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SUMMARY

Measurements of MIS storage times, [proportional to minority carrier

(hole) lifetime] in n-type Hg0 .7Cd0 .3Te indicate values that range from less

than 1.5 ms up to i03 sec. Amplitude of the structure seen in capacitance and

conductance versus bias curves taken when the interface region is inverted

correlate inversely with measured storage times. This correlation combined

with the lack of correlation of storage time with interface trap or donor

impurity concentration suggest that lifetime is fundamentally limited by bulk

defects rather than interface properties.

Trap levels associated with random (nonchanneled) ion implantation in %

Hgl_xCdxTe (x - 0.3) have been characterized for the first time using deep

level transient spectroscopy (DLTS), secondary ion mass spectroscopy (SIMS),

and high-frequency (I MHz) capacitance voltage (CV) techniques. A deep level

trap with an activation energy (Et ) of Ec - 0.20 eV and capture cross section -* j

(an) of 9.2 x 10-20 cm-2 has been seen in samples implanted with 200 keY chlo-

rine. The trap concentration with depth, from DLTS profiling, is five times

the ion concentration as measured by SIMS. The resulting donor concentration

measured by CV is increased over the ion concentration by a factor of about

100. Another state is seen at 0.053 eV, which is thought to be associated

with interface traps. These results indicate that separate mechanisms

producing the deep trap level and the donor activity are caused by lattice

distortion and atomic displacement due to the implant process.

Comparison of photoelectron spectra of the clean as-cleaved surface, the I'.

surface exposed with the direct path for activated oxygen blocked by a lithium

Cfluoride (LiF) window, and the surface subsequently exposed to oxygen with the

window removed so as to permit straight line travel to the surface for oxygen

excited by a hot filament indicate that no oxidation occurs when the radiation

and oxygen ambient are present, but the fact that the line-of-sight path for

excited atoms or molecules is removed demonstrates that an excited species

rather than thermal or photoexcited effects is responsible for the activated []

uptake of oxygen. Based on our previous work this particle must also be. ......

neutral.

It is also possible that the high-temperature filament catalyzes reac-

tions between 02 and molecules in the background gas to generate excited )des

Di .... .or

D1.1t
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molecules of oxygen containing species such as CO2 or H20. These synthesized

molecules would have to gain activity due to excitation since the sample would

not be expected to show such a strong dependence on the line-of-sight nature

of the exposure. An experiment to probe this possibility by the application

of mass spectroscopy to the flux of particles leaving the filament is planned

for future work.

Initial conclusions can be drawn at this point in our continuing study of

HgCdTe surfaces that are prepared for subsequent passivation. The etching and

cleaning techniques used clearly alter the surface. Three main conclusions

concerning this change of the surface are:

1. Independent of material growth, or technique of surface prepara-
tion, the valence band electronic structures of the resulting
surfaces are altered from that of atomically clean surfaces and
show increased emission, probably due to 0 and C contamination
and/or oxidized TeO 2 or elemental Te.

2. All of the samples studies exhibited n-type surface behavior
subsequent to the surface preparations including bulk p-type
material.

3. All but one of the approximately dozen samples was Cd deficient
after surface preparation. One explanation of the first sam-
ple's Cd increase could be that different (111) faces were
studied, either the Cd or Te (A or B) terminated face.

Although these experiments have shed some light on the effects of surface

preparation on HgCdTe, there is still great uncertainty and many questions

need to be answered. Results from exposure to ultraviolet light suggest a

possible method for cleaning surface contaminants such as carbon and oxygen.

Electron beam heating effect plays a major role in the electron beam-

induced Hg desorption (we don't exclude the possibility that electronic exci-

tation may be incorporated in the bond-breaking process). Hg depletion satu-

rates after a few monolayers are depleted of Hg, leaving the surface with

excess Te. The surface Te layer may act as an activation barrier for the

outdiffusion of the Hg atoms from the subsurface to the surface.

A study of metal contacts on HgCdTe was begun. Employing thermodynamic

guidelines, Ag and Al were chosen as examples of nonreactive and reactive

candidate metals. As expected, deposition of Al causes a depletion of Hg from

the surface of the semiconductor. The Ag/Hgl_xCdxTe interface, on the other 0
hand, shows little evidence for chemical reaction. There is also little if *- -

iv RPT52871
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any Hg depletion. However, the Ag does not go on in a Simple, laminar manner;

rather, it appears to form islands at low coverages.

Sensitivity of defect energy levels in semiconductors to the host band

structures and impurity potentials has been studied for approximately 30

impurities in CdTe using four different band structure models. The discrepan-

cies in the defect levels between two different sets of band structures and

impurity potentials are found to range from less than 0.1 eV to the whole band

* gap (1.6 eV). The band-structure effects are analyzed here in terms of de-

* tailed partial densities of states. Examples of contradictory predictions

from different band structures are illustrated, and ways to improve the theory

are suggested.
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INTRODUCTION

The objective of this program is to develop a detailed understanding of

the physical processes that dominate HgCdTe surfaces and interfaces, particu-

larly the passivated interface incorporated in an MIS device made with PHOTOX

.SiO2 on MWIR HgCdTe. The program has also relied on measurements of the

effects of this interface on photovoltaic (PV) device performance, partic-

ularly RoA, to decide which interface properties were of the greatest signif-

icance and, therefore, most important to quantify and eventually control. The

simplicity of the fabrication of an MIS device has allowed us to separate

individual effects and examine each in greater detail than if we were to

deconvolute the more complicated interaction between the surface and junction

regions in a detector. As discussed in previous reports, the total or net

interface charge plays a prominent, if not actually a dominant, role in con-

trolling surface leakage in double-layer heterojunction devices (DLHJ).

Recall that this charge consists of fixed charge, interface trap charge and

relatively slowly responding charge sites in the PHOTOX SiO 2 itself. None of

these sources can be ignored. Depending on the device design and the device

processing steps, each one can individually or collectively determine the size

of the surface leakage.

The interface charge is very important because, depending on device

design, it can be optimized to drive carriers away from or attract them to the V

surface. Thus, it turns on or off certain leakage mechanisms at the inter-

face. In the case of n+ on p junctions, for example, if the lower doped p ,.

side is accumulated the surface junction will be pinched off, allowing an in-

creased probability of surface leakage by trap tunneling, using interface

traps. There are, of course, other mechanisms that complicate this picture,

but to first order, passivation is achieved not by actually passivating the

surface but by keeping carriers away from it. In some cases, as in, for

example, DLHJ with similar composition and doping on each side of tf junc-

tion, it will not be possible to optimize the interface charge so as to pre-

vent carriers from reaching the interface on both sides of the junction at 0.

once. In this case, the separate contributing leakage mechanisms must be

fixed. An effective passivation of the surface is also obtained if the inter-

face is inaccessible in all cases due to a significant widening of the band

gap at the HgCdTe surface. This may in principle be obtained with CdTe grown • -

RPT52871
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on the HgCdTe, and the possibility is being investigated at SBRC. It remains

to be seen whether the transition of the bandgap from HgCdTe to CdTe is mono-

tonic across the grown metallurgical junction. It may narrow, due to cation

loss at high-growth temperatures, and then widen. This would defeat the

passivation and produce a buried leakage channel.

The interface properties that affect device properties are those of the

final interface after all the processing necessary to produce a focal plane

array (FPA) has been completed. We take this interface to be completely

characterized when the surface band gap (E gs), surface fermi energy (Efs),

net interface charge (Qn) and the interface traps (density, Dit; capture
net

cross section, ait and response time Tit) are specified. Some of these inter-

face properties, such as Eg,s and E s are cumulative or essentially com-

pletely determined on a microscopic level before the final interface is

formed. The others, Dit and Qnet are not directly cumulative, and therefore

cannot be evaluated before the interface is completed. These noncumulative -'

properties can also be subsequently altered by chemical action, radiation

damage, or other mechanisms which have access to the interface after it is

formed. For example, water reversibly alters both Dit and Qnet by entering

through the PHOTOX- SiO 2 porosity.

Interface trap density, capture cross-section and response times are

completely determined by the detailed bonding at the final interface and bear

no direct correlation to interface trap structure at any intermediate stage.

The final structure is, however, indirectly determined by previous surface

conditions, namely the chemical constituents which are available for bonding

with the depositing PHOTOX M SiO2 insulator. These previous surface conditions

include a probably nonstoichiometric surface region with a thin Te-oxide

layer. As discussed in previous reports, this oxide is reduced by the PHOTOX.

SiO 2 deposition so that the final interface region is composed of an inter-

mediate layer of silicon, oxygen, and tellurium. It is the detailed bonding

from the PHOTOX" SiO 2 to the intermediate layer and this to the HgCdTe that

determine Dit and Qnet* The chemical precursors of this interface is the

topic being addressed by the oxidation studies done jointly between SBRC and

the Stanford group and reported in Section II. The electronic structure of

the actual interface is the topic of the interface study task at SBRC and

reported in Section I.

2 RPT52871
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Recent work on this program and by other groups indicate that Egs and

Ef s are significantly different than the bulk values. The transition to bulk

values also may occur over distances that are electronically significant (102

to 103A). These nonbulk values are caused by changes in stoichiometry or

changes even to nonalloy compositions caused by cation removal during polish

or etch steps required for device processing. The surface band gap, if the

surface has a band gap, is for all practical purposes completely determined

before the PHOTOX" SiO 2 is deposited. At least, any deep tail is completely

determined. The same alteration of cation concentration will affect IND-NAI

and therefore Efs, and any deep tail it has, in the same way. In this case

it is not only instructive but critical to determine both the surface values

and their transition with depth to bulk values on the pre-PHOTOX" SiO 2 sur-and2

face. The PHOTOXm Si0 2 reaction itself has been shown to be capable1 ,2 of

reducing 15 to 20A of native oxide on the HgCdTe surface and possibly altering

the very local (-5A) surface composition. The reaction is expected to make

only slight alterations in an already established E and also Ef,s, although -..

it is possible to generate high enough concentrations of local surface states .'

to alter or pin Ef5s. "Local" means "within a few monolayers." The exact

composition of the local surface has not been established. It is not known

whether the surface has an alloy composition or even an intact Te lattice at

the surface. These issues are the basis of the photoemission measurement .0.

being done at Stanford in collaboration with SBRC and are reported in Sec-

* tion III.

The deepest portion of a transition from surface to bulk values of elec-

tronic structure is most effectively probed with direct measurement of elec-

tronic structure such as trap levels. This is done with DLTS, capacitance-C
voltage and admittance measurement. The DLTS signal in an MIS device comes

primarily from deep states in the depletion region, although interface traps

may also be detected. The capacitance technique allows measurement of the .

doping profile across the depletion region, and measurement of true interface

traps, as does admittance. Thus the "bulk" deep states can be separated from

true interface traps, and doping and trap density profiles determined and

compared to models of the transition from surface to bulk structure. Several

bulk trap properties may vary as the surface is approached and therefore

qualify as probes. These include activation energy, EA (some traps follow the

conduction band edge, some the valence, and others may remain at a fixed

RPT52871 3
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percentage of E depending on whether it is an impurity on the cation or anion

site or a native defect) capture cross section, a, and concentration. Pro-

gress on this continuing effort was reported in Section I, Appendix A of the

Third Interim Technical Report (previous).

Results of the measurement of Ef's relative to the valence band maximum

(VBM) made to date, have shown two important results. First, regardless of

the bulk carrier concentration, Ef s is 0.15 eV above VBM. This is on meas-

urements of the etched pre-PHOTOXm Si0 2 surface made at room temperature. The

sample x value is 0.3 so that bulk Eg is 0.29 eV. Second, by taking the area

under the Hg, Cd and Te core levels the surface is seen to be depleted in

Cd. If we assume that the surface recrystallizes to utilize all the available

cations, then the x value of the surface is seen to be about 0.2

(Eg,s - 0.15 eV at 300K), with an excess of unalloyed Te. Excess Te has also

been indicated on these types of surfaces by ellipsometry done at SBRC.

The first result indicates that the free surface may pin Ef 5s. Once the

PHOTOX SiO 2 has been deposited, a very different situation may occur. In

- fact, since the amount of interface charge seen at PHOTOXm Si0 2/HgCdTe inter-

faces does depend on whether the semiconductor is n- or p-type, we do not

expect interface pinning of Efls. Also, no large densities of interface traps

in the region of 0.15 eV above the VBM have been detected by admittance or C-

V. This value of Ef s is therefore, not the same as that governing the fill-

ing of interface traps at the passivated interface. What happens to Efls as 0

the PHOTOX Si0 2 reaction begins and proceeds will, however, be instructive.

