 (near -4.4 eV) steadily increases while the emission from the spin-orbit split

Hg 5d core levels at -8.1 and -10.0 eV steadily decreases as does valence band

emission near -1.0 eV. The intensity between the valence bands and Hg 5d 5/2

peak also increase with oxygen exposure; this could be due either to scattered

P-j electrons from the rising 0 2p peak (-4.4 eV) or an oxygen feature similar to

the peak at -6.9 eV for CdTe. for exposures in excess of 2 x 105 L, the oxygen

uptake appears to saturate; little difference in oxygen or Hg 5d emission is

apparent in the UPS spectrum for these doses (Figure 12). Because the expo-

sures to total 5 x 106 and 3 x 107 L were preformed with reduced emission
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Figure 12. Photoemission Spectra (21.2 eV) of HgTe Showing the Effect
of Line of Sight Oxygen Exposure on Valence Band Structure
and the Hg 5d Core Line.
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in the ionization gauge, the dose of activated oxygen may not increase as fast

as the total exposure. This suggests a reduced rate of uptake rather than

saturation as observed, however, and would not apply to the 106 L exposure.

The XPS data are available only up to 2 x 105 L due to equipment failure.

A shifted Te 3d peak appears at 3.7 eV higher binding energy following the

5 x 104 L exposure and gains in strength with increasing coverage. A model

calculation such as described for CdTe yields an oxide layer thickness after

the 2 x 105 L dose of 2 A. Based on the UPS data, the overlayer does not

appreciably grow at higher doses so that this value is approximately the sat-

uration coverage. The ratio of oxygen to oxidized Te increases from 1 at

5 x 104 L to 1.8 at 105 L.

The behavior of HgTe is thus quite different from that of CdTe. In the

case of CdTe, no evidence of saturation was obtained for exposures up to 107 L,

while the uptake on HgTe slows markedly around 2 x 105 L for the geometry used.

In addition, the cation (Cd or Hg) is observed as a part of or on the surface

of the oxide for CdTe but not HgTe. Finally, the binding energy of the 0 2p

peak in the UPS data is greater in the case of HgTe.

2.3.3 HgCdTe, x - 0.22

The UPS spectra for the alloy sample are given in Figure 13 showing the

effect of oxygen exposure. The reference curve is taken from the surfack fol-

lowing exposure to 107 L with the sample out of direct .ine-of-sight but in the

configuration in which the gauge and gas inlet are mqtmd on the appended

chamber in front of the sample (see Section 2). The spectra has been normaliz-

ed to the same height, -11.6 eV. The Fermi level for the clean surface occur-

red at 0.2 ± 0.2 eV above the VBH; the calculated bulk value is 0.1 eV at room

temperature.

Oxygen uptake was not evident in the valence band spectra recorded follow-

ing exposure with the sample masked form the gauge in either configuration. In

the first arrangement, in which the excited species is required to make up to 4

direction changes of nearly 90 degrees to reach the sample, the Hg/Te and Cd/Te

core line intensity ratios remain at the clean surface value for exposures

totaling 5 x 106 L. (The variation from the clean surface value observed is

within experimental error: 4% and 7% for Hg/Te aad Cd/Te, respectively.) At

10b L, the Hg/Te ratio drops to 0.87 of the original value.
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In the second configuration, arranged to reduce the scattering required for the

excited species to two path changes of less than 90 degrees, the Hg/Te and

Cd/Te ratios fall to a total of 9% and 4%, respectively, with the Hg/Cd ratio

consistently less than the clean surface value. Because the changes involved

are small, interpretation of these results to the effect of out of line-of-

wsight exposure or influence of geometry is tentative. These considerations are

of importance, however, because the surfce used for the direct line-of-sight

exposure was that exposed to 107 L in the second configuration. This surface

apparently has Hg/Te and Cd/Te ratios reduced from that of the cleaved surface

without apparent oxygen uptake.

In the UPS data for the line-of-sight sequence (Figure 13) oxygen 2p emis-

sion can be seen to grow in intensity with exposure, producing a peak after

4 x 106 L at -3.9 eV, a value intermediate to the energy of this feature for

CdTe and HgTe. For the highest exposure, the Hg 5d 5/2 peak (-7.9 eV) appears

somewhat asymmetric indicating a second oxygen induced peak such as was found

for CdTe. As the dose increased, the concentration of Hg and Cd in the probed

region changes, as evidenced by the reduction in Hg 5d core level emission

relative to the lower lying Cd 4d lines in Figure 13. While the spin-orbitw
splitting of the Cd 4d levels is resolved for exposures up to 2 x 105 L, the

two peaks can not be distinguished at higher coverages. Above 2 x 105 L,

therefore, the Cd environment has become disordered.

