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THIE PRESARATION AND MEASUREMENT OF THE PHOTCCONDUCTIVIYTY OF

CAIMTOM TELLURTDE SINGLE CRYSTALS

ABSTHACGT

Single erystals of cadminm tellurids with an impurity concentra-
tion of about 1017 ce=3 have been prepared from zene purified tellurium
and high pority cadmium by a modified Stockbarger process. Apparatus and
teehnigques for zone vefining and crystal growth are described.

Orystals were prepared for measurement by cutting on either an
8. 8. White Industrial Airbrasive unit or carborundum disks followed by
remaval of the surfuae layer with the "airbrasive®. Vacuum plated indium
electm™des were used on n-tyoe crystals while gold deposited from gold
chloride solution was used on p-type.

Although tiermal emf measurements show pure Cdle to be p-type,
it wag found necessary o use indium contacts as the gold chloride greatly
alterea the photoconductivity o the specimens. Thermal activation energy
measuremcnts indicate an intringic activation energy of 1.5 eV in the

temperature raage 350° . 20°C,

8

A Perkia Elmer Model 83 single-beam double-pass monochromator
equipped with rock salt optics and a Glo-bar operated at 1600°K was used
as the radlation source in the wavelengih region 0.6 10 12 microns.
The wavelength for maximum intrinsic photoconductivity is giv..
by the expression:
AW (R) = 3100 + 2.06 T
which in turn gives an intrinsic activation energy of:

A e (eV) + 1.53 - 0.00035T
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Photoconductivity measuvenments wndicate another activation cuergy of about
1.1 eV for pure Cd¥e  This has been shown to arise from a tevel 0.4 eV
above the valence band and correlates with the levels found at 1.0 oV and
0.6h eV above the valence band in pure Cd$ and CdSe, respectively.

endence of maximum photocurrent and variation of rise time
with radiation intensity and temperature show a slightly supralinear
character and indicate the prevence of discrete levels scatterad between
the top of the valence band and the 0.4 eV level.

The model proposed for CdTe including two types of levels explains
quite weil the photecconducting properties as related to temperature depend-
enci:, supralinearity, and spead of resgponsie ay encountered in this material,
and follows closgely the semiguantitative evaluation of photoconductivity

in ¢dS and CdSe given by lwse
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Among the more basic properties of semiconductors and
insulators, photoconductivity is perhaps one of the most useful
in determmining a detailed account of the snergy level model of -
solid, The variation of photocurrent and its rise time with teu-
perature, intensity of radiation, wavelength, and even illumination
history can lead to an interpretation of the distribution of traps,
recombination centers and other types of discrete levels, both
agsmally filled == unfilled, in the forbidden zone, =2lcng with a
description o’ their other properties,

From this variety of information which may be obtained
from photoconductivity measurements one can readily appreciate
that photoconductivity is an extremely complex rhenomenas the
photocurrent possibly increasing in a linear, supralinear, or sub-
linear fashion with increasing radiation intengity. Tt may likewisc
increase, decrease, or possibly stay constant with increasing tem-
perature. Along with these effects must be included those due to
voltage dependence, impurities, both intentional and unavoidable,
surface effects, and history oi tregrmen: before cnd during
measurement,, From these considerations it is apparent that great
difficulty will be encountered in deriving and applying a general
ail-iuclusive theory of photoconductivity. As a resuli, the
general trend has been to investigate a group of comnon materials
such as the alkali halides, or crystals with the zincblende struc-
ture and tc assemble the data into a theory consistent for that

particular type photoconductor.
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Although photoconductivity in zinec sulfide natural crystals
and artifically prewared powders, both pure and impure, had been inves-
tigated as early as 1920 by Gulden and Pohl (1), the most extensive
interpretive investigations of photoconductivity were made on alkali
halide crystsls in the 1230's. These materials were readily available
in single crystal form ond a variety of defects could be added at will,
by high encrev .diation and heating in a vapor of the cation or anion.

However, with the adveni of increasing interest in semicon-

ductors since the 19)40's brought sbout by the development of transisiors,

iadiation detectors; and other semiconductor devices, a wealth of
information concerning the phenomena of photoconductivity hze become
available. No entirely satisfactory overall description of photo-
conductivity yet exists, however; from which the behavior of any given
semiconductor under illumination may be predicted.

From the previously mentioned asnzcts of photoconductivity
one can anticipate that the exact nature ¢f the material being inves-
tigated must be clearly defined and free ivom disturbing influences.
To attain this end it is necessary t¢ have (1) as low as possible a
level of impurity ions, (2) as near as pussible perfect crystal
structure, and (3) ideal stoichiomet:y.

Among the first semiconducting compounds to be examined
were the group II-VI combinations, :onsisting of the sulfides, selen-
ides, and teilurides of zinc, cadmium, and mercury.

High purity cadmium and zinc (99.9997%) were readily
available and since considerable work was being carried out on
the sulfides and only slightly less on the selenides, the tellurides

were chosen for this investigation, Cadmium telluride in particular



geemed to lend i%z=1f rsadily to the Stockbarger crystal growth pro 2ss
and it was anticipated that photoconductivity data from CdTe single
crystals might be correlated to that available from CdS - | .1Se. 4lso,
it was established that the technique of zorie refining could be applied
to tellurium, resulting in tellurium in a state of purity at least com-
parasble to that of the cadmium and zinc.

A more detailed treatment of the theory of zone refining and
its applications to tellurium, selenium, and sulfur will be given later.
of crystal growth &5 have been gncountered in these materials
will also be reviewed with particular emphasis on the methods developed
here for CdTe and ZnTe.

These considerations will be followed by a general account of
phetoconductivity and, more particularly, a detailed discussion of the
band model for CdTe and its interpretation as derived from photoconduc-
tivity measurements, and its relation to photoconductivity as observed

in CdS and CdSe,



2.0 ZONE REFINING

Although a perfect single crystal, trom the point of view of
both structure and composition is theoretically non-existent, the closer
one can approach it, the more reliable will be the observations made
upon it, Of the major defects normally found in crystals, perhaps the
most troublesome and the one ov'r whi.h the greatest control can be
exercised is the presence of foreign atoms or ions in substitutional
or interstitial sites. Nowhere is this of greate: .amportance than in
the field of semiconductors where the presence c¢. impurities in concen-
trations on the order of parts per million c¢r less may completely alter
the electrical conductivity process in the crystal. The quest for a
more perfect crystal free from this type of deifect has lead to the devel-
opment of certain specialized techniques, one of the most useful of
which is zone refining (2).

Zone refining is based on the principle of impurity segre-~
gation which has long been the basis of purification by repeated
fractional crystallization. In fractional crystallization, however,
the entire batch is melted, whereas with zone melting only a small
segment. of the batch is molten at any cne time.

The phenomena of impurity segregation results from the
difference in 501t
the liquid in contact with it, which in turn arises from the emilib-
rium between the solid and liquid in a 2irary solid solution system.
While in practice, the molten zone will most likely not be in squilib-

rium with the entire solid, if the rate of zone movement; that is, the
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rate nf novement of the interface, is properly chosen, near equilibrium
conditions will prevail at the interface, and separation of the solute

will occur. This rate has been empiricall

7 devermined to e frowm one
to 25 cm/hr, for most metals and semiccndvctors,

If we now examine the very end region of the two possible
types of phase dragrams for the binary systems composed of the material
in which we are interested and the impuvrity or solute material, we can
graphically demonstrate the difference in solute concentration between

the liguid and solid,

L + S8
Cs
C
L kO < 1 CL/kc] =, ko >1
/ ss
} \ L
Temo, T NN
Cg \
N CL/k
L+ SS L/ko
>
35 .
-~
(a) (b)
Impurisy Concentration
Figvre 1

The liquidus and solidus are vrobably not straight lines as
shown, but since we are intercsted in only such a small region no appre-

ciable error is introduced in drawing them as such. In figure la, the



solute is more soiuble in tre liquid than the solid, and so the ratio
of CS/QL is less than unity, where Cg and (, are the concentration of
solute in the solid and ligiid. resvectively. This ratic is designated
as the equilibrium distribution coefficient, kq.

Conc'der now the equilibrium crystallization of a composition
on the line Oy, i.. figure la (figure lb wil:s ve analagous except the
solute is more soluble in t1e solid). At temperature T the first solid
to crystallize out will hav: a solute concentration of Cg, (Crko)e As
cooling continues the compoiition of ithe solid, assuming complete equi-
librium, will shift along the solicdus tiil it reaches the line (j, at
which time it will be comnletely solid, Since the diffusion . -
solids is low, this equilibrium will generally not be attair .
as is usually the case, the rate of travel of the interface is large
compared to the rate of diffusion, the impurity will concentrate in
the liquid. This, of course, assumes the rate of diffusion in ihe
lignid is sufficiently larger than the rate of interface travel, or
that mixing is rresent to keep an impurity enriched layer from building
up in the liquid at the interface. In the usual zone melting methods
thermal gradients will :ertainly be present which will significantly
aid in mixing the liquid, For efficient zone refining, however, the
rate of travel may well be fast enough that such a lyer does in fact
form. When this occurs it is no longer the equilibrium distribution
he purificabion process, buv the sifec-

tive distribution coefficient. This is given by Burton et a1l (3).

K
k= 2 T3 (1)
ko + (1 - ko) e-F
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b o= effective distribution coefficient,

f = growth rate,

d = liquid fiim thickness in which solute transpori is by diffusion

onliv .
only,

D = diffusivity in liquid.

The quantity fd/D is designated as a growth parameter and as
it increases, k will approach unity regardless of the value of k,. For
efficient zone melting then, since D and, to some extent, d are fixed
properties of the liguid a small growth rate is desirable. While kg
and hence k; should theoretically be available from phase diagrams,
most presently available diagrams are not of sufficient accuracy for
this, Thurmond and Struthers (i) have developea a relation between
ko and temperature from solution concentration relations, A thermo-
dynamic approach based on dilute solutions has been made by Hayes and
Chipman (5).

In the final analysis, however, where cne wishes tc rid one
element of many impurities the most reliable procedure is to actually
zone melt the material and run standard analysis after different num-
bers of zones have been passed through it at different rates.