As is the case of III -V interfaces, the final interface values are likely to

be obtained within a very few deposited monolayers of PHOTOXTM Si0 2 over the

reduced oxide and may well be within the escape depth of XPS measurements. 0

The second result indicates a pronounced narrowing of Eg at the sur-

face. This narrowing is undoubtedly due to the reformation or rebonding of

the surface after the etch-induced cation loss and is not likely to be altered

by PHOTOX SiO2 deposition. The surface gap has not been directly measured by

this technique since photoemission measures the kinetic energy of electrons
excited from states in the material surface. At the conditions under which

this experiment was done the conduction band is unoccupied or the density of

states is so low that there are essentially no electrons to excite. Neverthe-

* less, the indirect evidence for E being smaller than E is strong. Bandgap
gos g

4 RPT52871 S
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narrowing is exactly the opposite effect required to keep carriers away from

the surface region, increasing the problem of passivation.

If the proportion of narrowing is similar at all x values, then the LWIR

(x 0.2) HgCdTe surface will be so depleted in cations that the resulting

equivajqnt alloy will be metallic or semimetallic (x < 0.17), and hence could

offer a direct conduction leakage path. The depth to which this effect occurs

will be of critical importance here. The photoelectron spectrometry (PES)

results on MWIR are applicable to the first 10 to 15A of the surface. The

point here is that LWIR material may respond to passivation processes to

produce a fundamentally different result than does MWIR material, and LWIR

should in fact be treated as a completely different material. These results

are discussed at greater length in Section I.

Interfaces made on implanted MWIR HgCdTe also appear to be fundamentally

* different from those made on unimplanted material. These indications come

from measurements of the current voltage characteristics of gated junctions

made with B+ implants, as discussed in two previous reports, and from capaci-

tance voltage measurements of MIS devices made on implanted surfaces. In both

* cases, no post-implant anneal was used, so that we are dealing with the im-

plant-damaged lattice. Post-implant anneals have yet to be proven useful in

HgCdTe. In the case of implantation into Si, the lattice is well enough

behaved that actual remelting and subsequent recrystallization of an implanted

* surface results in a very closely controlled doping profile in a high quality

lattice. This fortuitous result has made implants in Si the method of choice

for high tolerance doping and allows very intricate device designs. This

situation is in strong contrast to the case of implanted HgCdTe in which every

form of post implant anneal so far examined has produced unacceptable levels

of Hg loss (heat pulse, laser annealed, or Si02 capped thermal anneal) or has

caused junction diffusion (isothermal Hg vapor anneal).

The as implanted surface, when passivated with PHOTOX" SiO 2 shows a high

C density of deep traps in the implanted region as well as densities of inter-

face traps so high (in excess of 1 x 1012 cm 2 eV-) that quasistatic capaci-

tance voltage measurements are not possible. Channeling to avoid the major

amount of lattice damage may produce acceptable interfaces once the random

component near to the surface has been either eliminated or removed. In any

event, passivating the surface of junction devices formed by nonchanneled or

bRP27
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random implants must be treated as a separate and more complicated problem

from that of passivating grown heterojunctions in the same composition mater-

ial. The continuing investigation of doping with channeled implants and 0

characterization of the implanted interface with PHOTOX" SiO 2 is discussed in

Section II. The implants are done at Hughes Research Laboratories and char-

acterized at SBRC.
0

The particular ease of cation removal in HgCdTe is directly responsible

for the composition alterations seen after etches which determine Eg, , Ef, s

and establish the chemical environment for oxidation reactions and interaction

with the PHOTOXe SiO2 deposition process. The bonding mechanism which leads

to the ease of cation removal has been investigated theoretically on this

study. It has been determined that the ionic portion of the CdTe bond has

weakened the HgTe bond and thus destabilized the lattice. The same bonding

model has indicated that replacement of Cd by Zn will greatly reduce the

tendency towards destabilization. The theoretical bonding model has also

given understanding of the alloys' hardness. This effort is now focused on

estimating the activation energy and energy levels (deep states) of cation

vacancy point defects. This work is conducted at SRI International and re- __
ported in Section IV.

.
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Section I

INTERFACE STUDY

Storage Time at the HgCdTe-SiO 2 Interface

J.A. Wilson and V.A. Cotton
Santa Barbara Research Center, Goleta CA, 93"17

ABSTRACT

The storage time was measured in MIS devices made with PHOTOX" Si0 2 on

n-type Hg1_xCdxTe (x - 0.3). These storage times range from less than the

measurement limit of 1.5 ms to, in one case, 1430 sec. Interface state den-

sity and structure as well as doping density of the bulk wafer varied only

slightly from sample to sample, indicating that the wide variation of storage *. .

time was not due to interface states or residual active donor impurities. Be-

havior of the capacitance and conductance versus bias curves shows a depend-

ence of actual storage time on gate bias in inversion and therefore a depend-

ence with depth from the interface. Samples which show longer storage times

reveal a lower concentration of locally effective bulk g-r centers. The lower

concentration is attributed to lattice defects resulting from damage produced

in device fabrication or residual defects from crystal growth.

INTRODUCTION

* Semiconductor surfaces generally require some form of passivation so that

bulk electronic properties dominate device performance instead of those pro-

perties due to the broken symmetries and defects associated with real sur-

faces. One of the most important effects that a poorly passivated surface or

interface can manifest is to severely shorten the minority carrier lifetime.

Shortened lifetime occurs by carrier recombination through deep midgap traps

that can be located either in the bulk or at the surface. In the case of the

passivation of HgCdTe, there are enhanced opportunities for lefect formation
C, beyond those normally seen in simpler semiconductor systems such as elemental

or binary compound materials. These opportunities occur because Hg is parti-

cularly weakly bound in the alloy, resulting in an extremely low resistance to

defect formation.2  Also since the material is a ternary alloy, defect forma-

* tion can occur through distortion of the surface stoichiometry.
3- 7

We have measured the interface region minority carrier lifetime in HgCdTe 1

RPT52871 9
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(x - 0.3) wafers by measuring the inversion layer storage time in MIS de-

vices. 8 Bulk lifetimes are seen to vary over a wide range from wafer to wafer

with very long lifetimes seen on a few samples. In the case of wafers with

long lifetimes, regions below the interface with shorter lifetimes can be

seen. The generation-recombination (g-r) sites active in causing this locally

limited lifetime are seen to be deep bulk traps which are active below the

interface. These traps are believed to be due to defects in the crystal

structure produced either by the surface processing used in device fabrication

or due to grown-in defects. Actual interface traps were not found to play the

dominant role.

SAMPLE PREPARATION AND MEASUREMENT

The MIS devices used were made with 1500A of PHOTOXv SiO 2 deposited in a

single layer on the surface of horizontal-zone melt-grown wafers of

Hgo. 7Cd0 .3Te. Prior to insulator deposition, the wafers were polished and

etched in Br2 in dimethyformamide and Br2 in ethylene glycol in separate

steps. Each wafer had been annealed isothermally in Hg vapor to lower the

native defect (cation vacancy) acceptor level below that of the level of

residual impurities. Residual impurities are usually donors and result in an

n-type wafer with a carrier concentration of about I x 1014 cm- 3. A bi-layer

gate was formed consisting of 400A of Ti followed by 4000A of Au thermally

deposited through a shadow mask. The gate area is 2.04 x 10- 3 cm2 resulting

in devices with an insulator capacitance of about 60 pF.

These were mounted in 12-pin TO-8 headers and measured in dewars cooled

by liquid nitrogen. Some samples were also measured using liquid freon 13,

(145K) and argon (30K). The dewars are cold shielded so that the background 0

seen by the detector is the same temperature as the detector.

Capacitance and conductance versus voltage were measured at frequencies

between 1 MHz and 0.01 Hz (taken as effectively in equilibrium when the ap-

plied bias is changing from inversion toward accumulation only). Inversion .

layer storage time was measured by recording the capacitive transient response

to a step change in gate bias with the device in inversion (Zerbst analysis).9  "

High-frequency capacitaace (I MHz) as well as the capacitive transient

response were measured using a Sloan Model 410 capacitance meter. This in-

strument also supplies the voltage sweep used for measurements made at all

1P,
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other frequencies, including quasistatic. Measurement of capacitance and

conductance at these intermediate frequencies were made using a PAR 124 lock- 'iA.

in amplifier, while the quasistatic measurements were made using a PAR model

135 electrometer.

RESULTS

Storage time for ten devices was measured on four wafers cut from four

sections of three ingots. These wafers were selected because above average

electrical properties of photoconductive and MIS type devices had been fabri-

cated on other wafers from these same sections. The devices reported here

were consistent among themselves and with the best MIS devices made on HgCdTe

in every property except for their storage times. Flatband bias was between 0

and -0.25V and hysteresis was about 0.2V, as measured at 77K. The midgap

minimum value for the density of interface traps (Dit), and the average doping

level in the depletion region, as measured by C-V analysis, are shown in

Table 1. The detailed interface trap structures for these types of devices is

presented in Reference 10. Storage time is approximately given by the

minority carrier lifetime times the ratio of doping to the intrinsic carrier

concentration.8  For x - 0.3 HgCdTe at 77K the intrinsic carrier concentration

is 10 cm 3 . Thus for these samples reported here a storage time of 1.5 ms

(measurement minimum) corresponds to a minority (hole) lifetime of 15 ns.

*The data shown here clearly indicates that there is no significant corre-

lation between storage time and either doping density or interface trap den-

sity. Since the level of n-type activity seen in these wafers is due to .

residual impurities incorporated in'the ingot during growth, this lack of cor-

crelation also suggests that the shortened lifetime is not due to residual im-

purities. Thus storage time is limited primarily by some other property of

the crystal, such as defect density, which is not measured by the techniques

of this study.

High-frequency (I MHz) measurements of an MIS device which has a measur-

ably long storage time (greater than 1.5 ms with our setup) exhibit an effect K?
11in inversion referred to as vertical hysteresis. This effect is caused by

changing the gate bias at a rate that is faster than the rate at which minor-

ity carrier generation can effectively maintain equilibrium, but it is slower

than the rate at which the more rapid minority carrier recombination can

RPT52871 11
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Table 1. Comparison of Interface Trap Density, Doping Density

and Storage Time for the Samples Studied

Part Number* Dit Nd a Bias Avera ged C.

(eV-1 cm-2) (cml) Storage Tm

A Ilxl11 3 x10 14 170Oms

B1110 113 x 10 14 112 ms0

C 5 x 10 9. 1 5 sec

D 5 x; 1095x04sec
E 095x1 sec

F 3 1011 .2 x10 4 2ms

G3 x 101 1.2 x 30 ms

HI x 10 11 3. x 1014  12 mse

1103xi1 14 3 se0

IK 2x10 3 x104 600 sec

L3 x 1011 4 x 1014  273 sec
11 1

M 4 x 10 11 4.4 x 10 14 17 sec

*Part Numbers:%

A: ZH-257-4ca can2 pin 4

B: ZH-257-4ca can2 pin 2

C: ZH-304-2h canC pin 9

D: ZH-304-2h canC pin 3 ~

E: ZH-304-2h canC pin 10

F: ZH-304-2h canA pin 11

G: ZH-304-2h canA pin 10

H: ZH-304-2h canA pin 5

I: ZH-257-Sca can2B pin 11

J: ZH-257-Sca can2B pin 2 -

K: ZH-257-Sca can2B pin 4

L: ZH-261-2cd cani pin 7

M: ZH-261-2cd cani pin 6

12 RPT52871
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occur. Thus, as the gate bias is swept toward increasing inversion too rap-

idly for minority carriers to be generated, they are supplied by a net minor-

ity carrier current into the HgCdTe surface. Under these conditions the

measured nonequilibrium capacitance in inversion is lower than that which

would be recorded under the equilibrium condition of the return sweep. This

is illustrated in Figure 1 for four devices, made on a single wafer, which

S have very long storage times (tens of seconds or greater) compared to that

seen routinely on HgCdTe. Capacitance voltage curves were measured using a

gate bias ramp rate of 500 mV/s.

As the bias was swept from +2V, where the surface is in accumulation, to

-1OV, where the surface is strongly inverted, the capacitance follows the

nonequilibrium curve of deep depletion (the depletion region is larger than 8...

its equilibrium maximum). This is in the range of 10 to 15 pF depending on

the specific device. As the gate bias is swept back toward accumulation, the

surface inversion layer returns to an equilibrium condition and the capaci-

tance value recorded is that of the inversion layer in parallel with the

depletion layer at its maximum width, typically 20 pF. -

For some of these devices, the capacitance recorded for the nonequili-

brium conditions during the sweep toward increasing inversion is not a con-

stant value. This is particularly pronounced for device number 4, which shows

an increase in capacitance between -6 and -9V. At these gate biases minority

carriers are being supplied to the depletion layer more rapidly than at neigh-

boring biases.

Contraction of the vertical hysteresis indicates a shorter storage time

and therefore minority carrier lifetime. Lifetime can be limited by either

surface or bulk traps which are located near midgap and at a distance from the

surface where the band bending places the midgap trap at the fermi energy.