In the XPS spectra, the ratio of intensity of the Hg 4f lines to bulk (un-

shifted) Te 3d emission, corrected for escape depth differences, rises from the

value for the reference surface (exposed to 107 L in the masked position) to

the original clean surface value by the time the accrued exposure reaches

2 x 104 L. As the coverage increase beyond this point, this ratio remains

constant up to 2 x IO L, as would be expected if the Hg were retained in the

semiconductor but not in the oxide. On the other hand, the Cd to bulk Te ratio

rises steadily to 15% above the clean surface value with increasing exposure up

to 5 x 104 L. Above 105 L, the Hg/bulk Te ratio is somewhat higher than the

clean surface value but falls again to the original level for the largest dose.

The Cd/bulk Te ratio, however, continues to rise with some fluctuation to a

final value 40% above that for the clean surface.

It is again instructive to examine the core line intensity within the con-

struct of the layer model used earlier. The final oxide thickness determined

in this way is 5 A.
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The ratio of oxygen to Te in the oxide has a value near three for exposures

between 2 x 104 L and 105 L, but begins to fall at higher exposures to near two

for the final coverage. The ratio of Cd in the oxide to oxidized Te is approx-

imately 0.3 in the final film while the bulk ratio is 0.22, indicating as

before a probable surface enhancement of the Cd concentration in the oxide.

2.3.4 Concluding Remarks

Because the reference surface for the line-of-sight exposure may have had

Te in excess following the masked exposure, the oxidation behavior for the

alloy may still be consistent with two step process observed earlier. In add-

ition, a change in oxidation behavior seems to occur in the present experiments

near an exposure of 105 L; the oxygen to oxidized Te ratio begins to fall at

this point and the layer thickness, which increased in proportion to the expo-

sure up to this dose, now increases more slowly. The mechanism by which HgTe

oxygen uptake becomes saturated may increasingly play a role at this point,

slowing the layer growth. This possibility would be apparent in a study of the

oxidation under similar conditions of alloys of varying composition.

I
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Section 3

AES-SPUTTER PROFILE OF ANODIC AXIDES ON HgCdTe

A critical issue regarding the suitability of a passivation technique is

the nature of the insulator-semiconductor interface. Using Auger electron

V spectroscopy in combination with inert gas ion sputtering, a profile giving the

depth distribution of constituents of the semiconductor and oxide can be ob-

tained. One question we have sought to anwser by this approach is whether the

substrate is depleted of Hg in the region near the anodic oxide interface.

W Such depletion has been reported for andoic oxides 31 in the study combining

sputtering and XPS.

The samples studied were 500 A and 1000 A thick anodic oxide films grown of

HgCdTe substrates with x - 0.21 and 0.285 by SBRC. The films were eroded by a

I KeV Ne+ beam and Auger data recorded by automatically determining the peak-

to-peak height of the relevant transitions in a dN/dE spectrum and plotting

this value for each element as a function of sputtering time. A 2 pA electron

beam at 5 KeV was rastered over the analyzed area of 200 jm x 200 4m, at the

center of the sputter crater.

In addition to checking for Hg depletion by sputtering well past the oxide-

semiconductor interface, a bare piece of HgCdTe was sputtered under identical

conditions to insure the dependability of the composition measured for the

oxidized sample. This second substrate was half of the same wafer as the ano-

dized sample and had been given an identical surface preparation with the ex-

ception of anodization.

A spectrum typical of those recorded is shown in Figure 14. The sputtering

beam was applied 20 minutes into the measurement; the signals to the left of

this point were obtained from the unsputtered surface. The Auger signals

settle to a steady value with 10 minutes of sputtering, and the semiconductor

interface is reached in approximately 45 minutes of sputtering. The transitory

variations in the Te and Cd signals near the interface will be the subject of

further investigation. Of interest for this study is the small concentration

of Hg in the oxide and constancy of the Hg signal past the interface. The Hg

level obtained from the bare substrate is the same as for the anodized sample

after sputtering. Thus, Hg depletion in the substrate near the interface due

to anodization is not observed.
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Plans for final six month period

0 DLTS mesurement of anodic oxide and SiO 2 interface will continue. Par-

ticular attention will be paid to the trap depth profile as well as

those states which are unique to each interface.

fi Very low frequency (< 10- 4 Hz) admittance spectroscopy will be done on

SiO 2 MIS devices. This is expected to more sensitive to interface

states than DLTS.

a Band structure calculation done in cooperation with A. Shere at SRI

International will continue.