Let us now consider the effect on the impurity level of
actuall& passing a molten zone through a rod of material. We will
pass a zone of length L along a bar, of cross section A, with an
initial impurity conceniration Cg and effective distribution coef-
ficient k< 1, Ag the molten zone moves forward, solid with an
impurity concentrztion of kfy will freeze out behind., In a distance
dx then, an amount of impurity equal to kCpAdx will have frozen out

in the solid while an amount CoAdx will have been dissolved into the



Concentra~

Thus the initial solid is decrsased in impurity cont.cnt while

the ligquid is increased, As the molten zone continues to move, the

impurity concentration of both the liguid and solid will increase until

i . Py . P 3 . . N . T . P —— T
the concentration in the liquid bas reached Cn/k at which time the solid

freezing ovt will have the same composition a3s that melting, Mo change
in solute concentration will occur as the zone continues moving :ntil
it reaches the end of the bar where ..i the solute will be deposited.,

The impurity distribution will ther be as represented in figure 2,

Solute ’

tion

-

Cofr=~ =~ coma—— = mcmm o —e e -
0N e t

8

Figure 2

The nct ares botwoen the C, line and the curve after the pass must of

concentration in the final

course L sern, Hecdise

length L of the bar witl rise quite sharply as the initial length of

crial mey extend for & aistance much greater than

partially puritiod o

L. FReud (6) bLas ferived ap eguativn represerting ihe impurity distribu-

Vion veldd o o o distonn L From tne cod g =hoas o e 2,




~kx/L
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o
“e =1~ (1-k)e
Co -

C = solute concentration in solid,
x = distance from front end of bar,

If a second pass is now made thrcugh the rod, the initial
polid would have a concentration of kECO, since the starting concen-
tration was kCy. The length of the partially purified section will
also increase as will the finsl impure region., As more and more
yasses are made, the rcgiocn of constant solute concentration, Cq,

will disappear and the distribution curves will take on the forms

shown in figure 3.

1000

100

Figure 3
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7



These curves arce of course merely typical representations, the actual
shape after any given number of passes depending on k and the ratio of
zone length tc overall length.

While it might be anticipated that the starting end of the
rod would apprnach a zero level of impurities, this possibility is
prohibited by contamination and diffusion; contamination coming from
the boat and the atmosphere surrounding it. A steady state is thus
reached at which the impurities are entering the material as fast as
they are being swept out,

The above discussion was concerned with systems for which k
is less than unity. 3umilar arpguments apply for k greater than unity.
In this case, however, the impurity concentration build-up occurs in
the starting region.

For more efficient application of zon2 refning a series of
closely spaced heaters is used to effect the purification rather than
one heater, Thus, for example, a series of four heaters on four-inch
centers traveling two inches an hour can effectively pass one complete
zone through a sixteen-inch specimen every two hours rather than the

eight hours required by the one heater,

2,2 General Applications

From the foregoing discugssion certain factors may be selected
for consideration in attempting to sone refine any given material.
Since the value of k is tre controlling factor in determining the
purification, the valucs for growth rate (f) and diffusion film
hickness (d) upon which k depends must be selected with care, Zone

spacing and length must aiso be considered. Lfficiency considerations

<10~



would call for a short nass time, which might be achieved by increasing
f, «r decreasing, sone lengitnn and separation. If f is increased, however,
k will approach unit and vurification efficiency will fall off. Decreas-

gy however, may pemit an inercase in ¥ without affccting

k. Once the value for { is chosen, the number of passes needed to attain
a certain purity level will be fixed, and sc the value for zone length
and spacing can be adjusted to give optimum pass time and cost of oper-
ation, The selection of the actual physical requirements for zone
refining must likewisc be given careful consideration. Two general
procedures are available; cach presenting its cwn particular problems.
(1) Zone purifying in a container:
In this case the choice of a container material which will
not contaminate the melt is obviously of greatest importance. Contam-
ination may arise from direct reaction or solution between the container
and the melt, impurities included in the boat material, or adsorbed
gases on the surface of the boat, A low thermal conductivity in the
boat is also necessary for good control of the zone length, There
should not be too great a diiference between the thermal expansions
of the container and the material being refined. & ecarsfully chosen
and controlled atmosphere rust be maintained over the melt to prevent
contamination., 4 thoroughly purified notle gas will usually be
sufficient,

The heat nee
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piied by numerous rmeans; resistance, induction, focused infrared

or sunlight, or even gas flames, are a {ew, For elements such as gal-
i ( or mercury, refrigerated coils can be employed to separate

1ium (7) T , ref t 1 be employed t

the molten zenes, In the usual laberatory batch operation a series



of recivrocating resistance or indaction heaters is usually adeguuve,

(2) 4one purifying withoat a container:

In cases where a material has toc higir & melting point or
is too reactive to be contaiued in a beat, several specialized tech-
niques have been developasd, One of the most obvious is to use the
material itself as its cwn container. This may be  :omplished by
forced cooling of the sides and bottom of the specimen or shallow
heating. The unpurified material may then be mechanically removed or
puriiied in a suhsequent operaticn, Other processes rcly mainly on
passing through the solid rod a molten zone held in place by its sur-
face tension, This method was apparently developed independently by
several workers, but was firs!, described by Keck and Golay (8}, who
applied it to silicon. Induction heating is generally used to pro-
duce the molten zone although various types of resistance heaters
have been used,

Other variations in this technique include use of a magnetic
field to support the molten zone in a horizontal rod {9) and use of
square rods in which the corners do not melt with induction heating

and¢ so form a support for the melten zone {10).

2.3 Application to Tellurium, Selenium and Sulfur

For the growth of high purity CdTe and ZnTe single crystals
suitable for photoconductivity measurements, a nigh state of purity
in the raw materials was necessary, since the finished Cdfe vi ZnTe
cannot be purified itself owing to a great tendency to dissvciate upon
melting, It was therefore necessary to zone refine the telluriuvm and
since meager data was avaiisble for selenium and sulfur, they were also

included. TFrom their reascnably low melting points (Te - L52°, Se - 200°

-] 2~



S - 11502), it was decided that a reciprocating series of resisvance
heaters acting on a straight rod of material would be adequate. The
phase diaprams for these elements and the variety of impurities
usually associated with them were not generally available so the
- zone Length, spacing and rate of travel were arbitrarily
selected to be one~inch heaters spacrd four inche: apart with an
interface rate of travel of twe inches per hour. With this arrange-
ment, usi-o a specimen of about one-half square inch cross section
and 5. ~i- TrlamL g, osant 00 Srams ‘nurs’ material was cbbained
after ' asses.

First attempts at refining used a moving sealed '"Vycor"
tube about 90 percent full, and stationary heaters. Almost invariably
these tubes broke after several passes as did silica tubes which were
also tried. As a result of this the entire unit was redesigned to use
moving heaters (figure L), In this apparatus the bozt could be placed
inside a fixed silica tube with a protective atmosphere or evacuated,
so the material would not be contaminated in the event the container
did break. Because of the high vapor pressure of these elements at
their melting points it was not feasible to refine them under vacuum,
An atmosphere of high opurity helium introduced into the silica tube
after passing through a charcoal trap at liquid nitrogen temperature
resulted in a film free surface and apparently introduced no new
impurities.,

Since "Vycor" and silica were unsatisfactory for a container
mater’al, a recrystallized alumina thermocouple protection tube was
split longitadirally for use as a boat, This proved entirely satis-

factory from a purity standpoint although some inconvenience was

~13-



encountered in remeving the material as a result of its wetting action,
Removal was best accomplished by inverting the filled boat in the outer
silica cortainer and running one pass through it. The rcd then melted
onto the silica from which it was easily removed.

After removal from tne bhoat samples were takenn from each
four-inch section of the rod for spectrographic analysis to be com-
pared with the starting material, Although high purity materials were
originally used for zore refining it was subsequently found, particu-
tellurinm, thst commerecial C.P. grade material could just

H ~

as readily be reduced tov the same final impurity level. = typical
zone refined Te specimen before removal from its boat is shown in
figure 5.

Some work nas been done on the zone refining of other metals
to determine the overall adaptability of this particular arrangement.
Cadmium, zinc and aluminum were run through this purifier and the
greatest difficulty encountered seemed to be due to the relatively
high thermal conductivity of these elements, Either the Lwo end zones
tended to freeze solid when an inch or more material was outside the
end heaters or thc interior eolid zones melted when enough heat was
supplied to keep the end zones molten. Some short-time purifications
were made on zinc and aluminum by manually controlling the power to the
beaters to maintain the proper zones, but the problem could certainly
be eliminated by narrover tealervs moure widely spaced. Moltison
has a sufficiently low vapor pressurs to enable it to be zone refined
under vacuurl, without appreciable volatilizaticn or oxide formation,

Zinec must be placed in the boat in the form of a one-piece

rod since the usual granulszr or chioped zinc has such a heavy film on



FIGURE 4




its surface it will not melt btogether. This nroblem was also encoun-
tered in trying to use tellurium powder as the starting material.

A set of typical spectrographical analyses is given in table
I. This data indicates that the principle of zone refining is readily
adaptable to the premaration of very pure elements for use in growing

single crystals of CdTe and ZnTe.
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Table I

1 2 3 L 5 6 1 2 3 N 5 6
Ap } Fur VVFir na VVFir) 33
Al Ftr {VFtr {tr RS b
As BS BS Nd
Au Ni VVFir
B Os
Ba P
Be Pb VFtr | BS
Bi Pd
Ca | VFtr |VVFtr Pr
Co Pt
ca Ra
Ce Rh
Co Ru
Cr S
Cs Sh
Cu | Ftr Ftr |Ftr |[BS BS Sc
Dy Se M M
Er 3i Ftr |VFir [tr BS tr BS
Eu Sm
F Sn
Fe I Ftr {VFir [VFtr [BS BS BS Sr
Ga Ta
Gd Tb
Ge Te M I
353 Th
He | VFby Ti BS BS BS BS
Ho Tl
In Tm
Ir U
K v
La W
Li Ib
Lu Y
Kg |VFtr [VWWrtr Ftr |BS Zn VVFtr
¥n |BS BS [Ftr [BS Zr
Mo N I
1. original tellurium (C.P.) M - lMajor constituent
2. nurified tellurium (60 passes) tr ~ trace
3 original gelenium (high purity) Ftr - faint trace
i, purified selenium (35 nasses; VFtr - very faint trace
5. criginal sulfur {C.P,) VVFtr - very very faint tra:e
6. purified sulfur (35 passes) BS -~ barely rhous
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2.0 CRYSTAL UROWIH

2.1 Intynduetion

When a sufficient gumntity of hLig
the problem of transforming it into singlc crystals must then be con-
sidered. The feur penera! processes available for crystal growth are
the phase transformations vanor-sclid, Jigquid-solid, and solid-solid,

conductors, the most readily

and cryetallization from soluvion, For ~om

applicahle from a congideration of their physicnl properties and the
most comrvienly used, arce tho vapor phase and wiid phase transformations.