This condition is met during depletion, for interface traps, but not during

inversion and suggests a limit to minority carrier storage time set by traps

spatially distributed below the interface. For devices which show this struc-

ture in inversion we are depth profiling a nonuniform minority carrier life-

time. %

Recorded values of the conductance as a function of gate bias show peaks

at the same biases where storage time limiting peaks are seen in capacitance %

voltage curves. The correlation of these peaks is illustrated in Figure 2.

RPT52871 13
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Again, if the g-r centers responsible for limiting the lifetime were interface

traps, then the loss peaks observed in conductance curves would be seen at

biases where the surface was depleted with the fermi level about midgap at the

interface. Since the conductance curves follow the capacitance curves in

inversion, this confirms that the g-r site responsible for limiting the stor-

age time is in fact a deep midgap trap located in the bulk of the HgCdTe at a

depth where the local midgap point crosses over the fermi energy. 4

In some of the samples examined, the lifetime is clearly bulk limited but

no structure is seen at any bias in inversion because of a very high concen-

tration of uniformly distributed g-r centers. Figure 3 shows capacitance-

voltage curves for such a device, taken at several frequencies from 1 MHz to

500 Hz. The measured storage time is less than 1.5 ms (the effective measure-

ment limit of our setup) with no vertical hysteresis seen. Hence, this speci-

fic device is not listed in Tables 1 or 2. The form of the curve shows true

high frequency behavior at 1 MHz, but begins to respond in inversion at fre-

quencies below 100 KHz. Its crossover frequency, at which the inversion

capacitance is halfway between the high frequency and quasistatic values, is

seen to be 500 Hz. The minority carrier lifetime in this device is short0

enough that it is capable of following the bias at frequencies of a few hun-

dred Hz. The transition between high-frequency and quasistatic behavior is

monotonic in frequency, as commonly seen for other semiconductors such as Si

or GaAs. This transition represents a case of uniformly short bulk-limited

lifetime.

Figure 2 shows a capacitance curve for a device with a much longer stor-

age time (300 ins). The curve is recorded at 100 Hz, well below the crossover

frequency of the device in Figure 3, which had no measurable storage time.0

Crossover frequency for the device of Figure 4 is measured at 10 Hz. Except

for the region between -1.5 and -3V the curve shows high frequency behavior

with no ability of the inversion layer to follow the applied 100 Hz signal.

There is, however, a rise at these biases due to minority carrier generation

which occurs when the surface region can be expected to be in inversion. For

the samples surveyed in this study, this form of bias-dependent storage time

with a single peak or two at the beginning of inversion is typical. No struc-

ture was seen at all in cases in which the bulk storage tine was so shor t to

begin with. In some cases, in which the storage time is long, the structure

16 RPT52871
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is quite detailed, as shown in Figure 5. Figure 5 shows C-V curves of the

same device taken at 77 and 30K, at the lowest frequency at which the curve O

shows predominantly high frequency behavior. Again, at some reverse biases,

the inversion layer capacitance is beginning to follow the applied signal,

indicating a bias-dependent source of minority carriers. In this case the

structure is present from the onset of inversion at -1 to -7V. Several peaks

which become quite sharp and reveal a wealth of structure when recorded at 30K

are suggested in the 77K curve . The discrete distribution of bulk g-r cen-

ters seen in these samples is most likely a very low density of the same

centers which uniformly shorten the lifetime everywhere in the sample of

Figure 3. The sample of Figure 4 also shows the deepest penetration of dis-

crete sites. The structure ends at about -7V and the inversion layer capaci-

tance is flat and featureless at more negative biases. Crossover frequency of

this portion of the C-V curve was well below 1 Hz and not readily measured

with our setup.

Quantitative measurement of storage time versus gate bias for Samples A

through H are shown in Table 2.

Variations in measured storage times displayed in Table 2 of less than a

factor of two are probably not significant for this data and can be taken as

essentially equal. The variations of concern are those of an order of magni-

tude or more. Samples I through M were lost during DLTS measurements after an

average storage time was recorded but before detailed bias dependence was

recorded. Examination of the behavior of the vertical hysteresis seen in

these samples as shown in Figure 1, for I, J and K and in Figure 6 for L and M

indicates a behavior consistent with the other samples reported in Table 2.

.11

f.
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Table 2. Storage Time as a Function of Reverse Gate Bias

for Samples A Through H

Bias - ample -

Interval A T C **~c Ec F G H
in is sec sec sec s is ins

*0,-i 25 6 244 0.6 0.4 0.5 3 3 8

1,2 7.8 14 0.4 0.6 0.04 4 4 25

-2,-3 5.3 5 0
0 3 3 5 4 4 2 2 3

-4,-5 22
14 5 4 2 2 2 2

-5,-6 360

-6,-7 450
11 5 4 2 2 2 2

-7,-8 300

-8,-9 128

-9-O 15 218 not measured 2 2 2

-10,-li 125
1___300 not measured - ----

-11,-12 100

0%

RPT52871 21
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CONCLUSION

Storage times measured for these bulk-grown wafers ranged from a few

milliseconds up to 103 sec. We have found no evidence of MIS storage time,

and therefore, minority carrier lifetime, limited by interface traps. In the

longer storage time wafers a dependence of measured storage time on gate bias

in inversion was seen, indicating that in these samples, storage time is non-

uniformly distributed in depth below the interface. This distribution is due

to nonuniformly distributed midgap traps acting as effective g-r centers. -.

These g-r centers vary either their population or their effectiveness as

lifetime limiters with depth. This latter variation can occur due to local

changes in band structure which cause a certain trap to be closer to midgap at

some depths than at others. Either population or effectiveness variations can

occur as a result of damage to the HgCdTe lattice. Though the depths probed

here are limited to no more than 2 um, the occurrence of these centers does

appear to be biased toward the interface, suggesting very deep damage due to

surface processing as a cause.

The samples presented here are cases in which a strong bias dependence to

the storage time is seen. There are also cases in which samples exhibit weak

or no measurable bias dependence. In the samples surveyed the incidence of k % e

bias dependent storage time was greater than half. Lack of structure is taken

to indicate uniformly bulk-limited lifetimes. Presence of structure may %

indicate an additional source of lifetime-limiting defects.

Cases in which the storage time varies strongly with depth are cases in

which the average storage times'are intermediate between immeasurably short
(less than 1.5 ins) and the very long times of 2 to 103 sec occasion-values (esta . s n h eyln ie f1 o1 e cain

ally seen. This intermediate case corresponds to the situation in which the

g-r centers that dominate in short lifetime samples are at a low enough con-

centration to act as locally discrete regions, while at lower concentrations,

are nearly absent.
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Section II

CHANNELED IMPLANTS

CARRIER TRAPPING CENTERS IN RANDOMLY IMPLANTED HgCdTe

V.A. Cotton and J.A. Wilson

Santa Barbara Research Center
75 Coromar Drive
Goleta, CA 93117

ABSTRACT

Trap levels associated with random (nonchanneled) ion implantation in

Hgl-xCdxTe (x a 0.3) have been characterized for the first time using deep

level transient spectroscopy (DLTS), secondary ion mass spectroscopy (SIMS),

and high frequency (I MHz) capacitance voltage (C-V) techniques. A deep level

trap with an activation energy (Et) of 0.20 eV and capture cross section (on)

of 9.2 x 10-20 cm72 has been seen in samples implanted with 200 keV chlo-

rine. The trap concentration with depth, from DLTS profiling, scales linearly

with ion concentration as measured by SIMS. The resulting donor concentration -

measured by C-V is increased over the ion concentration by a factor of about

100. Another state is seen at 0.053 eV, which is thought to be associated

with interface traps. These results indicate that separate mechanisms produc-

ing the deep trap level and the donor activity are caused by lattice distor-

tion and atomic displacement due to. the implant process.

INTRODUCTION

Ion implantation is a commonly used method for forming p-n junctions in a

variety of semiconductors and is particularly successful in Si. In Hgl_xCdxTe

the damage associated with this process is known to create high levels of n-

type electrical activityl which completely dominate any activity due to the

ion species. Detailed investigation of the trapping levels which result from

this damage has not received significant attention in spite of the widespread

use of this process.

RP.T
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In this work the deep states which result from implantation of chlorine

into Hg0 .7Cd0 .3Te are investigated. The final atomic profile for the doses

and energies used was obtained using SIMS. Doping and deep-trap profiles were

measured in metal-insulator-semiconductor (MIS) devices using C-V and DLTS.

These devices were made using Photox" Si0 2 as the dielectric and a bilayer of

Au on Ti as the gate. Two prominent trapping levels were found and character- o
ized providing activation energy, capture cross section, and depth distribu-

tion information. Quantitative comparisons were made between trap concentra-

tion, donor concentration and implant species profile.

SAMPLE PREPARATION

Wafers of Hgo.7Cd0 .3Te were cut from ingots grown by the horizontal zone

melt technique. Slices are cut parallel to the long axis of the boule result-

ing in wafers of random orientation. Doping densities, due to background e
15 c-3impurities, of ND = 3 x 10 cm were obtained by isothermal annealing in Hg

vapor. Samples were then polished to a smooth finish using a chemomechanical "

polish. Chlorine was implanted at 200 keY to a dose of 5 x 1011 cm-2. Since

the material is unoriented, this results in a random implant thought to be

dominated by nuclear stopping.2  To date, no successful postimplant anneal has

been developed for this material, though many different technologies have been

evaluated. The electrical activity due to damage and due to any activated

chlorine (which would be n-type by occupation of a Te site) are not easily

separated. Each implanted wafer was divided into several sections, each of

which was etched to a separate depth prior to fabrication of the MIS device.

This step etch was done using Br2 in ethylene glycol (Br/EG) with photoresist

protecting already-etched sections. The depths used were chosen to bracket I

the peak ion concentration as measured by SIMS on a separate wafer. In cases

where nonidentical doses were used, SIMS profile concentrations were assumed

to scale linearly with dose. C-V measurement of the average doping density at

77K in the depletion region for these devices provided quantitative dop'..g

profiles.

DLTS was then used on the same device to measure activation energies, %

capture cross sections, and variation of trap concentration with depth. The

DLTS uses an ac signal of 10 MHz superimposed on a square wave bias pulse i -

which alternately fills and empties traps, resulting in an emission rate, e,

26 RPT52871
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give by e = I/T where T = (tI - t2/ln(t I - t2 ), in which t, and t2 are the

time points at which the capacitance transient is sampled following the end of

the fill pulse. Arrhenius plots of 1000/T versus e have a slope which is then

the activation energy, EA.3  Selecting measurement parameters which reveal the

trap of interest and gradually shortening the fill pulse time results in fewer

traps responding at a rate dependent upon the capture cross section. Thus,

examination of the dependence of trap fill time on signal amplitude allows us

to determine a value for the capture cross section.4

RESULTS,

SIMS profiles showed the expected Gaussian dependence of the atomic pro-

file with depth as predicted by LSS theory. These calculations have been

performed for various elements implanted into CdTe6 and can be approximately

scaled for HgCdTe by assuming a binary system of ATe where the mass of A is

the average of Hg and Cd. ----a.

C-V measurements show an increased donor level, ND, which follows the

atomic profile but with a concentration a factor of 100 higher. Comparison of

C-V and SIMS results are shown in Figure 1. Quasi-static C-V measurements

were unobtainable however, since the resultant signal showed significant drift

and made data acquisition impossible due to the exceptionally high density of

interface traps in implanted HgCdTe.

* Two peaks are seen in the DLTS spectra shown in Figure 2. The most prom-

inent peak in the 200K range showed very little shift with temperature indi-

cating an unusually high activation energy of EDLTS = 2.76 eV. This value

represents the combined effects of trap activation energy, Et, and barrier

effects measured as a capture cross section activation energy, E a. Separation

of these values gave a true trap activation energy of Et  0.20 ± 0.03 eV (E
"

= 0.27 eV at 200K), a barrier potential of E. = 2.56 eV and a capture cross

section an = 9.2 x 1020 cm2. Since the MIS capacitor as the measur ment de-

vice in these experiments is a majority carrier device only majority carrier

traps, electrons in this case, are detected. The uncertainty in Et is due to

the required subtraction of two large numbers to yield this small one as well

as the resolution limit of the small peak shifts seen as the temperature is

Cchanged. The capture cross section value indicates a weakly repulsive trap.

Measurement of trap concentration on the same devices as those for which ND
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was determined, show that the trap is directly proportional to doping density,

with a scale factor of 20 as indicated in Figure 3. The trap concentration

then also scales linearity with implant species with a scale factor of 5 as

shown in Figure 1.

The second peak seen in this spectral represents a state with Et = 0.053

*0.01 eV and an = 2 x 108 cm2 . This is quite similar to the low concentra- 0

tion state seen in unimplanted material7 by Cotton et al, with Et = 0.079 eV

and an - 1.2 x 10- 8 cm2 but is higher in concentration. Neither of the prom-

inent bulk traps seen in unimplanted n-type HgCdTe at 0.12 eV and 0.172 eV

were seen in this material.

CONCLUSIONS .

