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ABSTRACT

Light of greater than band gap energy was found to

. 4 ) ' - ) / . -
change markedly the vacuum evaporation rate of the {00CL)-

-

face of cadmium sulfide singie crystals. Evaporation

temperatures of 680-740°C and light intensities of S.

5 2. 0x10°

~

O
7

2 . N .
10 uwatt/cm were used. The Presults were inter-
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preted assuming that charge transfer Is the rate

)
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step in the secquence of vaporization surface reac

1
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evaporation mechanism in terms of charge transfer has been

proposed. Light (1) changes the free carrier.concentrations

e}

at the vaporizing surface, and {2) under proper conditions,
changes the composition of ti
crystals showed a filve-fold increase of thelr evaporation

e

under illumination due to the increase by

i

a
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n low resistivity crystals
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lectron and hole concentrations.

1

in which 1llumilnation can only significantliy increase th

®

—_—

minority free carrier concentration above the dark equilibrium

sitlon dominated.




of the crystal

?

The -evaporation mechanism of cadmium sulfide single

cerystals has been studiesd recently by several technicues.

' C 1,2
Dependence of the evapcration rate on temperature,”’~ surlace
o 1 . . 3 s -
concentratlion,” crystal orientation, and minute excesses oI
the crystal constituenis, cacdrium and suliur, in the crystal

lattice, have tveorn iavestigated. In most of the investi-
gations the vacuum evaporation rate of one face of the single.

crystal has been studied. From these results, a tentative

‘mechanism for the rate determining surface reaction has been,

propoSedl'and the” bulk diffusion rate of sulfur vacancles

has been measured.é It was found that the efaporation raée

1s a senSitive funétiOn_of small ekbeéses of cadmium or sulfur
in the cadmium sulfide crystal 1atticé.-'The solupnility of
either cadmium‘br sulfur in cadmium sulfide 1is so_‘low,5 now-
ever, that, by heatling the crystals at the_higheét témper;
aturecand copant pressure (lEOO?C, 20 atm. cadmium or sulfur),

C one 4 3 g 2 TR
ess than one in 10° surface atoms/cm” can be substituted.”
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or the presence of such small concentrations of surface

".I_j

sites to have such a drastic influence on the evaporation rate

“mekes it improbable that any atomic surface step could play’

~

a rate controlling role in the vaporization process. A
small excess of elther cadmium or sulfur in cadmium sulfide,

however,  changes the equilibrium free carriler concentration
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. ten orders of magnitude by

[&]

nifting the Fermli level, thaz, 1t also drastically changes



the free carrier concentration-°t the. surface D It was then. -

tnough* that the cbarge deasiuy at the- surface may play an. .
all important rcie in tne_evapo t'on surface rea Ctions.
er ©o Investigate whether charg:

‘" rate limiting surface steofir the evaporation of cadmium

.. sulfide we have varied the carrler concentratvion at the . -

'tv;crystal surface in two ways.. (l) Illumination of the crystal = -

N surface by light. of dreater than band gap energ (2) dopihg

" ‘the crystal with COpoer lmou ity | I“ this paper we shall

'”,fdescribe the erfect of" light on the vaporﬂzation rate of the »\'::'
r (OOOl) face of cadmium sulflde Single crystal while the eflect
of copper dopinrr is descrlbed in the follow1ng paper.. -
In order to perturb the equilibrium carrier concentration
at the surface by light the electron—hole pair concentration
‘“oroduced by illumination should be larger than its equilioriumﬂ-;
'Vtvalue in darA, at the evaporation temperature.? ‘This criterlon;QT?

"_was met by using light intensities in the range of S. Oklos—_ R

e, Ox105 p.waut/om :

_ Cadmium sulfide single crystals of the highest available
”'puritys were us ed ln all of the experiments.- The crystals;
'-f;were n-type, with hlgn room temperature conductivity (l mho cm);ét=;

“and mobility ( 200 cm /volt\sec) The. high conauCtivity



‘This excess could be removed by annealing the crystal

o

1

-iIndicates™ the presence of cadmium *n excess of the st y
o

state concentration at the evaporation temperatures ( 60°C).”7

m

at OO

1 e . . ‘s . .
for 48 hours. After annealing the conductivity decreased to
"4‘ -z . _.l ‘ ) . , . ‘ >
10 —lO-O_mno cm ~. This treatment was necessary to obtain

reproducible evaporation rates.