A brief copsideration of the aspects of actual crystal formation
is first desirablce repardless of the method of formation. J. W. Gibbs
presented a qualitative theory of crystal growth based on thermodynam-
ical reasoning in the latter 1800's, but the thcory put forth by
Zurie (11) in 188% was the first to gain prominent recognition by
crystallographers (12). This theory preceeded the atomic picture as

we now know it and wan instead baced on the relationship between

crystallire form and surface energy of a solid, the proper crystal-
line j'orm heing that which gave the lowest energy. Several workers
including Eilton (13} and wulff (1)) extended this theory but shortly
after, Berthoud (15) showed that this aonprecach predicted the more
rapid a crystel grew tic more comrliex its ferm would become, when in
fact the opposite is true, Siuce then muny theories have been devel-
oped, the more recent cnes navityg, been cvolved from a consideration
of defect structure, Buckley (17) presents a historical compilation
of the many possabilitics presented throughout th 1520's and 30's,
based for the most rart cn the writings of Smekal and Zwicky. The

present status of theory i & synthesis of gensrally accepted ideals

~17-



Generally, and it might be added ideally, crystals may be

the pattern of repetition, Throughout this arrangement, in different
directions there mst then be different sets of planes of atoms. In
crystal growih once a lattice face is formed, atoms will be arriving
at and leaving rrom this plane at equal rates, assuming equilibrium
1ice ail a
atom, however, i% will have a greater tendency to remain there since
it is now "oound" in two places and will thus have lower energy. As
this process is repeated a "step" will be built up and continue to
propagate over the surface until a new plane is completed. "lucleation"
of a plane may occur in several splaces and if anything arises such
as a previous dislocation ov a foreign atom entering the structure,
a dislocation will occur where the nuclei grow together, The presence
of such dislocations as a prerequisite for continuing crystal growth
has been called for in the theory of Frank (16).

Elthough these observations apply to crystals in general,
further censideraticns will depend on the nature of crystal growth

and the particular habits of the individual crystal.

3.2 Growth from Helt

“ne wide variety cf crystals with an even wider variety of
properties which may be grown from the melt has lead to almost as many
ervstal -gr~uing technigues as crystals, Certain factors, however, are
basic to tram all, The factor commenly acceoted as most important is

the ratc ¢ heat removal frcm the growing crystal face (i7), which in

-18-



turn depends on the rate of heat loss from the solid and heat gain from
the liquid,
It is generally believed (18) that atoms can snter into an

orderly

Bt

Tattice arrangement much faster than common rates of crystal
growth allow, It might seem then that rates of growth should be
increased, but if we examine the treatment of %his question by Pfanmn (17)
we find a limiting factor does exist, At the interface between solid

and liquid the heat balance equation is given by:
= 1.
X0, =R+ X G
heat leaving = heal arriving

¥ - thermal conductivity
G - temperature gradient
H - heat of fusion

R - growth rate

sr— solid

1 - liquid

If the temperature gradient in the liquid were zero we
wonld have maximum growth rate, This would necessitate the liquid
being exactly at the melting point, or more specifically at the tem-
perature of the interface if supercooling or imourities were present,
a condition which would surely lead to excess nucleation and loss of
single crystal character. Increasing Gg would also increase R, but
would most likely lead to induced thermal stresses ané resulting

defects in the crystal,



Pfann also suppests the use ¢of tlhie Peltier effect to cause
soe)ing at the interface. TFor this to be effective, however, the
Peltler coefficient for solid against liquid must be reasonably large
and doule heatlng musi be smail,

kxcess nucleation in the melt upon cooling will result in a
polycrystalline mass being foricd insbead ol the desirvd singie Crysial,
Tris danger increases as the extent of possible supercooling and solid
immurity content increases. For these reasons extreme care must be
taken to prevent the entrance of foreign bodics into the melt, The
crowth container and atmosphere are the usual sources of such contami=-
nates. When single crystals arc being grown from the melt by reaction
of the elements and subsequent melting, the melt should be heated well
above the melting point of the compound to facilitate complete reac-
tion and destroy any nuclei., A large temperature gradient in the
liquid helps reduce the degree of supercooling and thus reduces excess
nucleation, Melt-grown crystals are also subjected to a zonz-refining
action as the interface slowly progresses., If little or no disturbance
is present, as ic certainly desired from a crystal growth pcint of
view, an immurity-enriched zone with a higher freezing temperature
may build up in the liquid at the interface. This effect which was
pointed out by Rutter and Chalmers (19) and designated constitutional
supercooling, may well lend to spurious mucleation. This phenomena
rust he taken into account when growing ecrystaisz with purnosely added
impurities. The presence of this _ayer can also leac to instability
of the actual interface and hence to poor crystal formaticn. A compre-

hkensive Lreatizent of this rroblem is given by Wagner {(20).

s




3o processes for malveorowrs crystals employ the additional

[

refinement of introducing a small seed crysial inlo the n t

eld tc o
a more favorable orientation of the crystal. Certain crystal lattice
types have preferred directions for growing, and single crystals can
be produced more readily if growth is purposely started in one of
these directions, particularly if ivhe crystal is being grown in a
comparatively narrow tube as if often the case, While the existence
of these preferred growth directions has been clearly established (21),
no extensive compilation of data has 4
the crystals to grow in these directions results in more perfect struc-
tures. Inbuitively, it seems reasonable and Pfann suggests that
available evidence indicates that it does.

Most materials which melt at reasonable temperatures
wit hout decomposition and are not too reactive can be grown from the
malt, Tne general procedure is to cool one end cf *he melt unt.l a
seed crystal forms or purpescly seed the melt and then pass & sharp
temrerature gradient through it to effect continued crystallization.
Historically, Tammann {22) was the first to make extensive studies of
procedures for growing metal crystals from the melt, He used a long
narrow tip on the end of his crystal growing container, which he cooled
vntil rucleation occurred, keeping the main melt slightly warmer. If
several nuclei were formed at least one of “em would have a favorable
orientation tec grow rapidly aleng the ilube and Ysqueeze ouh' the other
seeds by the time it reached the main tube. Further cooling of the
remainder of the melt would often lead to onz continuous single crys-

tal., UYridegman (22) used the same idea, with the modification of cooling

the tube tu cause erystallization by lowering it into a heat sink,
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usually air, the ratc of travel being slow enough to allow for heat
remca al and propar oriantation of the advancing crystal front. The
usual contaiper material was glass, but as higher melting crystals
were grown ceramic tubes came into use. Many specialized adaptations
of Bridmuan's method were made for growing crystals of such materials
as nickel, copper, bismuth, and scme alkali halides. A number of
special furnaces and lowering (or raising) devices were thus origina-
ted. but perhaps the mest commonly used i= that with which Stockbarger
(2L) grew lithium fluoride crystais. The main feature of this tech-
nique is the vse of a horizontally split vertical furnace. Each half
is independently lieated and controiled with a platinum radiation
baffle between them, An extremely sharp temperature gradient can thus
be maintained which will cause crystallization as the melt is lowered
through it, Further refinements include exponential winding of the
heater wire at the ends of the furnace and a nichrome liner inside
the furnace to even out undesirable temperature gradients., Since
ithe bottom section of the furnace need be only siightly below the
crystal melting point there is no risk of thermal stresses being
incorporated inte the growing crystal, For LiF, Stockbarger used a
double walled platinum foil crucible supported on an aluminsa cement
capped stainless steel lowering device. With this apparatus he was
able to produce LiF cryzials up to three inches in diameter and
iater modiricabions produced crysbal six laches acruss ul vplleal
gquality,

A more usual grovth process wac that of Kapitza (5), who
grew metal crystals by the Br.dgman method but was unable %o obtain
th

m

the desired orientations., This he attributed to a difference in

~PPm



thermal expansion between the crystal, in this case bismuth, and the

+

container, To eliminate this ne meited a roud of the metal on a ghieldad

@

coprer plate and seeded the small end with a crystal of the proper
orientation, As the rod was coclied this orientation persisted through-
out the entire crysial. This same process is now employed in single
crystal growth by the zone refining technique.

A departure from these techniques is that of growing single
crystals without a container; that is, pulling the crystal from the

uscd by Czochralski (26) 4o measure the

!
wu

melt. The method was fi
rate of crystallization of different metals, but was soon adented to
nroduce single crystal wires. Briefly the process consists of plunging
a glass capillary into a melt of the mectal and slowly witidrawing it.
Surface tension draws the liquid metal up to the capillary where it
solidifies and as the tube is raised a crystal grows down towaridi the
melt, Surface tension and the density of the metal will control the
allowatle distance from the crystal face to the melt. As usual many
modi fications were made of this method for different crystals, one

of ths most recent being that of Roth and Taylor {27) for germanium
crystals.,

A similar, but distinetly different method is that of
Kyropoulos (28) in which the crystal is grown from a seed actually
introducad into tne melt. This method has been improved by Teal and
Little (29) and others for producing large germuniam crystals and has
probably helped advance the technology of transistors more than any
other single technique, The entire melt can be pulled into the crys-~
tal and by indicious additiors of carefully seiected "impurities®

during growth, juncticns may be groun direcily into tie crystal. The
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orientation of the seed crystal can be sclected to produce the correctly
orientad finished crystal, but apparently germanium frows equally well
from several differenti Taces (17). The seed crysial must be simulta-
neously, but independently, rotated as it is pulled from the melt. A
rotation of about 100 rpm is usually sufficient to even out heat flow
and maintain convection in the melt; while the pulling rate is gencrally
in the region of 50 microns per second. A graphite crucible is commonly
employed 5 hold the melt and act as a susceptor for induction heating.

A complete treatment cf the process of growing single crystals of ger-
manium is given by 3radley {3C).

Extremely pure crystals have been grown by this technique,
the greatest causes of defects being thermal stresses, variations in
growth rate and the presence of impurities. A zone leveling technique
similar to that used by Kapitza can be applied to imperfect semiconductor
crystals both to promote single crystal character and to level out
impurity concentrations throughout the length of the crystal, This is
particulariy apnlicable to "doped" crystals where segregaticon may
occur during growtn.

A gtill different approach, particularly adap.able to stable
refractory materials, is the flame fusion process developed by Verncuil
(31). A fine powder of the material from which the crystal is to be
grown is fed into the gas stream of an oxy-hydrogen burner before it
reaches the burner nozzle. During combustion the powder melts and is
carried by the flame to a rotation seed crystal cemented to a refractory

rod. As more material is deposited on the seed and the crystal grows

the supnert cod is gradually lowered.
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3.3 Growth from Vapor Phase

Many of the more interesting semiconducting ana photocon-

duecting compounds cannot be crystallized from the melt because of

b

a tendency to dissociate and vaporize. This is particularly true for
many sulfides and selenides and some tellurides. Two general metheds
available to produce crystals of these materials are vapor phase growth
and hydrothermal techniques, neither of which readily resulis in very
large crystals. Heinz and Eanks (32) have reported growing cadmium
selenide single crystals in a pressure bomb at 1100 degrees G and 250
psi, These crystals, however, contained a large excess of cadmium.