* Photoemission experiments to probe bulk and surface electronic structure

will continue.

0 Sputter/Auger experiments will concentrate on the SiO2 - HgCdTe

interface.

0 Experiments in preparation of HgCdTe interfaces for examination by TEM

will begin. This is an added task performed in cooperation with

Professor R. Sinclaire at Stanford University.

* LPE HgCdTe will be produced for depth profile of composition by electro-

reflectance measurement in cooperation with Professor P.M. Raacah at

the University of Illinois.
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UNUSUAL BEHAVIOR OF Ilgi-xCdxTe AND ITS EXPLANATION

iW. E. Spicer, J. A. Silberman, P. Morgen, and I. Lindau
Stanford University, Stanford, CA 94305

J. A. Wilson, Santa Barbara Research Center

An-Ban Chen, Auburn University

4 A. Sher, SRI International

This paper involves an unusual semiconductor alloy, Hgl_xCdxTe, a breakdown of the
Virtual Crystal Approximation (VCA) in that alloy (the first such breakdown in a semi-
conductor alloy), the success of the Coherent Potential Approximation (CPA), the
"first order" explanation of these results in terms of energies of atomic valence lev-
els, and the qualitative explanation of the unusual properties of Hgl_xCdxTe in terms
of the results reported above. The genesis of the work was the use of photoemission
spectroscopy. Cd and Hg core shifts are detected as a function of alloy composition
and related to'bonding concepts developed here.

1. INTRODUCTION valence band maximum (VBM) were found to be
band-like and qualitatively similar for all com-

Hgl_xCdxTe is a semiconductor alloy crystalliz- positions studied in agreement with VCA calcula-

ing in the zinc blende structure in which Hg and tions. In contrast, the lower lying states near
Cd randomly occupy sites on the cation sublat- 5 eV below the VBM, which are principally metal
tice. Until recently, the electronic structure s-electron derived but contain 40% cation p-
of Hgl_xCdxTe and all other semiconductor alloys character, are more localized and reflect dis-
has been theoretically treated within the frame- tinctly Hg or Cd parentage. Thus, the UTS data
work of the Virtual Crystal Approximation (VCA), document differences in the contributions of the
in which the potential used is a compositionally two cations to the electronic structure of the
weighted average of the potentials of Hg and Cd. alloy and the selective breakdown of the VCA for
This approach has been shown to be consistent the mainly metal s-electron band [8]. These ob-
with the nearly linear variation of the bandgap servations are confirmed by comparison to the
in this alloy from 1.5 eV to zero with increas- CPA calculation. The origin and consequences of
ing Hg conteng [1;5] and the large electron the difference in cation bonding are discussed
mobility (-10 cm-/v-sec) found for narrow band- below.

I gap compositions. The volatility of Hg at
slightly elevated temperature [61 and the rela- 2. EXPERIMENTAL
tive ease of forming Hg vacancies, on the other
hand, suggest that the bonding differs for Hg Clean surfaces of single crystal samples ef
and Cd and that the electronic structure of the Hg_xCdxTe (x-0.2, 0.31, 0.39) grown by solid
alloy should reflect the difference in potential state crystallization (Santa Barbara Research
of the lHg and Cd sites. Center) and a sample of CdTe (II-VI Inc.) were

prepared by cleaving the samples along a (110)
To investigate the electronic structure of face in vacuum (p < 10- 10 torr). Light from a
Hgl_xCdxTe, we have used Ultraviolct Photoemis- synchrotron source was incident on the cleaved
ston Spectroscopy (UPS) with photon energies surface at a 750 angle to the surface normal and
from 7 to 30 eV to examine single crystal alloys largely p-polarized. A double pass cylindrical
of three compositions and CdTe. Tha UPS results mirror electron spectrometer with symmetry axis
are compared to a recent calculation of the along the sample normal performed lhc energy
alloy density of states (71 computed using the analysis of the emitted electrons. Electron
Coherent Potential Approximation. CPA, unlike Energy Distributions Curves were recorded for
VCA, retains the aperiodic nature of the cation photon energies ransling from 7 to 30 V. The
poLent ial. In the UPS data, the upper, mainly energy resolut [on iii the spectra oht inod is be-
p-like valence states within -3.5 eV of the lieved to be better than 0.2 eV. In a sepirate

experiment, a spectrm of cleaved (110) [ipTe was
recorded In a simil;ar mniiner, hit usinp a it