These results combine to give an emerging picture of the implanted HgCdTe

surface region. Implant damage related traps at 0.20 and 0.053 eV appear to 0

be replacing native defect-type traps. The dominant majority trap at 0.20 eV

is near midgap and is thus likely to have a serious impact on limiting minor-

ity carrier lifetime and hence adversely affect operation of devices made in

this manner. Also, the large barrier to electron capture will be attractive 0

to holes, limiting minority carrier lifetime. The similarity of the 0.053 eV

trap found here and the 0.079 eV trap in unimplanted material as well as the

increase in concentration in the implanted case indicate that this may be a

measure of interface trap density in this region increasing surface leakage

currents. This is partially substantiated by the drift seen in quasistatic

measurements.

There are two important correlations in this data: (1) the 0.20 eV trap

concentration scales linearly with implant species concentration with a scale

factor of 5 and (2) donor concentration also scales linearly with implant spe-

cies but with a level 100 times higher. This infers that the trap level is

due to a mechanism that corresponds with the implant damage, but one which is

as yet unidentified while increased donor activity is created by lattice dis-

tortion due to propagated energy loss as the ion is slowed down in the

crystal.

2
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Section III

SURFACE STUDY

INTRODUCTION

The thermodynamic kinetic complexity of the Hgl_xCdxTe alloy is mani-

fested in several aspects of materials growth, processing, and passivation.

How these procedures affect the electronic structure of this II-VI semiconduc-

tor system is of extreme fundamental as well as practical importance. The

successful manufacture of HgCdTe devices relies on the critical understanding

of many of the subtle interactions that occur within HgCdTe upon the growth of

epitaxial interfaces, the deposition of thin passivating or metal films, and

the etching chemistry during surface preparation. In particular, the produc-

tion of electrically active point or line defects and the altered stoichiome-

try and atomic structure of the alloy resulting from these procedures are of

extreme interest.

The initial stages of native oxide formation on atomically clean HgCdTe ;J....

gives insight into the kinetic barriers that occur at the native oxide/HgCdTe

interface. Section II presents new information in our continuing study of

this process. It is shown that the reaction occurring at the surface is not

directly photon assisted. In order to extend these oxidation studies from our

cleaved or "model" surfaces to those surfaces of practical importance that

have undergone some surface preparation, one must first characterize these

etched and cleaned surfaces. The initial characterization of these technolog-

ically important interfaces using photoemission spectroscopy (PES) is pre-

sented in Section III of this report.

The preferential removal of the metal atom Hg from the alloy is achieved

by irradiating the surface with an electron beam. The ability to control the

electron beam parameters precisely allows one to surgically remove Hg from the

lattice. Section IV presents our initial work at characterizing the surface

after well controlled removal of Hg.

Metal contacts are also of extreme importance for HgCdTe devices. Em-

ploying thermodynamic guidelines, we picked Ag as a nonreactive candidate

metal and Al as a reactive candidate metal. An initial study of the reaction

chemistry between these metals and HgCdTe at the interface is described in

Section V.
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Investigations into the nature of excited oxygen

J.A.Silberman

Introduction

Our earliest work on the interaction of atomically clean cleaved surfaces of Igl 1xCdxTe

with molecular oxygen in the gas phase demonstrated -the low reactivity of this system at

room temperature: exposure to 1 atmosphere of 02 for 16 hours resulted in no detectible

oxygen on the surface,1 limiting the initial sticking coefficient to less than 10-13. Such a

low sticking coefficient for molecular oxygen is also observed on CdTe and other II-VI

compounds 2 and reflects the trend of reduced reactivity with increasing polarity of the

semiconductor bond. 3'4 As has been observed in the oxidation of GaAs, 5 the uptake can

be greatly stimulated by operating an ion guage in the oxygen ambient during the

exposure. In the case of Ig, Cd xTe, activation of the oxidation process by an operating

ion guage or even a hot filament in direct line-of-sight with the sample increases the

sticking coefficient by at least g orders of magnitude. The question of what the

mechanism behind the dramatic stimulation in uptake might be is immediately raised.

Whether the activation is due to generation of ionic or excited neutral species, catalytic

generation at the filament surface of oxygen containing molecules such as, I1 0 or CO

from 02 and components of the background gas, or merely an effect of the radiation

produce by the incandescent filament are hypotheses which must be explored. These

questions, in addition to being of intrinsic interest, are relevant to passivation interfaces

because the interaction of the clean surface with activated oxygen may prove to be a

model for oxidation by atomic oxygen (such as may occur in the photox reactor) or the

air oxidation of the surface, which presumably is promoted by water vapor or CO or

other oxygen bearing molecules. This information is also of importance in completing the

description begun in work studying the effects of activated oxygen exposure on I|gCdTe

surfaces.
CI

Work to date

The experimental data presented here indicates that, it is a flux of particles rather than

photons which is responsible for the enhanced uptake due to the hot filament. Work

h ,prio r to this established that these partices are highly excite(l and neutral rather than

chi argid.
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The degree of excitation of the oxidizing particles is indirectly revealed by the

observation that the uptake of oxygen is enhanced only so long as the filament is in I

direct line-of-sight of the sample surface8 ; an experimental geometry in which a particle's

path must be deflected by striking the stainless steel walls of the vacuum vessel in order

for the atom of molecule to travel from the filament to the sample surface results in

apparently complete deexcitation of the species and no discernible uptake. The ease with

which the excitation is quenched by collision (or recombination or reaction at the wall)

and the concommitant requirement of line-of-sight exposure indicates a high degree of

excitation and sets apart the process active in the stimulated oxidation of Hg, xCdxTe

from that. observed on GaAs, 5 where metastable singlet molecular oxygen, which is 0

active even when produced by a guage out of line-of sight of the sample, is proposed to

be the activated species. It should be noted that singlet oxygen can exist in a very long

lived metastable state having an excitation energy of about 1 eV or in a shorter lived

(but perhaps sufficiently long for the present experiments) more excited state with about,

1.6 eV excitation energy. It may be only the latter state which has sufficient energy to

overcome the activation barrier in the present work.

To establish that a neutral particle rather than an ion is involved in the activated

uptake, the oxidation of the surface was measured with the sample biased either positive 0

or negative with respect to the filament. Using ultraviolet photoemission spectroscopy to

monitor the 0 21) emission produced in the valence band region by adsorbed oxygen as

well as x-ray photoemission spectroscopy to characterize the extent of oxidation as

revealed by the distinct signatures of oxidized and unoxidized Te, no dependence of the

u)take an sample bias was observed.

A neutral excited species rules out ions and electrons, but doesn't preclude the

possibility that the uptake is stimulated by thermal or electronic effects due to the 0

absorption of the radiation from the hot filament. The experiment described below was

designed to examine this possibility.

Fx peri ne n Ial 

A cleaved (110) surfae of Ig 0 8Cd0 .To was exposed to oxygen (10-1 Torr for 1000 see)

with the stirface in line-or-sight of a hot filament in two (Iifferent confiair tions: either .L

with a lil window separating the voliini containing the filament from that, in which the

sample sat (both volmnes cultainved oxygen and were, in fact, connected by a pipe

alhw in g nllon-liiv(,-of-sight transport of species frin the fil'ien t to the sample and

equalizing t he pressure in the two volumes), or the direct path between sample and
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exciting filament was free of the LiF window. The sample-filament distance was

maintained constant in each case to eliminate the natural attenuation of particle flux

with distance from the excitation source. With the window in place, the radiation from

the filament was transmitted and incident on the sample, but activated particles were

blocked; with the window removed, both photons and particles were allowed a direct

path to the surface. The cleaved surface was exposed twice with the window in place,

then twice more to equal doses with the window removed.

The LiF window is transparent in the visible and ultraviolet up to approximately 11.8

eV. Because the absorption edge of the x=0.2 sample lies near 7.5 Pm at room

temperature, infrared emission from the filament may also be absorbed, contributing to

heating as well as electron-hole pair formation. The IR transmission of the window used,

shown in Figure 1, was measured by SBRC to be greater than 50% above 8 pin, reaching

roughly 90% at 5.5 pm. Thus little of the spectrum which might excite the IlgCdTe or

even the oxygen molecules is blocked by the window used.

lPhtoemission spectroscopy using a Ile discharge (21.2 and .10.8 eV) or Mg anode

(1253.6 eV) was used to characterize the clean surface and monitor the effects of oxygen

exposure.

Results and discussion

Spectra of the clean surface, the surface exposed with the direct path for activated

oxygen blocked by the window, and the surface subsequently exposed to oxygen with the

window removed so as to permit straight line travel to the surface for oxygen excited by

the filament are compared in Figure 2. This data was recorded for hv - -10.8 eV but

shows emissii from 38 to 12 eV in kinetic energy due to a small component of 48.A1 eV

light (lie il). Emission from 0 2p derived states in the valence band is visible at 37 eV
in only the two spectra recorded following exposure to oxygen without the LiF window;

the spectra for the surface exposed to the radiation from the filament by no line-of-sight

oxygen are indistinguishable from that of the clean surface curve in this region.

The result that no oxidation occurs when the radiation an(l oxygen ambient are present

but the line-of-sight, pat h for excited atoms or nolecules is removed demonstrates that, an .

excited species rather than therinal or photoexcit,'d effects is resl)onsible for tile

activated uI ak '. B ased oil omt previotis work this particle imist also be rmi tiral.

*, Yet anot her possible explanation for the activated spec(ies is the p)ssil)ii(y that the

high ttciilperature filament catalyzes reactio)ns bet ween 0,, an( molecules in the

RPT528 71
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background gas to generate excited molecules of oxygen containing species such as CO 2

or H20. These synthesized molecules would have to gain activity due to excitation since 0

the sample would not be expected to show such a strong dependence on the line-of-sight

nature of the exposure. An experiment to probe this possibility by the application of

maiss spectroscopy to the flux of particles leaving the filament is planned for future work.
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Figure captions

1. Infrared transmission of LiF window used in investigation of photon induced
effects in the activated oxidation of HgCdTe. Measurements performed at
SBRC.

2. Comparison of valence band spectra from the clean surface, the surface
exposed twice to oxygen with a LiF window blocking the direct path to the
surface of molecules excited at the filament but passing radiation, and of the
same surface subsequently exposed twice to oxygen where a line-of-sight path
for the particles existed.
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Photoemission Studies of Technologically Important %J,

Surfaces of HgCdTe

Glen P. Carey. Carl S. Stahle. and Joel A. Silberman

I. INTRODUCTION

One of the major applications of HgCdTe today is to build metal-insulatiog-

semiconductor electronic device structures which are used to construct charge coupled

devices (CCD) which are then integrated into focal plane arrays for IR imaging

systems. One of the key problems in the fabrication of these HgCdTe electronic devices

is that of surface passivation . Passivation is needed to reduce surface leakage currents

and to maintain electrical and chemical stability. The difficulty in passivating HgCdTe

is related to the activity of the surface which leads to an important HgCdTe

modification at the surface and interaction between the passivant and HgCdTe. Work by

Silberman et. al. 2 in this group has focused on the interaction between activated

oxygen and HgCdTe. These studies are performed in a UHV environment on atomically

clean surfaces, hence the reaction chemistry of the surface can be monitored in a well

controlled way. This model surface provides information into the baseline

thermodynamic and reaction kinetics occurring at the surface. These studies can then

be extended to surfaces cleaned by chemical procedures. But. the nature of these

technologically important surfaces must be well understood before a full

understanding of the passivant/ HgCdTe reaction chemistry can be obtained.