The usual vapor phase process involves passing an inert gas
over the molten constituents, carrying their vapors ihto a reaction
chamber where the compound forms and crystallizes out on the walls of
the chamber, Extremely pure, unstrained crystals can be produced this
way althcugh they are usually in the foim oy thin plates. Bishop and
Liebson (33) have growm 725 crystals several square centimeters in
area and up to one millimeter thick by this method, using argou as
the carrying gas, and maintaining the reaction chamber at 1000 degrees
C.

Frerichs (3h) has grown CdS, CdSe. %dle by reaction of cad-
mium vanor with HoS, HoSe, and HyTe, respectively. Very pure singlc
crystals in “he form of thin nlates a few cm2 in area were obtained,

Small crystals of Cd€ have beer obtained hy simply placing
a boat containing seme CdS powder in a furnace with a temperature
gredient pres-nt, Over a neried of time some of the CdS will vaporize

and condense in the form of cryetals in a cooler part of the furnace.
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3.4 Crowth of G

iuvm Telluride and Zine Telluride

growth nrocesses and their properties it was anticipated that boti
CdTe and ZnTe could be best grown by the Stockbarger methed, A
medified stocktarger apparatus was constructed for this use; modi
in the sense that instead of lowering the crystal, the furnace itself
ig raised thus eliminating possible vibrations from disturbing the
growing crystal, A scctional diagram of the furnace is shown in

figore 6, The heaters consists of 0.040 inch Pt-20% Rh wire wound
uniformly on recrystallized alumina tubes excepl over the last two
inches where an exponential winding was vsed. The radiation baffle

is comprised of two thin alumina discs on each side of a two mil
platinum foil giving a total thickness of slightly over 1/8 inch.

Each side of the baffle is recessed to hold the alumina tubes in place
and bring the two heaters closer together to give a sharper temperature
gradient, %he heater~baffle asscembly is held in place in the stain-
less steel shell by insulating bricks, the remainder of the volure
teing filled with :sagnesia bubbles.

The furnace is wounted in ire rack shown in figure 7, along
with the power supply, temperature control uniis, and drive mechanisms.
The furnace is counterweighted and mounted on roilers in tracks to
facilitate movements up or down arocund the reaction tube., A lead
screw mounted on the rack with brass bushings and rumning through a

split nut on the side of the furnace can raise or lower the furnace

by mcans of a gear train
speed motor, The rate of furnzce travel can te regulated between 0,9

and % me/nr,, 15 inches being available for travel. The split nnt can

el rad,
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Power is supplied by a variable transformer, a variable power

resistor being placed in series with the lower furnace winding v kecp
i£ at a lower terperature, Temperature control is of the incremental
tyne; that is, the contrel uniis swvitch in and out of the circuit one
side of a set of paralle) resistors which is in series with the fur-
nace winding, The depgree of control is governed by the vzlue of the
two parallel resistors. For this furnace where each winding has about
eight ohms resistance at operating temperature, one ohm resistors are
used, Temperature centrol units themselves use platinum resistance
thermometers imbedded in the furnace adjacent to the heaters as the
sensing device, The control unit is given in figure 8 and consists
of a Wheatstone bridge circnit operating at 60 cps, balanced by a
ten-turn precision helipot. The bridge output due to changes in the
resistance of the sensing device is mmplified and fed to a phase
splitting circuit feeding directly into 2 grid controlled rectifier
which zumpnlies the screen and control grid voltages of the beam power
output tube, A Sunvic thermal relay with a capacity of 12 amps at
115 volts, which will switch witn a current change of less than one ma
from its normdl operating position of about 20 ma is located in the
plate circuit of the output tube. Short time control of about t 0,1°C
and overall control of about % 0,5°C is attained with tioese units at
1000°¢C, »

The furnace driéing gear train is further reduced and extended
Yo the transformer to give a rundown time of frem 273 to 27.2 hours from

full en. This allows annealing rates of from about 16 to 160 degrees

<D=
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The specimens were prepared for growth by weighing stoichio-
metric amounts of° zone refined tellurium and high purity cadmium into
a thick walled silica container, 12 mm in diameter. These were then
pumped down on a high vacmm system to a pressure of less than 10'6 iy}
of Hg and s-sled off. The batch filled about 60 to 80% of the volume.
This was ther piaced inside a mullite protection tube also cormected
to a vacuur system and suspended in the furnace, as shown in figure 7.
Since CdTe melts at 1041°C the container was heated to about 1120°C
and then cooled to 1080°C before crystal growth was started to assure
complete reaction and reduce the chance of any nuclei remaining. At
this temperature the vapor pressure of CdTe is sufficient to cause
the silica container to "balloon" out against the mullite tube, To
prevent this it was found necessary to encase tnz siiica tube in a
close fitting alumina tube. The entire assembly is shown in figure 9.

Before starting to grow the crystal, the mullite tube was
flushed several times with high purity helivm to remove any oxygen
which would diffuse through the silica at high temperatuvres, and to
prevent contamination of the crystal in the event the silica container
cracked, A slight overpressure was sealed off in the mullite tube to
further help reduce the exnansion of the container,

The furnace height was set manually so that the hottom of
the container was about 1% inch above the baffle, zssurine the entire
tube of being at the same tomrerature. The furnace was heated at the
rate of 100 degrees per hour up ‘o 700°C. and 25~30 derrecs per hour
after that, since it is believed the highly excthermic reaction between
Cd and Te takes place at about 770°C, The hottor furnace was brought

2
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te 10107C and the top to 10809C where wne contror vaiis take over. 1%
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was found advisable to hold the furia. z abt these lemperalures overnight

thravohant the furnns
Thrauonout Ine Iuvynase

m

e
trel units tc be set for maximum sensitivicy.

Fur iace travel rates of from 1,5 to 6 mm/hr were used with
nc apparent, difference in the quality of crystal grown. Two m/hr
was adonted as a standard, however, to eliminate any variables which
did occur. Annealing rates were likewise variec¢ with no appreciable
effects. This also was standardized, at 25 degrees per hour, Using
the standard technique described zhove. a success ratio of about 60%
was obuained in growing single crystals of CdTe.

Since Jenny and Bube (8) had reported the occurrence of both
- gype and p-tyne semiconductivity in imourity doped CdTe, melts were
made containing 0.1 mole percent silver, bismuth, indium, antimony,
and thallium alcng with pure CdTe, These with Ag, Cu, In, and Sb
sroved quite successful, 30-40 gram single crystals being obtained.
Thermal em: measurements indicate p-type character for Ag and Cu, and
n-type for in and Sb, These results agree with what is to be expected
from the normal substitutional feature of higher valence cations
increasing the n-type characier and lowcer valence cutions increasing
the p-type character. The opposite effect helds true for anion substi-
tution, higiier vrlence giving p-type and lewer, n-type.

Pure Cdie turns out to bte n-type, due probably zo cadmium
vacarcies as nas been suggested by Aroger and de Nobel (30),.

4L vhctograph of some cleaved pure crystals is shown in figare
10.

Powder rethed x-ray ciffraction measurcrents of osure Cafe

. . . . D A e
show the oubic unit cei! naramcter to be 6,L57 = C,00% i, Impurity
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doied erystals were alse investigated but ne change in lattice para-
meter could be deterwined within these limits of accuracy.

Cadmium telluride crystallizes in the zincblende structure.
It atways cleaves in the (110) vplane and in this plane it cleaves
aleng the 111 direction,

Those batches which did not give single crystals wei . all
comnlete polycrystalline masses indicating that extreme supercooling
may have taken place resulting in sudden crystallization when nuclei
did form, In no cases did a sample twrr out to be single crystal
part way up the container and then degenerate into a polrciystalline
form.

Only one successful ZnTe single crystal was grown. The
higher melting point of this material (1280°C) seems to place it
at the extreme limit of this method. In practically all cases the
contaizer broke, often violently, In an attempt to contain this
material a graphite die with a screw top was machined to enclose the
silica container, While no crystals were obtained using this arrange-
ment it was not investigated extensively and further adaptations,
mainly a substitute for the silica container, might well prove success—
fvl, If so, it could be adapted to other volatile compounds such as

CdSe, and mercury selenide and tellurides.
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Calculatinns of permitted velocities of e:iectrons in thas

metal using the Schrodinger wave cquation with a constant potential

(4]

how a seris of velocities corresponding to definite wavelengths
Lo
according to equation (l). This means the electron is parmitted only

ponding to this series.
3ince there are more possibie cnergy Levels in a crystal than

there are electrons, 1f we start 3311 the levels, making use of the

Pauli exclusion principle, which states that two ¢lectrons may occupy

~ie=
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materials thon will not exbnbit metall:e condueticr . They may be made
to conduct only if sufficient enerpy is supplind to some eivcurens o
raise them acrcss this pap. IF a sufficiont concentrition of free clec-
trons and holes is ercated by thermal exeitation o give riss w a resis-

s AN — TV R - . L
tivity in the ranpe G to 10'Y oim-om the moverial is cailed an 1ntrinsic

scmiconductor.  The nmmb o ol cioecteons an the confuotion bane of a semi-

P
=

condictor or insultator with encr,oy cap & and at temperaturs 0

) (S
where k18 the Boltonim consoont .
T 0.02% ¢V, <o for ¢ omond for which B 22 10 eV

At room terpcratur. kT o,

n - nge
which will be aa extromely small rumber of frea ele:irons.

For grey tin, E X 0.1 ¢V so

n the conduction bhand

which means that about one percent of the

Thus, we sec that there it no real difference between insunla*ors
and semiconductors, the designation depending only on the width of the

Qorbidden zone. If the zonduction process is que 19 {ree carriers arising

from discrete levels raved in the forbiaden zous the scliu is sain to
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cxhibit extrinsic semiconductivity, Two types of such Tevess arg pessivies

tea 1o

noremnl .y o e e

donor Jovels whi

the conduction bang, ane accspla s Teve s which may “acccpi™ eleciions oo

the valience band ¢giving rase Lo fres 0oies,  AS wne wowid and s dpalc,

semieonductors ang ansulaters penera’ iy have & tepative resistivity

4

coefficient, the resistan:e deereasing as the tomperature incercascd due

to the increase in the mgsber of froee rarreont carrierg wilh tamperatere,

In solids with irpurity @ove o, fewever, there may be a tempor-
ature range belween the cxtrinscce ans antrinsie conductivaty repions in
which a posative thermal resistivity coefficnent exists.  This ariscs from
the fact Lhat the impurity lcove s, which wils e denizod 2t Gow tempora-
turcs, may be emphtiea vefeore dntrimsic conductivity asnames fali contronl
cf the conductren process. i thic state the material is simitar te a
merallic conducter.