Supported by DAIA Coiitract No. MDA 903-PO- dischar!c with monoclroator as l ig lt source.
C496 ;nd in palrr by AFOSR. A portion of this
work was perforrod alt the Stanford iynchro- 3. RESULTS
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dependence of the photoemission spectra. Peaks VIRTUAL CRYSTAL COHERENT POTENTIAL
in the emission from the upper, mainly p-like APPROXIMATION APPROXIMATION
valence states within -3.5 eV of the VBM shift
in binding energy as the photon energy is varied
(Figure 1). Such dispersion with hv is charac-
teristic of direct transitions between extended
states [9]. As indicated in Figure 1, the emis- /

sIon from the upper portion of the valence bands "-- i .
shows similar features for all compositions.

* 0.39

CdTe I- O
01

(eV) f .. T I

17-
16

w 15"

2E1 '- 0XPER

Fig. 2. Comparison of theory and

•experiment for Hgl~. x~CdxTe

1 decrease in emission near -4.6 eV as the Cd con-
V " tent is reduced. This behavior is reproduced 1y

~the structure in the CPA density of states: The

peaks at -5.6 and -4.2 eV in the x - 0.31 cur'e
12 arise from Hg and Cd valence s-electrons, re-

I*spectively, while the center peak near -5.0 eV
-10 -5Ois of cation p-character and exhibits VCA-1tke

INITIAL STATE ENERGY (eV) movement with x.

Fig. 1. Photon energy dependence of the In addition to the separate contributions of g

valence band emission of Hgl...CdxTe and Cd valence s-electrons to the electronic
structure, the differences in Hg-Te and Cd-Te

The mainly metal s-electron derived states in bonds are manifest in the chane in binding con-
the region 4 to 6 eV below the V1M show little ergy relative to the valence band maximum of the

or no dispersion with photon energy but exhibit Cd 4d and Hg 5d core levels. Figure 3, showing,
stronger compositional dependence then the up- spectra recorded at 21 eV, details the location
per, p-like bands [8]. The emission from this of these core levels relative to the VB1 for the
region is shown in Figure 2, where it is com- four samples studied. A spectrum obtained with
pared to the density of states in this energy hv 21.2 eV from cleaved (10) gTe is also
range calculated In both the VCA and coherent shown. The peaks at -7.9 and -9.6 eV in the
potential schemes. The experimental and thee- alloy arise from the spin-orbit split Hg sd yN
retical curves are aligned by superimposing th e e vle the Cd 4d lines appear around -0.c
leading edge of the easured electron distribu- eV and are split by 0.6 eV. Apparent in igurn-
tion with the VBs given by te calculations. 3 in a shift of 0.2 eV to higher binding tner.
Broadening has not been applied to the calcu- of the Cd d-levels in going from CdTre 3, the
latd curves nor background corrections made to 0.39 alloy and a 2mailer decrease in bindinon
the measured ones. As can be seen in the fig- ergy of the g 5d lines between ITe and the
ured the general experimental fcatures and alloys. The Cd and lIg (onr1button to the l
trnds in the alloys are predicted well by the ing, therefore, v, ry as the average compd .. :t
CI'A but not by the VCA. n the virtual crystal changes.
case, a single hrp peak is predicted which re-
nain i sharp nd bS f as nonoto acnl ly with di-
ceastu Cd contoet The uPS dIrea tho in.mread
th erasdue.dg of te band as g in : tddefi and a
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Wr _increases is consistent with this view, with the
ICd-Te bond becoming more ionic. A variation in

Hg5d Hg9.Cd1
Te  " the separation of ltg and Cd d-levels as a func-

hu21 eV tion of composition has been observed in IHgCd
alloys [11]; the explanation of this effect as
due to d-band overlap is unlikely to apply to
the case of Igl_xCdxTe, where the cations are

W second neighbors. Size effects may also coatri-
bute to the reduced lHg-Te bond strength [121.

=00X0. 2" The ease with which lattice defects are formed

Ze and the difficulty of growth of alloys with low
(212 2eV) Cd content may be a consequence of the Increased

difference in cation bonding. Because the vari-
S .20 ation in bandgap and breakdown of the VCA arise

from the same feature, the large difference in
a cation valence electron binding energy, these
wdifficulties will likely occur in other semicon-

03 ductor alloy systems where the bandgap varies
over such a large range.
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