The surface activity which leads to difficulty in passivating HgCdTe also causes

this alloy to be very sensitive to chemical and physical treatments. Various surface

treatments on HgCdTe and experiments to analyze the effects of those surface

treatments have been performed in the recent past. All of the experiments have

demonstrated that the surface stoichiometry may be altered• With surface preparation
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techniques that involve etching with solvent diluted Bromine etchants, Aspnes et. al. 0

(spectroscopic ellipsometry) 3 , A. Lastras-Martinez et. al. (electrolyte

electroreflectp-ce) 4 . Rhiger et. al. (XPS)5, and Wilson et. aL. (AES, Spectroscopic

ellipsometry) 6 have measured excess Te on the surface. Rhiger et. al. concluded that 0

the near surface region is Te or Hg enriched depending on the etch method with a thin

layer (-20 A) of TeOZ on the surface. Aspnes et. al., however, has concluded that there

was a 7 A thick layer of amorphous metallic Te on the surface which oxidized to form

TeO2 upon exposure to air. Rhiger et. al. and Lastras-Martinez et. al. further suggested

that there was a depletion of Cd and thus a change in the composition near the surface

while Aspnes et. al. suggested that the stoichiometry of the HgCdTe was preserved i

beneath the thin amorphous Te layer. Ozone ash etching has also been employed to

clean the HgCdTe surface before passivation. Ozone, 03, is reacted with surface

hydrocarbons, and the reacted compounds are volatilized upon exposure to ultraviolet i

radiation. Wilson reported that HgCdTe surfaces cleaned with this process gave devices

with much better electrical characteristics which may be due to a cleaner surface (i.e.

less surface contaminants) 7 . From the brief summary above, it is clear that various

surface treatments can alter the surface stoichiometry but that more investigations are

needed in order to understand the details and nature of the effects of the surface

treatments on HgCdTe. Q

In our experiments, HgCdTe alloys were grown under different conditions and

subject to different cleaning procedures. One of the objectives of the work was to

observe the ,v.-ence band structure and to locate the Fermi level (Efls ) at the surface 0

Another objective was to examine any changes in surface stoichiometry. A third

objective was to monitor the cleanliness of the surface, i.e. presence of carbon and/or .

oxygen, and the effect of iM situ ultraviolet exposure upon cleaning the sample 0

surface A final objective was to correlate this work with previous work in the

literature.
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II. EXPERIMENTAL PROCEDURES
The HgCdTe materials that were examined in the VG ECALAB machine were

grown by several different methods and given varying surface treatments. The

materials studied had been grown by solid state recrystallization (SSR), horizontal

zone melt (HZ), liquid phase epitaxy (LPE), and vapor phase epitaxy (VPE). The surface

preparation techniques employed were the standard process "A" which was a chemo-

mechanical polish with bromine in dimethylformamide (DM1) 7 followed by a solvent

clean and a 1/16 % bromine in ethylene glycol (1/16 % Br in EG) spray etch and

process "B" which was an ozone ash etch followed by a 1/16 % Br in EG spray etch. Each

technique is proceded by a solvent rinse. Variations of these two etching techniques J1*

were also employed. All of these processes were performed in an inert NZ atmosphere.

The samples were sealed in a N2 package for delivery to Stanford from Santa Barbara

Research Center (SBRC) and then mounted and transferred to the VG ESCALAB system

using a N2 filled glove bag. The samples were transferred to the UHV chamber with * ,.

techniques employed to minimize exposure to ambient.

XPS spectra were obtained with the Stanford VG ESCALAB system with the twin .-.

anode nonmonochromatic source using Mg Ka(1253.6 eV) at 13kV and 10mA. The pass

energy of the hemispherical energy analyzer (HEA) was set to 50 eV for the wide scans

and 20 eV for the narrow scans. UPS spectra were collected for the He 1 (21.2 eV) and

He 11 (40.8 eV) lines by operating the helium lamp at low pressures (- 2xl0-2 mbar) in

order to enhance the He 11 line emission. The pass energy of the energy analyzer was

set to 3 eV for the He I spectra and 20 eV for the He ll spectra.

A Hg lamp was used for the ultraviolet exposure of two of the samples. The

samples . :e exposed in incremental exposure times up to several minutes after all the

initial XPS and UPS data had been taken. Measurements were made to see if this UV ,. -

radiation produced any cleaning effect on the surface.

RPT52871 45
0 .:::



111. RESULTS

A cumulative total of 20 samples have been investigated thus far in this ongoing

study of technologically important surfaces. This report focuses on five samples in 0

particular due to a more detailed analysis that was performed on the spectra of these

samples. These samples include: two SSR samples ( samples I and 2. x= 0.3 bulk, oriented

(11)), a VPE sample (sample 3, (111)), a LPE sample (sample 4, (111)). and a HZ sample 0

(sample 3. x=0.3 bulk, random orientation). Only surface stoichiometry and Fermi level

will be reported for the rest of the SSR,HZ and LPE samples studied.

Typical valence band spectra obtained with the He II UPS line are shown in 0

Figures la-e. There are several distinguishing features represented in these spectra. p .-.

The most prominent peaks correspond to the Hg 3d lines, and the intensities of these

peaks vary among the samples. Interesting features occur at lower binding energies 0

(from - 0 - 7eV). At kinetic energies of -38 and -40 eV, emission occurs from the Hg 3d

peaks excited by the He I1 (48.4 eV) line. Figures la,d show increased emission from

the 37eV kinetic region which indicates the presence of oxygen 2p emission 8 . There 0

exists a prominent shoulder in the vicinity of 35 eV kinetic energy which varies in

intensity and width from sample to sample. This feature is lowest in intensity for the

vapor phase epitaxial sample shown in Figure Ic. 0

The surface Fermi level position above the VBM was determined for each sample.

The location of the Fermi level position for the instrument was facilitated by using a Ag

standard since this level is constant for the system. Using the He I line to excite

electrons from the valence band of the Ag, the VBM was assigned the energy value at

which the photoelectron emission approached 0 count rate (Fig.2). This energy value

was found to be 20.95eV kinetic energy. To determine the Fermi level in the He II 1

spectrum. 19.6 eV (Hell-HeI) was added to give a Fermi level of 40.55eV. The VBM for '.

the HgTeCd was assigned a value of 7.9eV above the Hg5d5/2 core peak. This value was

obtained by Silberman in UPS angle resolved photoemission studies of HgTeCd9 The
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values of (Efs-VMB) obtained from samples 1-5 are compiled in Table I. Values for all

of the samples studied are summarized in Table II. This table includes the surface

etching technique and resulting surface stoichiometry and Fermi level for the SSR, HZ,

and LPE samples studied.

The surface stoichiometry for eacb sample was obtained using XPS analysis.

Figure 3 shows the wide survey scans for samples 1-5. Analysis of the peak energies

indicates that the major constituents at the surface are Hg, Cd , Te, C, and 0. The C and 0

are contaminants which are probably due to the surface preparation. The energies of

the Hg, Cd, and Te peaks are located at positions which indicate that these constituents

are bonded together to form HgTeCd. There are no prominent elemental peaks in this

spectrum. The calculated surface compositions of Hg, Cd, and Te for samples 1-5 are

shown in Table III. These values are shown for all the samples in Table II. The values

were calculated using the relation

C1-Ax/S1 *1 00

where Cz is the concentration of component z (x Hg, Cd, or Te) in atomic percent. Ax is

the area under peak x, and S. is the atomic sensitivity factor of the peak that we are

* analyzing. The Sx's for the peaks analyzed are: 3.1 for the Hg 4f 7 /2. 2.55 for the Cd

3d5/2, and 4.0 for the Te 3d5 / 2. These factors arise from the fact that the HEA has a

transmission efficiency that is a function.of energy. The values listed above and used ..,

in our analysis were obtained from the Phi Handbook1 0 . These values are for a

different type of analyzer than the HEA. Standards must be run in the VG ESCALAB to

determine the Sx's for this HEA in order to provide more accurate compositional

C analysis on this instrument.

%
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In determining the percent compositions at the surface, only the Hg, Cd, and Te

were considered. To calculate the surface x value for each sample of Hgl-.CdxTe, the

formula unit was written as (Hg l-zCdz)l-yToy since the surface cation/anion ratio was

not equal to unity. Then x is given by
I.(l-y) 2

y

where y- percent Te. and z. %Cd/(%Cd,%Hg).

The narrow scans of the Te 3d's reveal that samples 1 and 4 show a significant

presence of TeC while samples 2 and 5 exhibit no oxide. Since Te bonded in TeO2 has a

valence of ,4. there exists a chemical shift of this Te peak from the substrate value (Te- L"

2 Eb- 572.7eV) to the Te+4 (Eb-576.3) value in the oxide.5 Sample 5 shows asymmetric .

broadening about the Te bulk peak suggesting the presence of Te(O) (Eb -573eV).-

Qualitative observations of the contaminant concentrations at the surface and the

presence of TeO2 for samples 1-5 are shown in Table IV. As can be seen in this table. ..

samples 3.4. and 5 have more carbon than sample 2. No narrow C or 0 scans were made

for sample 1. The epi-samples (3,4) had more oxygen on their surfaces than the other

samples, but sample 3 was the only one of these two to exhibit significant TeO2 .

IV. DISCUSSION -

A comparison between our He II UPS spectra with cleaved and oxidized spectra

(Fig. 5)11 of HgCdTe reveals significant differences. The cleaved or atomically clean

spectrum and the oxidized spectrum have much sharper features. The Hg 5d core lines

have greater intensity and the Cd 4d core levels are evident in the cleaved and

oxidized spectra. Our samples exhibited a large shoulder in the region of 35 eV kinetic

energy (-5 eV binding energy) while this feature is not present on the cleaved or "-%

oxidized spectra. Sample 3. however, exhibits sharper features which more closely

approach those of the cleaved sample. Thus, our samples were not atomically clean.

The presence of carbon and oxygen in the XPS wide (Fig. 3) and narrow (table IV) scans

confirms this observation. Samples I and 3, which had the presence of TeO2 on the
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surface as revealed from the XPS measurements, have a greater signal intensity around

37 eV kinetic energy (-3.5 eV binding energy) which corresponds to the oxygen Zp

emission in Figures 3.8.

The photoemission spectrum for amorphous Te (Fig. 6)12 shows significant

6 valence band features near - 5 eV binding energy which corresponds to 35.5 eV

kinetic energy in our spectra. Since our spectra have significant valence band

features around 35 eV, amorphous Te may be present on the surface of our samples

which would agree with the results of Aspnes et. al.3 One conclusion to be drawn to this

point is that the kinetic energy region between 34 and 37 eV in the UPS spectra could .,

be a mixture of emission from amorphous Te. carbon, and oxygen.

* The surface Fermi level (Efs) lies approximately 0.2 eV above the VBM (Tables 1.

II) which is the nominal bandgap of these materials and indicates that the sample

surfaces were &-type. This is very interesting in light of the fact that some of this

* material exhibited bulk p-type behavior, Ef,s for sample 3. however, lies 0.3 eV above

the VBM. This sample may have had a larger energy bandgap than the other samples

(we haven't yet obtained the x-value for this sample), or else the material was

degenerate n -type. We did not observe emission of electrons near the conduction band

minimum which would give information on degenerate behavior, but this is not

surprising since the density of stated is very small near this point. The oxidized

C samples (1 and 3) had Efs closest to the VBM which may be due to the effect of oxygen

on the surface of these samples (eg. surface states). Sample 3, which had the lowest

shoulder intensity around 35 eV. had Efs furthest from the VBM which may indicate ,.-

C the effect of surface contaminants and amorphous Te.

Comparison of our UPS He I spectrum (Fig. 7) for sample 3 with that of an

oxidized cleaved sample (Fig. 8)11 shows sharp differences. Since our He 1I spectra

4£ show large Hg 3d electron emission, the difference between the He I spectra cannot be

explained on the account of our sample being "dirty" since the same Hg 5d peaks should
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also show up in the He I spectrum. One explanation for this difference is that the HEA

may have difficulty detecting low kinetic energy electrons. The spectrum in Figure 8

was obtained with a double pass CMA. 0

Table III illustrates the stoichiometry changes which may be present near the

surface of samples 1-5. Samples 2-5 show significant Te enrichment and Cd deficiency

at the surface in agreement with the work of the previous authors cited.3-6 The Cd 0

deficiency was determined by comparing the calculated x-values with the nominaf x-

value -of 0.3 . An x-value less than 0.3 was interpreted as a Cd deficiency. Note that ",

samples I and 2 were grown the same way and cleaned with the same surface 41

preparation but have strikingly different XPS peak intensities. Sample I agrees

approximately with the nominal x-value and even shows a slight Cd enrichment. The

difference between the results of sample 1 and 2 could be explained by the fact that 0

different ( 11) faces were studied, either the Cd or Te terminated face. This is possible

because HgCdTe crystallizes in the zinc-blende structure which is acentrosymetric and

thus the (111) faces are different. For all of the rest of the samples studied, the surface 0

is depleted of Cd independent of the materical growth technique or surface

preparation. Table II summarizes these results.

The oxide (TeO2 ) formation on the surface of samples 1-5 is summarized in Table

IV. If the samples were somehow exposed to an ambient containing oxygen, all of the

samples should have had the same exposure since they were prepared and mounted

under similar conditions. Since the samples show various degrees of surface oxidation.

one conclusion is that there are differences in the the reactivity and kinetics of the

various sample surfaces. It is not clear from our data if this is due to differences in

material growth or surface preparations. The amount of TeO2 formed on our three

oxidized samples (samples 1.3,4) is much less than for samples left out in air.5,1 3

Finally, the samples were exposed to ultraviolet light to investigate the

feasibility of this technique for Oleaning sample surfaces. Figures Id and le show the -
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results of our efforts. Sample 3(Fig. le), which was not oxidized, appeared to be cleaned

to some extent. The Hg 3d lines increased in intensity and the large and broad shoulder

decreased significantly in intensity. From XPS analysis, the Te intensity increased. All

of these results suggest that surface contaminants such as carbon and oxygen were

removed but not Te. Hence, the UPS shoulder does not have a large contribution from

amorphous Te which had been suggested earlier. However, sample 4 (Fig. Id), which

contained significant TeO2 on the surface and had similar amounts of carbon as sample

5, exhibited no change in the UPS spectrum which suggests that the surface

* contaminants were bound Lighter to the surface.