1t ererpy 1s now capplice to b solid sufficient to change the

nurter of free carriers, a Chanfe i condretivity will be occasioned. If

7 defincd, the pap widih or distance betwecn

this energy is precisc

various levels in the forbicdern zone ana the va ence and conduclion bands

wmay be determined by noting the enerpies the greatest increases
in conductivity. 8ince the maximum intrinsic energy gap width usually

enceuntered in semiconductors 1€ of the crder of 2.9 ¢V, one of the most

The quanturi reletion eV = by, where o is e¢jeriren charge, V is
velts, I is Pianck's constant, and ¥ 1is frequency of the radiaiion, shows

us that radiation of wavelengtir 12396 & wil} have an cnergy of 1 eV,

nipth S00U | correspoacs o 2.9 eV,

From this we see that radiaticn of wave
Shorter wavelengths would mupply o ghe energy and seoactualily semiconduc-

cencuctivity, but since tre

terg and insulators both may erhibas pro




occurirence of pnotoconductivily in insulators such as the arkali halides

is generally treated differently than in semiconductors, we will concern

iconductors,

ouras«lves mainly with

As was stated previc v, mach of the ear’ier work on photocon-

auctivity was derne in iasulators by Guidden and Pohl (57). They dastin-
ruished between two types of photceon-ieting crystals: those characterizea
by high index of refraction {3 ?) whose properties were dependent on the
material itself ana not induced by aefects, and those wns photocunductivity
ar¢gse from induced defects, the pure solid showing no pnotocandnctivity.
The first type is exemplified by aiamond, while colored rock selt is the

al50 distingulsind belweeis p _mary

and secondary currents and list the foliowing characteri. ics.

Frimary Secondary
Instantaneous risc time Slow rise time
Small temperaturce dcpendence Larg: temperature denendence
Unit quantun eff:ciency Quantur efficiency greater than

unity

Qccurs in perfect crystals Usually occurs in impure crystals
Proportional to light intensity Hysteresis effects often occur
Current propurtional to field, No simple relation to applied
saturates at nigh voltuages voitages

Since the primary current makes up the actuai photo effect, it
is best studied in "perfect" single crystals. The secondary current, be-
cause of its greater quantum efficiency, is generally considered to be due
to a lowering of barriers in the material, and so it is best examined in

polycrystalline fiims.



The ce Sivity dn semiconducicrs id not

take the difrercnce boiween py My odd seecnaary photocurrents

ef anii ok fuzaly were u
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respatse curve for Hegd was aitered depending

present,  Secendary cur-

rent cffects can be limiteou by asc of puiecd or chopped lifht, and
increasing; the puradly of Lne orysiais.

As *he sirpificance of defeel structure has become more apparent,

*ation and
nature of Lhe discrete eneryy ltevels located in the forbidden gap, which
arises from such acfects as irpurity ions, lattice vacancies, and disloca-
tions. ince the "purest! of crystals, as prepared, will contain an 111~
defined assortment of defecvts, levels ave often purposely intrccuced by
adding impurity 1ons or creating latltice vacancics to give a predominance
of one type for investigation. Structural defects may occur in a variety
of forms, such as cracks, and edge and spiral dislocations and so are
much more difficult, if net impossible, Lo purpesely introduce into the
crystal in precisely defined amounts and types. Since the energy asso-
ciated with these defects may give rise ito energy ievels in the forbidden
gap, it is important to have ss fow of them as possible in the crystal
s0 that their effects are not confused with effects due to purposely
added defcets.

These levels in Lhe furbldden segiz: will have lower activation
energies than the intrinsic activation energy and so give rise tc photo-

conductivity effects in the infra-reo The spectral

*

coponse of a photo-

conductor then will depend on the intrinsic gap wicth and the location of




the cnergy levels in the forbidden gap. The actual magnitude of the photo-
current, however, will depend on the 1ifetimes of the current carriers
liberated.

T a plotuconcucio: 15 subjected to optieal radiation of energy
equal to the intrinsic cnerpy gap, free electrons will be raised to the
conduction band and free noies wili be created in the vaience band. The
lifetimes of these carriers will be determined by the rccombination
process occurring in the soliu. Since cach excitation cycle ends in
recombination of an eleectron and hole at a discrete energy level in the

forbidden zore, the concentration and capture cross section of these

vela for clectrons and holes will control the recombination process ang

hence the photoconductivity.

The: most dotailed semi-quantitative account of recombination -
processes is that due to Rose (39), which more recently has been put on
a quantitative basis by Bube (29) in accounting for the photoconductive
propertics of CdS type photoconductors (CdS and CdSe). A review of this
treatment is presented here with a view to accounting for the photoconduc-
tivity of CdTe on a similar basis.

The i{hree main observations for which suitable recombinaticn
pictures are not available are (1) "supralinearity", that is photocurrent
which increases with 2 power of light intensity greater than unity, (2)
increase in phwiocurrent with the acdition o
(3) "infra-red quenching", decreasing the photocurrent due to short wave-
length radiation by the addition ¢f long wavelength radiation.

¥hile many simple models are often available to describe some
gemiconductivity observations, it is difficult to prupose even one for
Lhe phenomenon of "supralinearity". The second obscrvation seems in-

tuitively unlikely and the third has been ruported both in scmiconductors



and Insulators, usually appiied to lwnnestence but alse Lo photoconductors,
and even clectrolmiinescence (L0). As will be shown later, two different

¥

ns for

with 3ftferent capiure cress scctl

types of reconbination
¥

clectrons and holes are pecessary o any singie model whaehocun account

ure

1t is peneraliy acceptoa bhal transitions oo nol
dircetly between the discrete encrpy levels in the forbodden zene at Jow
densaties of states, aithough such transitions may  welld occur 1T the
a1ty

. N 3
density of stales exceeds aboul 107 /om -, These states are further

picturcd as having = capacity of either once electron or hele and are con-

sidered to be the sites of carricr capture, which {or the sake of simp
and lack ol evidence toe the contrary is considercd as a one step process.
At equilibrium, under radiation o ecnerpy equal to the intrinsic energy
gap, electrons and holes will be combining at thesc levels at the same
rate they are being gencrated.

Consider now the encrgy ievel model piven in Figure 13 showing
the possible ~rray of possible states and their si..istical division. The
Fermi level is defined as the energy at which the probability of a state
being filled is one half, and for in.rinsic semiconductivity this level
will be exactly in the middle of the forbidden pap if Lhe effective masses
of electirons and holes are egral. The steady state Fermi level for clee-
trons (holes) is a mathematical concept intrcduced to describe the con-
centration of free electrons {holes) and 1s located ai ihat energy where

half the donor (acceptor) levels are occupied.

o ~ - - N -
i S 8.5.F.L.
- - . “« - - (electrens)
F.L.
S8.S.F.L.

(hwies)




LG Bearent s sdpes of bne valence and conduction

These s
bainds are acsipnated as shaliow trapping states because they are casen-
tially o therma: equirlaibrium with the valence and condnction banas; those
nearest the centes arc proumt SLAtes where recombination takes plave. it
should be mentienca here tnat the concept of traps is statistical in nature
and mercly indicates a higher protebility for electrons to be thermaily
excited out the top of the trap tran to fall through the botlom by recom-
bination with a hele. Eicctrons and holes falling into ground states are
considered to have compictocd their excitation cycle. While it appears

intuitive that uld exist the question of where to draw

the Jine between them and rcceombinaticn centers may arisc. 1P there is a
reasonabiy uniform distributicn of discrete states in the forbidden zone,
the demarcation line is drawn at that energy at which an electron is equally
likely to be capturca or thermaily excited inte the conduction band, like-
wise for holes T a Mirst approximatiwn these lines correspond to the
steady state Fermi levels, tates between these steady state Fermi levels
will then be ground states and control recomtination processes. States
outside these ieveis will have a vanishingly small effezt or recombination.
If the solid is subjected to an excitation process which causes
an increase in the number of free current carriers (both holes and electrons)

the steady state Fermi levels will move outward toward the band edge and

the Termi levels wall approach each other and these ground states will re-
vert to shallow traps and be thermally emptied.

The capture cross section of a center wiil generally have a
valne of from 1073 cn? down to smaller values with 10722 cm? reported (L1);

10-15 om? being a common valve which corresponds to the approximate size

of & lsttice site, Different capture cross section for electrons and holes

o



-

are Jikeiy to e Tayued by any parsacnTar level. A positively charged

center, for evample, wiil have a crealor ¢ss geetion for capturing an

electron than 4 hote ¢.y charged site will be more

. \ = 2
Far sections for electrens of 07 em€
ite Ul ot SEme
et L
o o s nak e . . . . .
The fivsi actand onee v 10 capsldered is that of i ansulaton

or semicnnductor with one claws of aiscrete enerpy levels, an which therc
are severai poss:bilities, including tihcse where {1) carricr concentravicns
are small compared with grouna state concentrations, (2) carrier concentra-
tions are large comparcd wilth pround state concenirations, and {?) eurrier
concentrations arc intermixed with ground state concentrations. Fellowing
these are those cascs which includee the addation of shzllow traps and a
continuum of discrete energy levels.

(1) The usual case for a pholoconductor is that in which the
concentration of free carriers, n and p, is small compared to their con-
centration in ground states, a condition arising from low excitation
intensity. This case 1s shown in figure lhe where a solid with a set of
ground states localed near the Fermi level is undergoing an excitation
process. At equilibrium, electrons must be entering and leavirg the con-

duction band at identical rates, and holes must be cntering and leaving

band at the same rate. Since recowbination occurs at the ground
states, electrons and holes must be entering these levels at equal rates.
The rate of excitation f (cm'3 ser:»l) is given by:

i.f.‘,snnpgs—vsppng (G}

where v 1s thermal velocity, &, and s, are the capture cross sections for

Sn p

electrons and holes, respectavely.

Ll
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Since n,p <b<“u’ Pes the concentration of electrons and holes
in gyound states after excitation will be approximately equal to their con-
centrations before excitation. Then np and Py in cquation {4) represent

the concentyation of clectrons and heles in jpround states hefore excitation,

n = I/v g, Pe and p = £/v s 0y (5)
n and p thes being Jdetermined independenily by capture cross section ana
ground state concentration. The lifetimes can now be piver by:
~< e © /v sy by and ~ P = 1/v sp ng (6)

Free carrier concentrations then will increase linearily with excitation

intensity. Althougn the ¢ nd holes in the ground
states is the same after cxcitation as before, their distribution need not
be the same. On the average, any given state will be occupied ng/nE * Pg
of the tims by an electron and pg/ng * Py of the time by a hole.