. Doped crystals were prepared by doping with cadmlum or .

sulfur in a sealed, evacuated quartz chamber at an elevated

temoerature (1200°C) and dopant pressure (10-20 atm. sulfur

or cadmium). = The crystals remained n-type after any of the

doping treatments, »The room temperature conductivity changed,
however, to about 10710 mho em™! for Sulfﬁr doped; and to
about 2.0 mho em™® for cadmium doped specihens.

High pressure mercury and/or xenon lamps-Weré used as

light sources. Intensities of 5.1x10°=2. 0x10° uwatt/émz were

'used_in the light experiments. For wavelength dependence

studies, eltner a Bausch and Lomb gratlng monochromator, or

-cutoff filters were employed.

Studies of the orlentatlon depenaence of the vacuum
evaporation have shown that tne (OOOl) or c—faoe, is stable
under free evaporation conditions;3 i.e., its surface area

remains unchanged. Hence, the c-face was used in.all the

present studies. The crystals (3x3x6 mm) were polished, etched

(6N HC1l), then wrapped in platinum foll such that only the

c-face was exposed. Several crystals were used in each exper-<

iment  (10-20). - ' ' | z



Tbe apparatus has been described ersewhere.7v CarefWasv:?‘
_taken that the_vapor spe01es could not condense on the quarcz

window through which the savol was illumiu ted. Vo he i;

y

‘of the sur face oue to llgnc-coalu be dcuected at tre lﬁtenSLties

employed.. SinCe light changes tne rate oP Vacuum evaporation .

ofngS markedly, care had to be taken to 1nsure unlform

11 lumlnatlon [1 e., photou flux (pnoton/cm 'sec)]over the_m

3

euti e. vaoorlzmng c-Tace. U der noq unlform iirumlua ion the

"crystal surface became irrevular.

e

uvaooratlon rate measurements were carried’Out in the

temperature range 680- 740 C. Temperature measurements were

/

corrected2 to glve the true surface temperature. Tne amblent

lpressure.was 5le 7—5xlo 6 torr in the reactlon chamber ;rf'

‘most of the experiments,,after it has been estaollshed that
~ the evaooration rates were lndependent of the amblent pressur

~in the SXIO 97x10 -5 torr range.

. Results

b'Evaporation of'Sulfur Doped Cadmium'Sulfide'Crystals in Light:ff;“'

/'

Sulfur doped cadmlum sulflde crystals are n- type,:nave

hlgh room temperature res1st¢V1t1es (“lO ohm cm) .e., themr-

equmllorlum ionized vaCancr and free carrler concentra 1on in the'.

‘dark is small}q Calculatvons Whlch were made to estlmate thei

3

charge concentratlon»near the crystal surface in thv da K a‘d

in lrgnt at the evaporat;o temperatures by us1ng asonable

~

F .
17*

19 _3), photon flux ( . 4%10 pj'tm

density of states (T107~ cm

' 2 der ’ b B - - 11
estlmates for tne position of the Ferml level: (---E = O 90 uV):f“
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that for these crystals t

-5 B ' | .

photons/cmZ‘sec) and free carrier 1ifetime (510"6 sec)}o show
e freegcafrier concéntraéioh,can,
indeed, be increased by ligh |
Figure I shows the effect of light of intensity I =
2.Oxlo5 uwatt/cm2 on the evaporation rate. At 896°C the
evaporation rate In light is five times that in the dark. . The
increased rate remains constant for hours ét é givenviightv

level. The dependence of the evaporation rate on intensity'at

~a constant temperature, is shown in Fig. II. The rate

‘increases linearly with the light intensity in the studied -

intensity range, within the accuracy of the experiments (5%).
exp 7
Studies of the wavelength dependence of the light effect

yield a cutoff at A X 6400 A * 200 &. Longer wavelength

1

light had no effect on the vacuum evaporation rate. The cutoff.