V. SUMMARY

Several conclusions can be drawn at this point in our continuing study of HgCdTe

surfaces that are prepared for subsequent processing. The etching and cleaning

techniques clearly alter the surface. The three main conclusions concerning the

change of the surface are:
1) Independent of material growth technique of surface preparation, the

valence band electronic structure of the resulting surfaces are alterred from

that of atomically clean surfaces, with increased emission probably due to 0
0 and C contamination and/or oxidized TeO2 or elemental Te.

2) All of the samples studied exhibited n-type behavior subsequent to the

surface preparations.

3) All but one of the samples was Cd deficient after surface prepartion. One

explanation of sample I's Cd encrease could be that different (111) faces were

studied, either the Cd or Te terminated face.
C Although these experiments have shed some light on the effects of surface

preparation on HgCdTe. there is still a lot of uncertainty and many questions need to be

answered. Different surface preparations on identical samples could provide more

insight. The results from exposure to ultraviolet light suggest a possible method for
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cleaning surface contaminants such as carbon and oxygen. The quantitative analysis

can be greatly improved upon calibration of the XPS sensitivity factors with analysis of

an atomically clean sample such as a cleaved sample.
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TABLE I Position of surface Fermi level (En) relative
to the valence band maxirnun WVSMW

SAMPLE SAMPLE CLEANING H9gSd 5  VOM --YBM
PROCESS'w PROCEDURE CeY) (ey) W~ e)

1 RSC-209- A 32.47 40.37 0.16
1-13

2 RCS-209- A 32.45 40.35 0.20
1-20 _ _ _ _ _ _ _

3 VTIE-28C B 32.35 40.25 0.30

4 F6067 B 32.50 40.40 0.15

5 ZH-258- B 32.45 40.35 0.20
1 2D I _ _ __ _ ]- _ _ I

Ef,,: SURFACE FERMI LEVEL= 40.55 (from Ag standard)
VBM: VALENCE BAND MAXIMUM
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TABLE II: SUMMARY OF SURFACE STOICHIOMETRT AND FERMI
LEVEL FOR THE SSR. HZ. AND LPE MATERIAL

SAMPLE GROWTH ECHING SURFACE Ef.s -VBM
TECHNIQUE TECHNIQUE x-VALUE (eV)

11 241 A SSR lapI &1/16 spray2  0.185 0.15

II241 B 1/16 spray 0.219 0.15

III 241 A lap & 1/16 spray 0.25 0.20 -LC-.

III241 B 1/16 spray 0.23 0.25

IV A 209-1-13 lap & 1/16 spray 0.32 0.19
(SAMPLE 1)
IV A 209-1-20 lap & 1/16 spray 0.22 020
(SAMPLE 2)

II ZH-247 A ZH lap & 1/16 spray 0.18 0.15

IIZH-247B 1/16 spray 0.20 0.15

11 247 3C lap & 1/16 spray 0.23 0.15

111247 3D 1/16 spray 0.23 0.15

IV 258-ZD UV-0 3 3& 1/16 spray 0.19 020
(SAMPLE 5)

IILPE 148 A LPE lap & 1/16 spray 0.16 0.15

ILPE 148 B 1/16 spray 0.20 0.15 ', .

III LPE 148 A UV-0 3 & 1/16 spray 0.22 0.15

l 1LPE 149 B 1/16 spray 0.23 0.15

IV F6067 UV-0 3 & 1/16 spray 0.22 0.15..

llap: 2% bromine in DMF .p

21/16 spray: 1/16 % bromine in EG spray etch
3UV-o3: Ozone ozidation ash etch
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TABLE III: Surface stoichiometry

SAMPLE SAMPLE CLEANING NOMINAL Hf 7 /2 Cd3d 5/2 e 5/2 SURFACE

PROCESS 5 PROCEDURE X VALUE %/ 5 % XALUE

RCS-209- A 0.3 32.9 16.3 50.9 0.32 0
1-13 ' _:_

2 RCS-209- A 0.3 29.5 12.7 57.7 0.22
1-20

3 VTIE-28C B -- 33.5 12.5 54.0 0.23

4 F6067 B -- 35.9 11.5 52.6 0.22

5 ZH-258- B 0.3 31.6 10.8 57.6 0.19

*..

. .

"I.'%.
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TABLE IV: Presence of C. 0, TeO2 on sample surface

SAMPLE SAMPLE CIS Ols Te oxide (A)
_____PROCESS * AREA AREA AREA

1 RCS-209 - - significant
1-13

2 RCS-209- x1ynegligible
1-20

3VTIE-28C 2x 2y signficant

4 F6067 2x 2y slight

*5 ZH-258-2D 2x y negligible

TAree under the peak is denoted x. Therefore, 2x denotes twice
p this peak area.

C
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FIGURE CAPTIONS

FIGURE 1 UPS (Hell) valence band spectrum of (see text) a) sample 1. b) sample 2
c) sample 3. d) sample 4 shoving VB before UV exposure
(black) and after 12 min. UV exposure (blue) , and e) sample 5
shoving before (upper) and after 7 min.(lower) UV exposure. ,

FIGURE 2 UPS (Hell) valence band spectrum of Ag standard.

FIGURE 3 Wide XPS scan foi samples 1-5

FIGURE 4 Narrow XPS scan showing Te3d lines for samples 1-5.
Samples I and 3 show presence of TeO.

FIGURE 3 UPS (He l l ) valence band spectra taken from an atomically
clean ( 10) HgCdTe surface and with subsequent oxidations.

FIGURE 6 X-ray photoemission data from amorphous and trigonal Te.

FIGURE 7 UPS (He') valence band spectrum from sample 3 taken on
VG ESCALAB.

FIGURE C Typical UPS (He I ) valence band spectrum of oxidized cleaved 0
HgO. 69Cd0 31Te taken with double pass CMA in SPICERLAB.

.
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ELECTRON BEAM INDUCED Hg DESORPTION STUDY ON Hg-_x_Te

C. K. Shih and W. E. Spicer

I. Introduction

A detailed study of the electron beam induced Hg desorption on Hgl- x

CdxTe has been carried out. This study enables us to gain insight into the

surface bonding properties of Hgl-xCdxTe and provide some guidelines for

using the characterization methods which utilize an electron beam as a

probing source.

In general, the electron beam induced Hg desorption may originate from

several different processes:

(1) electronic excitation of surface atoms leading to the process called

electron stimulated desorption (ESD) [1,2,3], .

(2) electron excitation of sub-surface atoms leading to the processes

* as ionization, defect production, bond breaking and diffusion,

(3) heating which may cause annealing, volatization etc. at the surface.

Due to the thermal instability [4,5] and the low thermal conductivity

* (0.02 to 0.07 W/cm*C) of this material, the heating effect is especially im-

portant and needs to be investigated in detail. In appendix A, we model

the heating effect of the material, upon irradiation by an electron beam and

*show how the beam parameters can affect the heating effect. Possible

processes will be discussed and the resulting surface composition after Hg

depletion will also be presented. The resulting surface electronic structure

will be emphasized in the coming quarterly report.

II. Experimental

HglxCdxTe crystals with x = 0.233 were introduced through a transfer-

ring system into a UHV system which was equipped with cooling and heating

capabilities. The sample was cleaved to produce an atomically clean (110)
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surface. Electron beam induced Hg desorption was first studied by fixing

the electron beam parameters and varying the substrate temperature.

Because Auger electrons are emitted from the sample during irradiation

by the rasering electron beam, Auger electron spectroscopy (AES) was used

to monitor the surface composition during electron beam exposure. A fresh

cleave surface was then produced and the electron beam was rastered over

the whole surface. LEED, UPS and XPS were performed after the electron

beam damage. Varying the detection angle of the analyser changes the

surface sensitivity of XPS; and thus information of Hg concentration as

function of depth up to 20 A was obtained.

III. Results and Discussion 0

Figure 1 shows the Auger signals of Hg and Te as a function of electron

beam irradiation time at different substrate temperatures. The beam

parameters are: Eo = 3 KV, I o = 40 PA, area = I mm x 0.7 mm, and

do - 100 um, where Eo is the electron beam energy, 10 is the beam current

and d0 is the electron beam diameter. With these beam parameters, the

calculation shows the dynamical heating effect of a thermal spike at a

given location with 13 psec duration and amplitude, Tmax - Tsub, estimated

between 150*C - 3000C. The uncertainty is due to the uncertainty of the

thermal conductivity. In Figure 1 one can find that Hg depletion is

suppressed with cooling of the substrate. Combining this result with the

calculation of the heating effect suggests that the electron beam heating

plays the dominant role in the electron beam induced Hg desorption. One -

also finds the saturation of Hg signal after 60% depletion, and the

accompanying increase of the Te signal by - 20%. A possible explanation

for this result is that only the top few (5 to 6) monolayers are depleted of

Hg and the crystal collapsed with excess Te on the surface.
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F.

We found no detectable Hg deficiency after 3 hours of electron beam

damage with beam parameters of: Eo - 2kV, Io - 10 ,A, area - 5 mm x

5.5 mm and do - 250 um. With Io raised to 33 UA (other parameters

fixed) we obtained - 22% of Hg depletion on the surface after 60 minutes.

The fact that the electron dose for both cases are similar suggests that

the ESD mechanism [1,2,31 is not applicable. However, the calculation

shows that the heating effect is negligible for the low beam current case

* (Io M 10 pA) and the higher beam current case (Io = 33 A) case

yields a mild heating effect (thermal spike with - 50*C amplitude

and 6.7 Usec duration) which again suggests the importance of heating >

0 in the electron beam induced Hg desorption of HglxCdxTe.

Figure 2 shows the ratio of Hg4f/Te3d peak intensities normalized

to that of the cleaved surface as a function of effective escape depth.

A simplified deconvolution (appendix B) of the curve yields the information

of Hg concentration as a function of depth. It shows that only the top

few monolayer are depleted of Hg which is consistent with the data in

Figure 1.

IV. Summary

Electron beam heating effect.plays a major role in the electron beam

induced Hg desorption (we don't exclude the possibility that electronic

excitation may be incorporated in the bond-breaking process). This is

probably due to the volatility of the Hg atoms. Hg depletion is saturated

after a few monolayers are depleted of Hg, leaving the surface with

excess Te. The surface Te layer may act as an activation barrier for the 
%

outdiffusion of the Hg atoms from the sub-surface to the surface.

:....
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APPENDIX A

ELECTRON BEAM HEATING EFFECT •

The power deposited in a solid sample by an electron beam can cause

heating of the sample. The differential equation of the heat conduction

is 0

3T/ at - Q/Cp - VaVT (1)

where T = temperature p

t = time 0

Q = power deposited per unit volume

C P heat capacity per unit volume

a - thermal diffusivity. 0

For a given position, the first term on the right hand side of the equa-

tion is related to the energy flow from the electron beam and the second

term is related to the net flow from the temperature gradient. S

Steady State: According to Pittway [61, the steady state tempera-
r..

ture rise is directly proportional to the beam power (I~ x Ep) and in-

versely proportional to both the thermal conductivity and the beam di- S

ameter. At the center of the beam the surface temperature rise is given

by [7]:

Tm - Ts = P/(2/2rKsrb) (2)

where: Tm = temperature at the center of the beam which is maximum

Ts  substrate temperature

P - power of the electron -am

Ks = thermal conductivity

rb = beam diameter

For materials like Hgl-xCdxTe, where the thermal conductivity is a func- •

tion of temperature, Ks is the effective thermal conductivity which lies

72 RPT52871



between the maximum value and minimum value. For our purpose, let's

assume K. is a constant.

Transient Behavior: To know the transient heating effect at the cen-

ter of the beam one needs to solve equation (1) 3T/at = Q/Cp - VaVT.

To a good approximation, on the surface the term VcVT is proportional

to the difference between the surface temperature and the substrate temper-

ature, VaVT w O(T-Ts). Then equation (1) becomes "4

aT/at - Q/Cp - O(T-Ts) (3)

At steady state aT/3t = 0

Q/Cp = B(Tm-Ts) (4)

Thus the equation becomes

aT/at = Q/Cp[I-(T-Ts)/(TmTs)] (5)

The solution is

T(t)-T s = (T -T )(l-e-t/T) (6)

Where T = C (Tm-Ts)/Q and Q can be approximate as Q P/ wr2R
pin bg9

(Rg is the range of incident electrons in the solid target).