The re-cstablishment of the original distribution may give rise
to the long time decay tail in photoconductivity of'ten observed. This
process may also occasion the conductivity and luminescence "glc-curves®
if the illumination is carried out at low caough temperatures to keep
this re-ordering from taking place till the solid is warmed up.

Moss (L32) gives the conceniration of free photo-electrons for
low light intensities as:

n = f/BM
where M is the concentretion of recombination centers and B is a "recombina-
tion coefficient®, with units of cm°3/sec. Since n can always be small
compared to M, and B is fixed, the photocurrent should always vary linearly
with intensity at low intensities. The electron lifetime then is given by

X = 1/B4



Since B has the units of em® */see, it be Geen on comparison to cquation

{€) to be equal to v sy, If we take s, to be about 1072 ¢n? ang vy 107

N . . . P \ 51 .-
em/sec, with a concentration of recombination centers, B ‘::,-J(.h(’ on -5, we

s . BN . L . .o .
cet a lifetime or X = 1077 sce. Considering the widest lixely limits for

2 4 2

o . e .o I N R ’ s
sp (10745 o 1077 er) and K (103 to JO'U em 7) we would expoci 3ifolines
of from 108 to 1071 sec

On the otker hend, it is generally considercd Lhat minority

carriers in insuvlatling erystals are immobile, or necvly so, and have
extremely shori iifetames, This view is supported by lack of tranuistor

action in highly insulating crystals and general lack of p-type semiconduc-
tivity in such crystals (LY).

While it 45 poneibic to measure majerity carrier (edectron)
lifetimes by means of measuring pholocurrent decay, it is necessary to
use the photoelectromagnetic effect to measurc hole lifetime. Following
the work of Moss (L), it has been shown by Sommers and Berry (L5) that
holes lifetimes, as measurcd by the P effeci, of at least 7 x lO~7 sec
can be found in Zd5 crystals of p = 1010 ohm-cm where the electron lifetime
is only 2.6 x 10~ 6 ec. This existence of larger than predicted hole life-
times had previcusly been supgested by Smith (L6€).

(2) 1In the case where P ) NPy (figere 1hb),the concentra—
tion of free electrons and holcs at equilibrium under hipgh intensity
excitaticr will be approximately equal, although their ground state con-
centrations after illumination do not have i6 remain equal to vncir
concentrations prior to illuminatior. &ince free holes and elecirons
are being generated at equal rates their lifetimes will be equal.

Therefore

1/v sy Py = 1/v sp ng

L3



Their common :iietive then g

o i
N s ————
SnSp
!l“[ -
5:%3p

From this tue iecteon ane tole concentration is given by:

£
SnSp

rlir

Syt SP

wileh 23 du (ne previous <ase 1S lineariy proportional 1o exc:tation intensity.
{3) When Uree carrier concontrations are intermixced with gronnd

state concontrations, thal is, when either ng )) nad pg)) p, or

Pe»s P22 “l', »» 1, we have the case avising from medium ratiation

intensity. Taking the first case, from previous arguments ng remains

constant mnc pp will remain 2% n under iilumination so

ps
no= /v sy = (/v 5,)*

The electron lifetime will now depend on their concentration and so the
concentration of frec electrons will increase cnly as the square root of
the radiatirn intensity.

Again considering the cuse of only electron carriers, Moss
arrives at a one-half power equation at higher radiation intensities
when the concentration of free electrons becomes much larger than the
ters, owmith (47) has shivwn thail a
linear relation between photocurrent and light intensity holas for CdS

over several orders of magnitude, but decreases to a one-half power

relation at higher iniensities.



These thieo caues

» o raphie

iy oumearized in fi,re M. The
particular shapc of thesc curves naturally depends on the valwes of g, Fpa
g anc pp. The above firure corresponds rouphly Lo the situation Sy <eSp,
and ng by Fye

Flgare 1Ld represents the bana picture with the acaitios of
shallow traps. The addition of these traps will serve mainly to increase
the rise (and decay) time of the photucarrent since more frec current car-
riers must be producec.  The rise {decay) time thern will be increased by
the ratio of trapped to free carriers. At high radiation intensities, of
course, these shallow traps may become pround states, in which case the
discussion is the same as (2).

In orauer to explain the fractional power increuse of photocurrent
with intensity and the rapic increase in response speed with lipht inten-
sity, the mode! shown in figure lhe isproposed. The increase cf photo-
current as a fractaonai puwer of inteusity is explained on the basis of
a decrease in the lifetinme of the free carriers as radiation intensity
increases. This occurs as a result of an increase in the number of states,
which will have a high probability of acting as recombination centers,
brought about by the separation of the steady state Fermi levels.

Resronse time is given by < (ny/n) where (ny/n) is the ratio
of trapped to free carriers. n will increase almost proportionally with
light intensity anc since ny will remain almost constant and ~ decrease
but slowly, the response time can decrease at almost the same rate 23 n
increases.

- - s A P O R N A
L0148 COMpleZ moute,; aLUIVuEgn Savad

red guenching, and activation. For these, the addivion of another class

of levels is required (figure 1:f).



With the additicn of these, the whenomena of activation can be
accounted for on the basis of one of the c(lasses of scaves having a dif-
ferent capturce cross section for olectrons than for holes. 1If for one

for electrons and holes

Peresg g

e¢lasy of gstates (1), the «
are the seme and for the cther elass (T1), the capturc cross sveticn is
much less for elrctrene than for holes, then under low cxcitation (free
earrier concentration small compared to ground siate conccntration) tho
state wilil similar caplure crosg sectiaons will gradually become saturated
with electrons sinco the other class of states has 1ittic terdency to
capture electrons, so electron lifetimes will increase. This situation

is given in fagure !Lg. The "latent¥ periods observed by Frerichs (L8)

in CdS are proposca to be due to this redistribution of electrons from

one clas3 tc the other. This period consists of a time interval aftcr
initiating illwrination on a crystal which had been in the dark for a

long period, before the photocurrent rises rapidly to its equilibrium
value, appeari.y asz if the radiation is activatin~ thv= crystal.

Infra-red radiation applied simultaneously with short wavelength
radiation tends to raise electrons up to the empty class II states allowing
boles to be captured in the class I states which are full of electrons,
thus helping to reestaplish the original distribution and thereby decreasing
or quenching, the sensitivity.

If the clase II ctates are o
forbidden zune than the ciass I ctates (figure 1lh), as the intensity of
radiation is increased, more of them will [unction as ground states (the
steady state Fermi leveis will be moving apart). The class I states will
become more and more filled, thus steadily incressing the lifetime of the
free electrons. This results in increasingly sensitive photoconductivity

and go supralinearity occurs.




At sulfizientiy bagh radiataon intensitics, howevdr | the concen-
trations of frae eleocirons and holeg will preatly cveoea the concentration
of pround states, and becume egual to each others Bffects due Lo th
creund states then become neglipible nnd the photoconductor 1s no lonper
sensitized by their prescnce.

fose also gavee an account of recormbination in semiconductors
which apparcntly applics only to oxtrinsic semiconductors,in whach there
is a preater concentration of one type thermally produced carrier than the
2ther. An anelysiz of the {ree carrier lifetimes at low anc hiph excita-
tions in this solid lcuds to the conclusion that with only one type of
ground state a supralinear photecurrent vs intensity plot. can ke obtained.

If more ithan onc class of ground state is present, hiph intensity
radiation will give shorter lifetimes because of the increase in the number
of recombination centers. Low intensity radiation can result in a variely
of effects. The lifetimes of both carriers may e shortened or lengthened
depending on the various concentrations and distributions of free zarriers
and ground states.

Rose summarizes by listing four parameters and their possible
values by means of which various recembination processes may be described,

these being:

material: insulator, semiconductor
excitation ranges low, intermediate, high
grouna states: one class, more than one class
lifetime: electron, hole, free pair

Bube (39) has applied these theoretical considerations to GdS
and CdSe and arrived at the band picture for these photoconduciors, on a
more mathematical basis. A model containing two classes of recombination

centers fiiled In the dark and a set cf trapping levels normally empty in

.



the dark ig necessarey we dels raor prvrarinearaty, temperature dependence,
anfra-red quenching, @ sperd of reaponse,

The tovein asseciaterd witn sapraoamearity ocear at oo 0 oV oand
JLspective iy, wibh @ ratice

Tew oV abeve Lhooovie oo hand o Jobe ane Uad

far the capture crgss scotion of Loetes to that tor eiectrons of 3

for CuSe.  Sipee suvpralincariiy cocaes an "pore” erystals of tnesce com-

raten witn o fattico gefect)

ok ve s are

pounds, il ajqe
probabily catror ccancicn

In nvesiiyratarg luminescence offects in silver-activates CaS,
Lambe and hlick (v} aise arrive at a nodel containing two different

levels in the forpiddon cap, which they desipgnate quesching vontera a

activator, or sumanescence, levein.  Both of thie centers act us recombina-

ticn centers verae atse’s o Dinition of the term although they refer to

therm as trapa,  The oolivabor leveles (duc to ag iens) lic a2pout 0.l eV

beJow the copduation Dune and gave @ Lazee capluure cross scction for holes:

this capture giving rree w lusinescence. Once a center nas captured a
hole it cannow conbribut further to luminescence untll it nhas captured
an e.ectron to recomtine with the hote, thus rcturning tne lfevel to its
original state., Tiis slep may vake mush longer than hole capture and so
can account fur the aucy lonper decay of photoconcuctivity and the rapid
decay of luminescence, when radiation is removed.

The quenching ceniers are Lhose empty levels normally found in
Cd8 at 1.0 eV above the valence band and have supposedly near equal capture
cross sections. Their function is to provide frece holes which stimulate

R

luminescence and consequently gucnch photocanductivit

4

y when i) Inminatad

[

with 1.0 eV radiation. These levels correspond to those found by Bube (39)
at 1,0 ¢V above the valence band in ¢dS and 0.6l eV above the valence band

in CdSe, which he finas to have much larger capture cross sections for holes

L8
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Poheating, act!
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rechanicaliy icduced aefooby are no

»othicker samples,

ficuit to cut

however, the nitropgen Set aigreroes so preatly it s

accurate geors lris Shopes ano snotne carcor.nars cink is used. Although

it is water ceo ooy sostane oomtaln y 4t the Liade cdre,

Removat of the rur o-reo tooa cepil 98 ane-baa: nloadneter by the Moir-
brasive" s cons -ireq noeguate to romove any ffeets due to this neating.

a finishew size of either 73 & x 6 mm3 or

Mhe theoretical aspects of forming ncico-free, ohmic contacis

to semiconductorse basca muan.y on wors functions has been treated by
Smith (U6), Kroger (£7) ¢t al, Tadium and pallium were reported (06)

to perform west on CaS {n-type). et ane Jenny (3%) used eicctroplated
nickel and copper on woth n- ana L-typo Cale to which the leacs werc
soldercd. The use of In on on-iype and au on p-type CdTe is reported by

Kroger and ce Lobel {34).

adapted for this investi-

©

gation with the exception ctnat In was usud on purc Cefo for reasons whi

will be explaincc later,



Typival n-type cvyoials (In cmpurity) with dn
restataces 11 the cuagro 2500 ohens whierensg goid contacts prive the sanu

pootimens apparept resistances of 100000 K ohms. Typical p-type sampies

bl . L ) A b L.
ki tmpurity) with pola contacts have resistances of 10}‘-10' olms while

the name sperimens with In clectredes show apparent resistances of 1 -

shoaf Cule, which would be p-type due to

cuumiun vacant les, pave an apparent resistance of 9 ox EU/ ohms with In
centacts and aftsr thess were removed with the "airbrasive™ and Au
applied the apparent resisiance dwopped to 8 x 166 ohma.