\ . o
wavelength corresponds to the optical band gap of cadmium
o 10

"sulfide at'the-temperatufe of evaporation, 700°Q, The large

‘uncertainty 1s due to the substitutibn_of filters for the

monochromator in the measurements at these high light inten-

sities. DFrom the known light intensitles and evaporation

.

. rates one can estimate the quantum efficiency of the light
effect, i.e., the charge transfer_process.l’It was found to be

- 20.7 atom/phoﬁon for all of the crystals used in these ,

experiments.

¢

Evaporation of Cadmium Doped Cadmium Sulfide Crystals in Light.

The cadmium doped n-type crystals of cadmium sulfide have.

low room temperature resistivities (2.0 ohm cm) indicating a

large electron to hole concentration. ratio (n >> p) in the




dark.', ThlS 1s bclIeved to be due to the presence of a large
excess Qf.ionlzed sulfur.vac wc1es whlch are Qonors «These
crystals show a transient vapor zatlon bcnav1or in tne dark,x

4

tlal low rate 1is followed by an exponen al incr Ccse‘cf”

b

‘The in

thetevaporation rate as itvepproaches the Steady state.Value

at a given temperature. The evaporation rate in dark,I;s.j;I_,d

controlled by the out dlffh n of tne dopaﬂu from tn bulk of

'the crystal 4' Steady sta te is fi ﬂaIly reacned when' he excessv

dopant is “emoved.anc the Steady qtate comp031tlon Is attalned S

Flgure III snows_the evaporetlon rate of cadmium- c’ ed
o 2

,c"yStals in. dark and in light (I
715 C. (nIt is Seen,tnat the low evaporation rate remains ..
: S , S o ' C

Virtually:unchanged'as long as the crystal vaporizes under

1llumInatlon. Once llgnt 1s turned Ofl, the Vaporlzatlon‘

‘rate beglns ‘to. 1ncrease as expectea., nght appareqtly preventst“‘x

the out- difquIon of excess cadmium from the vaporlzlng cadmlum,i*

'sulflde crystal

Evapofation of,Anﬁealed'Cadmium SulfideVnyStaISsin'Light a

3

The undoped crystals of cadmlum sulllde after anneallng

"are~n-type, and have room tempeIature res1stlv1t1es IO —105

i

ohm,ch(n >>-p), When evaporated in dark they show steady

state evaporaticn,race. Calculatlons-made to esplmate.cnev

carrier concentration of the undoped crystal at_the»evapcrationI'”

‘temnerature revealea that, unIlke the hign reblst1v1ty su fur

dooed crystals, one would not expect to be able to Increase

the electron concentratlon aocrec1ably with resoect to Its darkj.;”

=,-2.OXI'O$‘,U;Watt/cm‘ ,‘,,_at'_,T_':_j -

T T R Ty TR TS T R T e

LY
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ecqullibrium value. The hole concentration however, couvld

probably be increased.
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Illumination by light of the highest intensi

5 2 © e s .
10” pwatt/em”™ was found to increase the evaporation rate of
annealed cadmium sulfide crystals. This increase 1is about'EOﬁ

to 50% over the steady state dark value depending on the

evaporation temperature (smeller increase at higher temperatures).
£y - ) ar

‘It was also found that the effect of light depends somewhat on

thé crystal lot which was used in ﬁhese experiments. The
dependence of the results on the_crystal lots was'esﬁecially
prOnouncgd in experiments at low light.intensities (< 2;‘OxlO4
uWaft/cmz).  For*éeverai‘cryétal lots (5—25 samples were pre-
pared‘from éach‘crystal lot) the evaporation rate was féuﬁd.to
decrease exponentlally from its dark steady state Value:to‘a
new, 1owef steady state rate (lower byMSQ%)j The lower steady

state rate once established, could be maintained indefinitely

under 1llumination. When light was turned off the evaporation .