Dynamical Heating effect of a rastering electron beam: We have

obtained the heating effect at the center of an electron beam for the

steady state and transient situations. We can then apply this knowledge

to the heating effect of a rastering electron beam.
C-

For a given position when the electron beam on a pass through, the

temperature rises up and then falls down. The rising and falling time is

characterized by T and the duration time to is determined by the spot sizeC
and the rastering area (see Fig 3). When the scanning line spacing is

smaller than the spot size, similar thermal spike occurs when the next

scanning line passes through.
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APPENDIX B

Let us define

SMl - the normalized signal detected as a function of escape depth,

f(x) -the normalized concentration as a function of depth.

where 0 4 f(x) 4 1.

then SMl = f f(x)e-x/ldx = f(x)e-xlldx

J e-x/ldx1
00

In prir~ciple one can deduce f(x) from s(l) which requires a lot of data

points of S(l) up to a very large 1 and is usually not obtainable. However,

we can use the approximation (I called it layer approximation): 0
n . %

S~in) = liAl where A li = li - li-l

then F(ln) = S(ln)Ln -S(ln.i)ln...

Ain

01.'

te.
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fMetals on HgI _XCdXTe

D. J. Friedman

Introduction

In the past six months we have continued an investigation into the

interaction of UHV-deposited metals with Hgl-xCdxTe. The overall goal has

*O  been to understand the details of the interface: the chemical, physical (band

bending) and stoichiometric effects on the metal and on the semiconductor

substrate.

* To approach this problem we have chosen to study metals which should

represent both extremes of the reactivity spectrum. From heat- of- formation

considerations, we picked silver for the representative nonreactive metal, and

aluminum for the reactive case.

Results and Discussion:

1. Aluminum

• As expected, the aluminum showed evidence of strong reaction with the

Hgl-xCdxTe surface. The binding energy and lineshape of the Al 2p core level

as a function of Al coverage showed an evolution from a reacted phase at low

C coverages into an unreacted peak at higher coverages (greater than about six

A). Furthermore, the Al 2p was discernible at coverages on the order of a tenth

of a monolayer, suggesting that the aluminum sticks very strongly to the

C surface, neither flying off nor diffusing. The Hg. Cd and Te core levels showed

significant binding energy shifts in the early stages of Al deposition, indicative ,

of chemical reaction between the Al and the semiconductor.

C Perhaps the most dramatic effect of the Al deposition was the depletion of
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I,1

Hg from the Hgl.Cd.Te surface. The intensity of the Hg 4f core level decreases

vith increasing Al coverage much faster than the Te or Cd core levels attenuate,

and indeed far too fast to be an escape depth effect. The Hg 3d level observed by

UPS in a highly surface- sensitive regime attenuates even faster than the less

surface- sensitive IPS Hg 4f signal, confirming that the depletion is strongest,

right at the interface. The character of this depletion has some interesting

structure. Fig. 1 shows the logarithm of the Hg 41 intensity vs. Al coverage.

The depletion rate can be seen to decrease at about 2 A Al coverage. This change

may mark the start of depletion of a second Hg layer, the completion of

formation of an AITe film, or possibly still other effects.

log o(Hg 4f intensity) vs. A] coverage

zt 2.8 I '--

2.5

2.4 .,-

' 2.2

2.0 ...

O 0 10 20 30 40 50

Al coverage ( )

Figure 1

2. Silver

As expected, and in contradistinction to the case of Al, Ag shows weak

chemical reaction with the Hgl_xCdxTe surface. No reacted phase of Ag was 0

RPT52871
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ever visible; the only binding-energy evidence for any chemical effects was

small Hg, Cd, and Te core level shifts. Another, less predictable, difference from

the Al case was the behavior of the Ag on the surface at low coverages. The Ag

was invisible by XPS and barely visible by UPS until about 2 A was deposited.

This would be consistent with islanding of the Ag on the semiconductor surface.

or with a low sticking coefficient. However. since the Ag signal was stronger .

when viewed with greater surface sensitivity (UPS vs. IPS). diffusion into the

bulk is unlikely.

More evidence for Ag islanding is provided by the behavior of the various

core levels at high coverage. In this regime the Ag intensity still increases in

an almost linear fashion, whereas for laminar coverage with a reasonable value

for the electron escape depth the Ag signal would be seen to level off

exponentially. Also, the Hg, Cd and Te core levels attenuate too slowly for the Ag

coverage to be laminar.

In the case of Ag no obvious Hg depletion was seen. The reduction in the

Hg intensity is believed to be due to attenuation by Ag. This is not surprising

since the depletion seen in the case of Al is presumably driven by the chemical

reaction with the HgI-.CdxTe. Fig. 2 shows the attenuation of the Hg 4f core ..

level intensity as a function of coverage for Ag and Al. The extreme rapidity of

the attenuation for the Al case is apparent. .

Summary

CAs expected, the AI/HgI-xCdxTe interface is strongly reactive. There is a

depletion of Hg from the surface of the semiconductor. The Ag/ Hgl.xCdxTe

interface, on other hand. shows little evidence for chemical reaction. There is -

also little if any Hg depletion. However. the Ag does not go on in a simple,

~*'.%
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laminar manner: rather, it appears to form islands at low coverages.

Hg 4f intensity vs. A] and Ag coverage 0

1oo

aei$

80

C0
60 Ag

C
40

I
I  I,

20 Al
0 10 20 30 40 50

coverage ( )

Figure 2
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Section IV
ALLOY BONDING -

Sensitivity of defect energy levels to host band structures

And impurity potentials in CdTe

A.-B. Chen,* Physics Department

Auburn University, Alabama 36849

* A. Sher, SRI international

333 Ravenswood AvenueL '

Menlo Park, California 94025

The sensitivity of defect energy levels in semiconductors

* to the host band structures and impurity potentials has been studied for

approximately 30 impurities in CdTe using four different band structure

models. The discrepancies in the defect levels between two different

* sets of band structures and impurity potentials are found to range from

less than 0.1 eV to the whole band gap (1.6 eV). The band-structure

effects are analyzed here in terms of detailed partial densities of

states. Examples of contradictory predictions from different band

structures are illustrated, and ways to improve the theory are

suggested.
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I. INTRODUCTION

In several of our recent papers, 17we have applied a method to

calculate the band structure of semiconductors that is both efficient

and accurate. Because the procedure involves casting the basis

functions into orthonormal local orbitals (OLO), 6our method has the

advantages common to empirical tight binding (ETB) calculations, 81

except that the Hamiltonian matrix elements to all ranges are retained.

The inclusion of these higher coefficients makes it possible to produce

excellent band structures including conduction bands and effective

masses. The method also yields wave functions for optical property

calculations. 7Moreover, its OLO description also permits its

extension, through the coherent-potential approximation, to alloys.2-

The recent attention focused on defects in semiconductors motivated

us to apply our method to this problem. The theories of defects have

ranged from very sophisticated self-consistent density functional theory

11-13(SCDF) to simple ETB calculations. It is generally recognized that

* SCDF is accurate in defects for the ground-state properties as it is for

pure semiconductors, but less certain in assigning excited energy

levels. ETB, because it can produce results for many systems in one

study, claims to predict the trends of deep levels 10even if the

accuracy for a given impurity may be poor. However, this contention 2

remains to be verified.

84 RPT52871
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To assess this concern, we ask the the question, "How sensitive are

defect levels to host band structures and impurity potentials?" To this

end, we have adopted the simple yet nontrivial defect model, that of

site-diagonal substitutional defects ofte-. used in ETB studies. CdTe

was selected in this study because its band structure has been examined

in great detail by us, and there are three published band structure

models 8 - 0 that we could generate easily for comparison. There is also

a considerable body of experimental data on deep states'in this

system.
14-1 7

'.?

II. CALCULATIONAL PROCEDURE

In the simple site-diagonal substitutional defect model, the

impurity energy levels E are determined by the equation

., ..1- vg,(E) -0 ,(1)

where a designates the symmetry of a local state, e.g. r6, r7, and r8 on

an atomic site in the zinc-blende structure, and g. is the real part of

the diagonal matrix element of the host-crystal Green function. ga can

be calculated from the partial density of states (PDOS) by

g (E) fpat(c)/(E- E) d • (2)

.2 8
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The PDOS is given by

Pa(e) =.Zkl a (k)l 26[, - En(k)] (3)

where en(k) are band energies and an(k) are the probability amplitudes

of the band state in the Bloch basis constructed from the OLO labeled by

a. The Brillouin-zone integration in Eq.(3) is calculated using an
" 18

accurate ray scheme.1 8

Because a principal concern of this paper is the sensitivity of

impurity levels to the host band structures, we should emphasize the

* difference between our method and ETB. Our method consists of four

steps:

(1) We start with four Gaussian orbitals per atom and empirical

pseudo-potentials, 19 and compute the Hamiltonian matrix H(k)
and overlap matrix S(k) as was done by Kane20 and Chadi.

2 1

(2) The Gaussian orbitals are transformed into OLO,6 so H(k) is

transformed into Ho(k) and S into the identity matrix. The
band structures calculated from Ho(k) are accurate to 5
percent as compared to more sophisticated method using the
same potential.1

(3) A spin-orbit Hamiltonian in the OLO basis4 is incorporated to
deal with this interaction. '

(4) To compensate for the effects of truncated basis and nonlocal
potentials, a perturbation Hamiltonian HI is added. H1 has .1
the same form as a truncated ETB Hamiltonian. The parameters
in H1 are adjusted to fine tune the important band energies
and effective hasses.1-4

86 RPT528 7 1



RD-RI66 793 HOMDE SURFACE AND DEFECT STUDY PROGRAM() SANTA 2/2
BARBARA RESEARCH CENTER GOLETR CALIF J A WILSON ET AL.JN858RC-528 1 DR! 3-83-C-i9~18

UNCLASSIFIED F/G 20/12 NL

Illllllllllml
llllllll



i

1.07

la. L3....

:*. ,.? :-

WI_ W IL

ii i i ms32

1 11111. 4 -1

MICRnrOP' CHORT

*p P

*

;' , , . , . , ..,,.. . ., .. , .. - , - .. .-.... .. . ., .- ,-, .- - . .. ..-. .- .-.. - .,.. , .- -. . ., . , -'.. ,..-, ,..-.,



Although both ETB and our methods are empirical, there are two

* major differences:

(1) While most ETB retains the H matrix elements only to the
first- or second-neighbor shell, ours extend to all ranges, so
the high Fourier components needed to produce 'he sharp band
curvatures are properly given.

(2) Our method can directly generate wave functions for
calculation of other properties. P

Thus, while our method yields more accurate band structures, it retains

much of the advantage of ETB, namely the computational speed and a

simple direct-space description of the Hamiltonian.

111. BAND STRUCTURES AND PARTIAL DENSITIES OF STATES

Figure 1 depicts the four band structures to be considered for

CdTe. Our result is in panel a; panels b 8 and c 9are two ETB band

structures with the Hamiltonian matrix elements truncated at second

neighbors. (Because different parameters were selected, these two band

10 ~5
structures are not identical.) Panel d results from the use of five

basis orbitals per atom; the extra one is an excited s-state. All these

band structures are adjusted to have the proper fundamental band gap of

1.6 eV. The principal differences one sees on first inspection are in

the band curvatures, especially the conduction bands. -,e effective

mass at the bottom of the conduction band in panel a is 0.1 times the

17free-electron mass, in agreement with experiment, while in other

panels it is more than twice as large.

00



Figure 2 shows the densities of states (DOS) for~each of the band

structures in Fig. 1. While the valence bands at least exhibit general

common features, the conduction bands are almost unrecognizable as

representing the rsme compound. In panel c and d, for example, there is

a second band gap above the fundamental gap. Also note that there are

two extra narrow peaks associated with the two extra excited s-orbitals

(one for Cd and the other for Te) included in the calculation.

To analyze the band effects on defect levels (see Eqs. 1 and 2),

the DOS is further decomposed into partial densities of states (PDOS)
1fo7(ps/2) 3/2

for r6(s), ), and r8(p ) states on the Cd and Te sites, as

shown in Figs. 3, 4, 5, and 6. The r8 PDOS are not shown, because they ,

are nearly the same as r7 with only a slight upward energy shift. These

PDOS show how the "atomic" levels evolve into band states. These curves

contain useful information about many properties, e.g. the relation

between the crystal bonding and atomic energies, and how potential

disorder in alloys affects different parts of the bands,2-5 in addition

to defect levels studied here.

The I6(Cd) PDOS shown in Fig. 3 split between the conduction and ..1

valence bands. It is generally assumed that the cation s-states in

III-V and II-VI compounds evolve into the conduction bands, while the

anion p-states make up most of the major valence bands just below the

gap. Thus it is -erhaps a surprise to see a prominent peak derived from

the cation s-states at the bottom of the major valence-band structure.

However, this is a general feature for all sp3 _based compound

semiconductors. These are the states responsible for the first observed
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breakdown of the virtual-crystal approximation for a semiconductor

• alloy: Hgl-xCdxTe (which is caused by the large s-energy shift between

the Cd and Hg sites) 4,5,22

A more detailed examination draws attention to some important

differences among the four panels in Fig. 3: The valence-band peak in -

panel c is about 2 eV higher than the rest and is also high compared to

22experiment. Our conduction band PDOS in panel a is broader than the

others. The ratio of the integrated PDOS in the conduction bands to

that in the valence bands in our model is larger than those in other

panels. Also our PDOS just below the valence-band edge is obviously -

smaller than that found in other models.