The indium clectrodes arc appilec by vacuum plating. Since
0. ten indium wiil not "wet" a tungsten heating element it is evaporated
fror a conic&l silicva boat supported in a helix shapea tungstoh wire
heater, The crystals are suspeaded Ly fine platinum wires 3 to U inches
above the boat, the cutire assembly belng encjogrd dn a bell jar kept at
a pressure of JO'ﬁ mm Heg by continual pamping by 3 mercury diffusion pump.

Since electrodes are desired only on opposite ends of the
samples the remainiing sides are carefully cleanied off with the “air-
brasive" unit.

Gold contacts are applied by tcuching a drop of AuCly solution
onto the desired spoet. The sclution is allowed to remain tnere a fow
sceonds and then blotted off.

b. Thermal emf Meawurements: To determine whether the samples

are n- or p-type, the sign of the themal emf was measured. A terperature
differential of up to 0°C was maintained acress the erystal by pressing
it between hollow copper blocks through cne of which was flowing hot
water and through the other cold water. The hot end will be nearer the

intrinsic rang: than the cold so the Fermi level wall fall in a n-type
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A Porkin Elmer moder 9s singde-bears covble-pass monochronator

1o Glo-bar operated at YCMEK s used

with 1reck satt optics

as the radiation source covering Lhe wavelepgil region of 0.5 Lo 18
microns. A ten-turn Hodipob mountee en the wove drim of the monochromator
in conjunction with o precision resistor ane dry cell constitutes a voltape
divider networs fecoiny into the X axis of tle rmccorder which is caiibrated
in tems of wvaveienpth, The Y axdis is fed dircetly from the current meas-
uring clectroncter circuit and ig caiitrated in taems of photocurvent.
The current meaguring circuit consists of a Keithly model «OUB electroneter
measuring the voltage dop acrors a decade resistance unitl of one percent
accuracy. This voltayrc i35 nover pmure whan 10 millivelts and sinece at least
one volt s s.wuys usud as the power source, the voltage of the powe™ source
will be the voltage acruss Lhe crystal to an accuracy of al least one per-
cent. Although only one volt was usually nred across the crystal to
avola effects due tu iigin fuelds, pure ©dTe erystals have such high resis-
tivitics at low temperaturcs that up to 10U voits were uscd. The ratio
of current under illumination to dark current was measured irom ong %o
L00 volts under standard venditions and little chanpge was found.

The brass sample holder snown in figure 16 is ztlached ripidly

[,

~ o+ s wd s s < T T s, far s arm/aay oo 7 3 re
to the nochromator, and cenmccted te o vacuum and pas handling system,

An atmospherc of high purity neliuc is maintaincd in the holder to facii-
itate heat transfer after it has been evacuated to a pressurc of 10'6 .
The sample is held in piace vy a sprang loaded plunger which also presses
platinum foil electrodes against 1t ana is electrically iusulated from
the sample holcer by 0.3 mm thick mica sheets. The foil electrodes are
bent over the ends of the crystal te shield the contacts from the radia-
tion. A thermocouple is imhedded in the holder adiacent to the sample

for temperature measurement.

-5~



Sample illuminstios is accomplished through a periclase (KgO)
window fused te the pround plass joint connccting the holder to the
vacuum system, Sampics may be changad without disturbing the position
of the holder 2o thor radiation copditions will be identicell far all
samples.

Since 1t iy vital to have as nearly as possible identical
ambiens conditions with respect Lo the measuring cquipment for cach
stage in a serics of measurcments, a dchumidified sheet aluminum enclo-
sure was usecd to surround the entire apparatus. This pave much "cleaner"
recordings and jore uniform measuring conditions.

With this arrangement, photocurrents in the range of 1079 to
§ x 10-13 amps over the wavelenglh region of 0.5 to 9.5 (2.5 eV to
U.13 eV) can be measurcd arvd automatical ly recorded.

d. Impurity Doped Samples: The crystals doped with Ag, In and

Gn were cxamined for sipns of photoconductivity over the iemperature

range from roon Lemperature down to -1¥69C. Only one Cu impurity speci-

mer, (p-type) cxhibited some photoconductivity below -125°C in the region
of 2* (figure 18). 'The absence of photoconductivity in the other impurity
samp’es is almost certainly due to too great a concentration of impurity.
This results in such low resistivities that any effect of radiation on
the sample is masked by the larpe concentration of free current carriers
already available. The copper sample which exhibits photoconductivity,
for instance, has a resistivity at -125°C of about 2 x 108 ohm-cm, whereas
another ccpper sample (with no observable photoconductivity) had a resis-
tivity at -125°C of only 8 x 10° ohm-cm. Other typical resistivities of
samples which dia nc. show photoconductivity are:

Ag doped: p-type (-100°C) 107 ohm-cm

In dopeds n-type (-125°C) 10 onm-cm

-850



e. Parc Cdle Sampiess Indium electrodes were vacuum plated ento
the samples cut from a purce GdTe crystal. Their variation in resistivity
as a function of truperaturc wss measured and plotted as In Q vs /7
(.('igure 19a and b). Since freon statisties, tne resistivity of a semicon-

sy DT

. . . . Ly ekl
cuctor will vary as e the roiationship * Ael/
4 N

can be usecd Lo
find the activation enecrgy for the proeess of rsising an electron out of
the vaience band inte Lie conduction band and leaving & free hole behind.
From this relationsnip we can pet ing = 1n Ae (Ef:/2k'1') wher Eg/?k will
be the slope of the “ine frem which Eg can be obtained. Values of 1.48 eV
were obtained as the antrinsic cnergy gap for both ¢f these samples. Since

the lower temperatnre, or oxtrinsic values, of these two samples vary so

greatly and do not give pood straight lines they are probably indicz
of leakage resistances encountercd in measuring extremely sm=l}l currents
at very low temperaturvs.

In an ¢ffort to determine the most suitable electrvdes for
photoconductivity measurcments the photo-response of these s samples
was measured at room temperature (figure 20a and b). The indium elec-
trodes were then removed from sample no. 2 and repiaced with gold contacts,
The thermal activation energy and photo-response were tren measured and
as can be seen from figure 19b the activation energy was lowered consider-

ably below the generally accepted value obtained with other electrode

letely destroved, even

at,
liquid nitrogen temperature. Removal of the Au contacts and about 0.5 mm
of the crystal ends followed by replating with In only very slightly
restored the photoconductivity. This sample was not used further for

fundamental measurements as its exact composition was now iu doubt, and

In was adopted as the standard slectrode for pure CdTe.
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The intrinssc ecnergy gap dctermined from figure 20 gives s« value
¢f 1.5 eV, in roou apreement with themmal activation enerey measurenents.

In fipure 20a, and Lo sote catent do 200, a socond apparent pook can be

observed in the viecaingty of 1 1 There is also a aitference in the

-

phvocurrent aepenaing on the direltion of radiation wavelengih procession;
i.e. short to long waveliengih or lopg to short. With these considerations

in mind, the photocurrent was measurca using constantly changing wavelength
radiation, in both directions, at a number of different temperatures. In

all cases the sample was cooiod 1n the dark, before beang i1 inminated. 1t
can be scen in figurcs 21 and ¢z that the second peak is clearldy resolved

at 273%K :nd the sbhape and relative heighis of the curves arc grecatly depend-
ent on tenperature. Figure 22 pives all the curves drawa on the same current
axig to better show thoiv reiation %o ecach other and represent photoenrrent
when the radiation wavelenptn was chanping from shori to loag.

It was turther ouscrvcd at low iemporatures, starting at 273°K,
that rise and decay times starteu increasing. Because of this, further
current measurements were mace under constant wavelength radiation in order
to assure equilibrium. It waz first necessary to citermine the shift in
activation energy of each peak with temperature as shown in figure 2> to
know what wavelength radiation to use. The figures for the¢ intrinsic
peak agree very well with absorpticn measurements of Bube (HL) ana diclee-
tric measurements o! Bailey (S8). Measurcments of the second peak were
less conclusive, indicating ihe snift may be parily real and partly duc te
the 12lative ohange in share and heirht of the Yuo poaks.

Figure 2). shows a series of plots of maximum photocurrent vs
relative intensity for each peak, using constant wavelength illumination,
at differant tenperatures. In all cases the procedure for taking the data

consisted of (1) cooling the crystal in the cark to the desirea ¢ mperature,
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Fie 29y

(2) obtaining an eauilibrium dark current, (1) measuring equilibrium current

dwe to 1.9 eV raciation belina 2.4 density fiitter, (&) changing to 1.1 ¢V

radiation and measuriug cop dum carrent, () letting current retum o

dark vatlue before repeating steps 3 and by, with

were @clected By the proper combination of 0.0,

Cu3, D06, U0, and 1.8 nentral dewsds

y fifters., During this seraes of
measurencnts it woe cioeved that st 2007K the protocarrent due to ..U oV

radiation exhinited a ™ time of corme few minutes. Upon iaterruption of

illurination, however, the decay was rather rapid.  As the temperature ez

Towerad further the rise time insrcasce to aboutl 12 minates at cLOYA, 20
minates at PO0YE, ana Lo owinutes at 09K, Rise time for the i.3 oV peak
was rather short in all cases. 1t was furtrer observed that 1f iilumination
were continued after the intrinsie maximun was reached, the current would
commence very siowly Lo decrease.  If this were allowea to continue for a
fow minutes befors the raaintion was chaigoa te 1.1 €V, the 1.1 &V peak
would be considerabidy tower than if the radiietion Javelonpth were chanyed
immediately when the mosimum was reacheo.  With such iong risc times it
was difficult to establish exactly wunen the maximun had been reached anu
80 certein of tne 1.l ¢V rcaaings are somewi:at low. This may account in
part for the scaticring ¢f data in the Jow temperature, low intensity
readings. The measurascnts at 0.0 and G. 2 density (100 and Y6 reiative
intensity) are probably morc veliabie and sone significance way be atiachod
to their form,

Decay tines «@uso inicreased at lower temperaturcs, to such an
extent that ai 200K it was neccssary to rctuin the sample to room temper-

ature and re-cool belween eash different intensity reading.

Ol
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bt plo-ceryes, ag o reported Ly various werners {00l at)

1o & wiae vari o fy o Prabooonuuetors ang piy

It of the fher=ad-w stimadatcd

T singoe crmaia g crgare o Shows Ay

carrent arains. tewpecatare, The 5V lowing nrcrdure
these curves,

Lo Trer oryabad is warteag untiz 30 05 well inio its intrinsic
conductaviiy repdon, dl.eo, all the Yeveis in the forbiiden par arc «oiaen-
tially emptr. For this particulur sampls aboat LOPC was tanen ot
appropriate teryperatare,

2. 200l un the aark & 1iyiA aie feernepatare (7790).

mirsite Wwith raviation of enerpy caual Lo the Litv.iacis
activation encrey at that temperature, until an cquilipbriym currens is
4Te thia was 9260 % corresponaing to an cnerpy of 1,450 eV,

L. gemove vadiation and alisw any rapic deeay in photoeurrent
1o txlie piace,

Yo Warm o ar rate An Lo gdrk. Gnis rate 03 gt acpitiary

and rates of from ' o 14 cerrees per rinute have bteen reported The rate

et Loetween the

uged noere wis acout 17 deprecs per wisute.  The dif
current on wWarning and cooling is the thermally stim:iatea curren*,

Fritade of tids current wag funa o oo Stronpay deponues

Ly &3 menticnen

is diffieult to know ovactly wien cquilibriam conditions are obteinea in

step 5. As can pe scen from Cipare 24, inore i3 a large burst of the

stimuiated current in the replion of 230 w4
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1 ot Hesuldty

(1) Copper foped Crystals:  The information obtained from plioto-

sl

conduetivi rosgirenent s of coneer doree CdTe sinple erystats

insipht inta the propertics ot SdTe itselr. It does indiate, owever, that

Cu ionu, substitulos tor Cd, pives rise o a set of levels aboat 0,00 oV
above the valeneoo bLano Al room temperabure Lhe concentration of unfii.

11 00 as recoririsation centers s sutfficient <ha

pround statos wiy

tirz net nmarbor oY e Grcieds saberateg by b oV T oonirat o w!

sMatioas to ned weastrabidy atfect Lhe aircady nich condactivaity,  if w
iseure that g of O0r mele pereent copper added to the erysta: varah, js

dgistritated throwghout the crystal this moans o won

veasonal iy ustfo

. . A -1 - i
contration of couper ioas on tie order of 10°Y ec™’.  Even aliowing for

sepregatica aaring crystal provii, thac densaty of these stotes

N TS - . . N
approach 1J-7cC Tolhe mumber ol Tree

Polug sreaten LY cdaCtIons Loy

Loy et ‘5 radiation wi,l JlKewise oo

raised up o the 3040 ¢V e

compared Lo the numloor of froe carriers already uresent and so
wmparity phoolocolductivity occurs,

As the torperature 36 lowered, however, the concenration of
empty s.ates at CGobh eV above the valence bang increases, decreasing the
number of holes in the vaience Lana, This decrease, mowever, is still
not suificicnt to atfect Lhe cencontration of current carriers under
iatrinsie Aviamination, and suono p
might also Lo regarded as an increase in the concentration of empty re-

combination centers with thc resuliant decrease in carrier lifetime,

whick would also prevent phourzonductivity from being observed. If the

rotiale elyoa qitvie

firac case were true one mipht anlicipate finding intrinsic photoconductivity

at lower temperalares, aithough nome iz feund as low as -140

the second case preclu this possivi:iity, The fast that photo




does oceur under 0.L0 eV padiation below about -1260C, which indicates the

concencration of free current carriers (holes) does in fact increase, lends
support to the latter case. Thiz, of course, anticipates near equal rates
of excitation fur the tun wavelengihs,

Mile b omipht Le asticipated that photoconductivity due to U.85 eV

-

raaiation (l.hﬁa?,) might alwe be encountered, avpuments simil=y 10 those
above can accomi tor 1ts absence. At room temperature the net convenira-
tion »{ varriers raiseg to the conduction band will be gmall compurcea to
those already there and at low Lempcratures the concentration of ompty re-
combination centers will preven? a noticeable increase in carrier concen-
tration. 1t was guspected that the increase in the concentration of filled
pround states at low teiperature resulting from 0.65 eV radiation might
result in & photocurrent due Lo G.8Y eV illiumination if this clesely fol-
lowed the 0,65 eV radisntion. This offvct, as can be seen from tigure 18,

was not observed.

b. Pure Cdle Sangle Crystals: The band mcdel for CdTe as deter-

mined from the previously described measurements is proposed to be that

shown in figure 26.

Conduction 3ana

|} 1

H 1

SR eV 10
L

4= & v v =m e = = — = (Class I States
l . T -7 T 7 TI (Class I States
1 = J— -

Figure 5
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of tne starting matosials ana tue 0

From the inown .o

aot previeu sy boen reported bewow

intrinsic semicondactaiviiy

Y . N o Aes ~

about KOOK, wacruas Lacal cryutals wore antrinsic down Lo aisui PR, W
. . % A ; y

can assiin an lppmviiy ceocentration of anout ot ce to these sampies.

I above the balence band and the stales scabiercd

These ievels al 0.4
botween therm wili Pe cssontially i ol room temperataro,

v leets sf dirferent onerpics ol oappaied
in different orders «f o v yoof Lomporatures can now be discuseod in

a scmi-gaantitative mannor Ly ase of tnis roac

359K Temperature Hanges At this tempersturc, intrincis condac-

tivity gives a dark corrent of abeat .¢ ¥ =7 anps, which rises to h,7h

x 1077 ampe under 1,> ¢V 1liumination. The change in cendaetivnty due ¥o
1.1 eV will be immeasurably smai. because of the large concentration of
thermnally excifed carriers comparca i the nunber pxcited by radiation
Illuminataon of 1.5 eV enciyy, however, i3 acting on a greate * concent ra-
tion of clectrons avaiiable for exciiation and o a small photocurrent is
produced.

300%K Termperature iange: Here the dark current has decreased to

1.8 x 10°8 amps anc a sirmificant phclocurrent is bepinning to appear from

the 0.l; eV lewsl. With the appearance of photoconductivity due to 1.1 ¥

iliuaination the terinning of effects dug to direction of wavelengin
(enerrr;y) change is observed. As the conduction band becomes thermally

€358,

shation aiso ir

emptied tne effect of intrinsic r

273%K Temperature Kange: The crystal is now cntering the transi-

tion range in the thermal activation enerpy plot (figure 19) and the dark
current has decreased oniy slightly to 1.5 x 10_8. The accompanying decrease
in intrinsic concuctivily results in a ruch greater contribution to the

phatoconductivity from the C.L eV level, and the effect of wavelength

-6



procession hag become quite pronounced. This is readily explained as
follows: in goiug from lonp to short wavelength the erystal first exper~

umine®ion from 1.1 eV radiacion. Bince the J. ov level ig

3

being thermaily empbicd the slipht increase in photecurrent dne o this
level “Llends in" with the rige of the intriusic photocirren the
radi~‘ion changes to higher enerpgies the current increases until a paximum
is reached at 3} 5 oY 1, on the other snand, the i1lumipnation is starbtoed
from the high cnerpy enc, clectrons are first excited by 1.0 eV radiation
from the valence band into the cond.ction tand and the photocurrent quickly
reaches a maximum. This maximum is mnuch lower than the previous maximum
because many clecirons are cuickly trapped in the now partially cmpty 0.5 ¢V
levels and shallow traps. Trat is, the exciting radiation is proceeding
from a region of hizh density of Mercitable™ electruns to a repion of

lower density.

Singe the concentration of filiad O.L eV levels has aow been
inereased, when the radiation chanpes to 1.1 eV, the current nay be
greater than with 1.5 eV illumination.

This cffect 15 very clearly demonstrzted by varyirn: the radia-
tion between 0,35 » and 1.18 ‘(1.36 to 1.03 2V), ir which case the
photocurrent due to 1.1 eV radi'at,ion is the same in both directions. The
photocurrent Irom 1.% &V illumination is also the same in both directions
when the radiant encriy is varied between 1.6 and 1.2 eV,

2200K Temperature Range: Tiic 1.1 eV peak is now completely
abgent when going Irum low 0 high energics; i.c. the 0.4 oV level has
been thermalily emptica. The decrease and final disappearance of this

peax i3 accompanied by a steady decrease in the inirinsic pcak and in-

crease in the 1.1 eV peah whea the redistion starts at the high energr

end. This further indicates that electrons excited by 1.5 eV radiation

“6ly-



are in fsct trapped out in the Sunocevels Sipoe the concontration of

eater than the net co

fi1led G.L eV levels 1s new so much f
free carriers placcs o the conductaion vand by antrinsie radistionn o

photoenrrent wiid be muen darper e to 1.1 oV atlumination.

The rise of ntransic pootooopanctivity startine witin cnerpaes

gliphtly higher than o, oV oglews, fowover, that some of tne icve s Loaow

the Gog toved oo st normat iy fridea al bngs Lempod atuve,

As the Lo cenTed further Lhese Tevels dve Qe thermangy

emptied untii at 1O6GCK e ssoenly & osmall amount of ploteoondactivity
in the immeaiate repion of cach peak.

It was la'cr ovserved wn beking the data of Dlpare (L using
consvant wave ienpih iltunination that the photocurrent st low tomprratures
exhibits extremelr iong riis times (up to one hour} and even jonger vecay
times (severa. nours) so the seiaal pooai heirhts may be somewhat proater
than shown in figmres 0 ani o7, and the dark corrent may Le jower.  The
followiny tabalation, however, snows that the trends inaicated by fifures
21 and 22 are foliowed oven with constant wavelenpgth ailiowing wgailinrium

current to attaan.,
Tavle :

Ten Dark Curront Chanping Constant
L.H eV 1.1 eV DLy oey Y
» Lo R ™ 2
550 6w ad L.oon® 3.6 N
ney . B . )
prae) (S P S 11 i 1 701
;
200 FINRAES 'S T G P 2., 5.0 o
273 J.i > 10 s.5 6.0 b F 3.0

120 1.0 % iC-7 0 L 15 @' 194
100 % 3077 7.7 25

#figures in these columns are ¥ sawme factor of 10 as dark current
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