Figure 4 shows that the Cd p-states are concentrated in the

• conduction-band states. This is particularly true in panel a, where

their contribution to the valence-band states shrinks almost to nothing. U.

In other panels, there are still sizable (-20 percent) valence-band

states. In contrast, all four panels in Fig. 5 show that the Te

s-states are confined to the deep valence band states, as generally

recognized. Finally, Fig. 6 shows that the Te p-states dominate the

upper valence-band states. Panel a has much less valence-band content

than the other three panels. As we will see, these differences can -

result in quantitatively or even qualitatively different predictions

about the deep levels.

-U.. U.-
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IV. IMPURITY LEVEL DETERMINATION

A convenient way to study the impurity energy levels using Eq. (1) r

is to rewrite it as v a - 1/gt(E) and plot E as a function of v. Once

this E-v curve is deduced for each a, the deep levels Ea for a given

impurity can be read off the curve by drawing a vertical line at the

appropriate value of va for the impurity. We set the zero of energy at

the top of the valence bands. Because the gap is 1.6 eV, we will focus

on levels in the energy range from -0.5 to 2.0 eV.

Calculations have been performed for all neutral impurities listed

in Table I. Because we do not believe that there exists a uniformly _

accepted table for v we have adopted a table that we used for

structural studies.2 3'24  Table I lists the term values, which we

obtained from total energy differences between atomic configurations 0

calculated using the norm-conserved pseudo-potentials25 and self-

consistent charge density functional theory, with the first ionization

energies adjusted to be the experimental values. 2 6 These term values

23 -are found to yield consistently better structural properties in

27,28 29Harrison's theory than those based on Mann's values adopted by

Harrison.2 8  The impurity potential parameters will then be taken as the

difference of the term values between the impurity atom and Cd (or Te).

To study the sensitivity of Ea to va, we shift va by + 0.5 eV and

compute the correspondin. changes in the energy levels.

Figures 7-10 display the E-v curves for several a. Each figure has

four curves, corresponding to the four panels of PDOS in each of Figs.

3-6. The functional behavior of these curves can be understood S
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qualitatively using Eq. (2) and Figs. 3-6. If E lies in the gap, the

contribution from conduction bands is negative, but positive from the

valence bands. The closer the PDOS to the E in question, the larger

will be its influence. Applying this argument to the r6(Cd)

representation, we see that the curves in Fig. 7 are negative in the gap

region, because the PDOS in Fig. 3 near the bottom of the conduction

bands are much larger than those near the valence-band top. Thus, on

the Cd site, only impurities with an s-energy below the Cd s-level

(-8.99 eV) will produce a r6 level in the gap. However, we note that in
%-..

Fig. 7, ga(E) - 0 for Model b and c just below the valence band edge, J

because of cancellation between the conduction and valence band

contributions. At this E value, the E-v curve switches from v - -o to

v =o0 (not shown); an ideal vacancy level (corresponding to va = oo) is

located at this E. A similar consideration, but with the conduction and

valence bands interchanged, leads to an understanding of the curves in e .-

Fig. 10. Using the same principle, we can easily understand why all

curves in Fig. 9 for the r6(Te) representation are positive, but the

reasons for the large displacements between these curves are not easy to "' :

deduce. In Fig. 8, the curve labeled a is distinctively different from

other curves, because the PDOS in panel a in Fig. 6 is completely

dominated by the conduction band, but for the other panels the PDOS just ,

below the valence band edge are as large as those just above the

conduction band edge. This produces a very sharp negative E-v curve for

a, but split behavior for b, c, and d.

RPT52871 91
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These E-v curves provide a clear picture of how different host band

structures may affect the deep levels. Numerical values for the

impurity levels can be obtained from these figures by drawing vertical

lines at the appropriate impurity potentials (i.e. differences between

the term values listed in Table I), as has been shown for several

representative impurities. To provide a more quantitative comparison,

Table II lists some calculated impurity levels Ea and the corresponding

changes AEa due to 1-eV change in va. O

1--

V. RESULTS AND CONCLUSION

To summarize we recall that band Models b and c are the same

second-neighbor ETB with two different sets of parameters, and Model d

is a first-neighbor ETB with one extra s-orbital per atom. Our model

(Model a) has the form of ETB but is derived in a very different manner,

and includes all the long-range interactions. Therefore, we expect that

the results from Models b and c will be close, Model d will have larger

discrepancies from b and c than that between b and c, and Model a will

differ even more. This is evident from Figs. 7 through 10 and Table 2.

We found the energies for the r6(Cd), l-7(Te), and F8 (Te) states produced

by Models b and c agree within 0.1 eV. For the other states, i.e.

r6(Te), r7(Cd), r8(Cd), the energies from b and c are qualitatively 
t

similar, but the difference can be as large as 0.4 eV. The largest

discrepancy between Model d and b (or c) is more than 0.5 eV, and that

between a and other models is more than I eV. The largest difference S
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comes from the p-levels on a Cd site. For example, the filled p-level

of C on a Cd site in Model a is a resonance state just below the valence

band edge, but is a donor state in the other models. Similarly, Model a

puts the neutral Te a.ti-site defect p-levels at about 1/3 and 2/3 of

the gap [E(t 7) - 0.48 eV and E(I'S) - 0.95 eV], while other models assign

them as resonance states inside the conduction bands. We also note that

the discrepancies between different models are not uniform, but vary

with v.. Consider I6(Cd) for example. All four models yield the same

ordering and about the same energies for the group III impurities Al,

In, and Ga. However, as v becomes more negative, the splitting between

the curves increases, so the discrepancies become larger (-1 eV

difference between Models a and d for I impurity). Similarly, for the

r7(Te) states, all four models put the Sn impurity energies close to

valence band edge, but the agreement deteriorates as va increases.

Regarding the sensitivity of energy levels to impurity potentials,

Table II shows that a 1-eV shift in va produces a change in Ea ranging

0 from less than 0.1 eV to 0.65 eV. Very little is known about the size

or trends in errors introduced in va from the use of atomic term values. A

However, we know that the discrepancy of va between two different tables fV

of atomic term values can be larger than 2 eV. This discrepancy

translates into an uncertainty of less than 0.1 to more than 1 eV in the

impurity energy levels, which is comparable to that due to different

host band structures.
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Putting this large uncertainty in the deep levels against a band

gap of 1.6 eV, we are left with great doubts about the predictability of

this oversimplified theory. Unfortunately, the experimental means

available for identifying micro-defects in semiconductors are still very

limited, and the ab-initio band theory is still not capable of 0

accurately predicting the energy levels. Thus, there is a great

temptation to use simple theories like the one carried out here to help

with the identifications. To illustrate this point, consider the 0

following examples: Table II shows that Li on a Te site has an s-level

of 0.14 eV in Model a, so one may be tempted to relate it to the

acceptor state identified experimentally. However, this is not the

hydrogenic acceptor state on a Cd site, as one might anticipate. One

might also want to assign the 1/3 and 2/3 gap states for the Te anti-

site p-levels on the Cd site found from Model a as those seen in 0

15,16experiments. Because of the large uncertainty in the calculation,

these results should be regarded as suspicious surprises, rather than

theoretical confirmations.

The results presented here should not discourage continued research

on the ETh approach, but improvement is clearly needed. Work ranging

23,27,30 2431,32from universal '' to specific structural studies to our

1-7band calculations and alloy studies indicates that the ETB type of

theory is practical for both bonding properties and electronic

structures. The reason that ETB works well for some properties, e.g.
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photoemission spectra and bonding properties, but not for impurity

levels, is that the former depend only on the gross total density of

states, while the latter have been shown to be sensitive to the details

of the partial densities of states.

To establish the credibility of ETB in defect studies, one needs to

look at the problem more seriously. The most difficult and yet

important task is to develop a better way for determining the

Hamiltonian matrix eeet.Hseta.8and Harrison 2,8have

suggested using the atomic term values as the diagonal matrix elements.

Our work1-4 has suggested using a universal long-range interaction to

improve the accuracy of the conduction bands. Several studies"127'28'33

have also pointed out scaling rules of the matrix elements. A

combination of these ideas may lead to an acceptable model. Secondly,

0 both the bonding and deep level states of impurities should be studied

at the same time, in order to provide correlated information for defect

identification. Finally, more realistic models should be examined. ~ ~

Besides the substitutional site-diagonal defects, one should consider

the possibility of interstitial, paired, and even more complex defects.

One also needs to deal with long-range impurity potentials, possible

9charge shifts, and lattice distortions. Progress in all these areas can

be expected, if the calculation is constantly correlated with

experiments and available ab-initlo theory.
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FIGURE CAPTIONS

Fig. 1 Four-band structures of CdTe used for comparative studies (a)

present work, (b) Ref. 8, (c) Ref. 9, (d) Ref. 10.

Fig. 2 Densities of states calculated from the four band structures

in Fig. 1.

Fig. 3 The Cd r partial densities of states.

Fig. 4 The Cd I7 partial densities of states.

Fig. 5 The Te r 6 partial densities of states.
7

Fig. 6 The Te r7 partial densities of states.

Fig. 7 The E-v curves for the ta6 states on a Cd site.

Fig. 8 The E-v curves for the r states on a Cd site.

Fig. 9 The E-v curves for the r'6 states on a Te site.6Q

Fig. 10 The E-v curves for the r-7 states on a Te site.
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TABLE I. a- and p-state correlated term values in units of -eV.
The top entry is the s-state, the second the p, /2-state, and

*the thir *d the P3/2-state energy.
(All energies are negative.)

I IIII IV V VI VII

*Li BeB C N 0 F
5.390 9.320 14.003 19.814 26.081 28.551 36.229

-- 5.412 8.300 11.260 14.540 13.613 17.484
-5.412 8.300 11.260 14.540 13.610 17.420

Na Zn Al Si P S Cl
5.140 9.390 11.780 15.027 19.620 21.163 25.812
-- 4.237 5.980 8.150 10.610 10.449 13.136

-- 4.011 5.980 8.150 10.550 10.360 13.010

K Cd Ga Ge As Se Br
4.340 8.990 13.230 16.396 20.015 21.412 24.949
-- 4.313 6.000 7.880 10.146 10.188 12.353

* -4.097 5.850 7.694 9.810 9.750 11.840

Rb Hg In Sn Sb Te I
4.180 10.430 12.032 14.525 17.560 19.120 21.631
-- 4.998 5.780 7.340 9.391 9.951 11.470

-- 4.031 5.453 6.879 8.640 9.010 10. 450

*CS Pb
3.890 15.250

7.410
5.979

Cu
7.720

Ag
7.570
3.*647

c. 3.487
Au
9.*220
4.349
3.688

O.
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*" TABLE II. Defect energy levels E and changes AE due to 1-eV

change in the impurity potential parameter. All energies
are in units of eV. VO stands for ideal vacancy.

'N -

Model a Model b Model c Model d

Defect E &E E &E E AE E AE

r 6 on Cd site6

Ga 1.29 0.39 1.42 0.24 1.33 0.23 1.57 0.18
C -0.21 0.09 0.38 0.09 0.36 0.13 0.74 0.08
Si 0.67 0.30 1.02 0.10 0.93 0.19 1.27 0.15
P -0.19 0.11 0.39 0.09 0.38 0.08 0.75 0.08
0 <-0.5 - -0.02 0.02 0.04 0.01 0.32 0.02
Te -0.13 0.13 0.44 0.10 0.42 0.08 0.79 0.09
Cl <-0.5 - 0.06 0.03 0.10 0.02 0.41 0.04
vo <-0.5 - <-0.5 - -0.30 - -0.20 --

r7 on Cd site

C -0.02 0.37 1.32 0.22 1.59 0.20 1.39 0.19
Si 1.57 0.65 >2.0 - >2.0 -- >2.0 --
P 0.16 0.38 1.48 0.26 1.73 0.23 1.52 0.21
0 <-0.5 - 0.89 0.14 1.22 0.13 1.03 0.12
Te 0.48 0.55 1.60 0.29 1.88 0.23 1.66 0.24
Cl (-0.5 - 0.96 0.17 1.29 0.14 1.09 0.14
VO <-0.5 0.00 - 0.21 - 0.06 --

l6 on Te site

Li 0.14 0.29 1.28 0.22 1.15 0.35 0.76 0.25
Cu <-0.5 -- 0.54 0.42 0.12 0.52 0.03 0.32

r7 on Te site

Ag 1.89 0.32 1.26 0.22 1.21 0.23 0.99 0.20
Cd 1.66 0.34 1.11 0.26 1.05 0.26 0.85 0.22
Ga 0.98 -0.49 0.61 0.33 0.55 0.32 0.40 0.30
Si -0.07 0.40 -0.11 -0.36 -0.13 0.38 -0.38 0.72

Sn 0.28 0.47 0.15 0.31 0.13 0.24 0.02 0.28

,-

.5F
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