rate started to rise and returned slowly (about two hours) to

1ts higher dark stéady state Valuef7 FOr;othér‘samples howevef,;
from different crystal lots, illumination ij;ow intensity
light,had no effect on -the evaporatiOn faﬁe'in the teﬁpératufe
range of Interest. |

o

The annealed single crystal samples for the different

crystal lots differed only in thelr trace impurity3§oncentratiqns,k

. Their carrier concentrations and mobllitles in the dark were

~the same within 20%.. For one lot of undoped crystals for which

. . . PR X SR
spectroscopic analysis showed ‘The presence of z 10 cm T copper



impurity, the evaporation rate,was found to be insensitive"
to illumination at the Intensities and wavelengp 'S Usec An

the»ocserved ir reono--

ot

e
U

ry

the experiments. It was concluded tha
Vducibility'in the evap ation cbarac ceristics of undoped
cryétalsvin 1ight,'was due to phejpresence_Of uncontfolled
impvfi ie s'in dL feren crystai lots. \
The trace impurities (Pb, Sl, Fe; Ag) do ‘not seem tov£
e;feCu the electrlcal prooenules of CdS in uhe da:f,valthough 
: they'may'have dn-exiect on he trapping llfetﬂme and recomoln—¢ 
'aulon xinetlcs of free carriers whiCh‘mere;prodnced by,li”ht
vatwthe:vaporiZin surface. The effect of qné.;mpurity |
_cOppef,‘wiil be ddscussed in the foiloWingipaoer{d;'
For squur and cadnlum doped crySuals the presence OL

Trace *mpurltles hed no exfeCu on tne experlmenual results.;

Our doping treatment apparently 5wampedjanyleffect-due to unconAsﬁ“‘

,urolled 1mpur1t1es.;

Tne wavelength dependence of all of the llght_effeCte on
the undoped crystals was the same as was found for the su;fur
doped cadmium sulflde crySpals. _Tnere is a,cutofl at the
high temperature. opu¢cal band edgelo of cadmlum sulflde (k = nﬁj
6400 i+ 1oo A at 7oo c) At longer wavelengths llgnt had na'

At

elfect on- the evaporaudo ~rate of tne undoped crystals.

It was lound that under non- vapori21ng condlulons, cadm;uM'““

oa”t;cles could be o"ecepi’aped-out on an,lllumlnated.surface'

g
ot
jan)
(e}
.

of undoped cadmium,sulfide. .ThiS'Surface reaction_too:
“at 280-450°C in an oxidizing atm osobcnc. “No precipitation

occurs in the absence of light ofvlarger than band gap enersgy.



X-ray and electron diffractlon measurements were used to

identify the precipitated cadmium particles.

Discussion

. Light of greater than band gap energy and intensities

Ul

A 5 P2 2 ol £ i 1
I = 5.0x10°-2.0x10° pwatt/cm” was found to affect tne.evapor—
~atlon rate of cadmium sulfide single crystal c-Tface. The

reoults can be explained in terms of (a) charge transfe:

e~

-

contr o’led evaporation and (b) light induced change of the
composition of cadmium sulfide crystals. .

The following statements sunmarize the infdrmations
deducéd from experiments which}will bé used in the analysis
of the data. 4’

“(a) Caumlum sulfide is n-type, which is believed to be
due to excess of:singly ionized sulfur vacahéieé, Vg (V§ﬁ>>VEa).
All vacancies1oan be conSidered to‘be ibnized‘at the evaporation
temperature.;ol The crystals remain n-type aftef'all of the |
doping’treatments,. The crystal éonstituents, cadmium and’
sulfur, are assumed o be doubly 1onlzed

| (b) The bulk diffusion rate of sulfur vacancles <D7OO:
4,3

-6 X 2 . ; ,
6.5x10 cm /SeC),lS greater™’ than tnervacuum‘evaporatlon

rates of the (000l)-face of cadmium sulfide throughout the

. ' . 13
‘experimental temperature range.

(c) The evaporation rate of sulfuf domed pigh resistivity
ca un sulflqe crystals is greatly %ncrea d by 1ight over

the steady state value in

unity was found from studles of the intensity dependencé_o




v

 pairs in a surface layer of bthickness (< 10°°

the evaporation rate. Illiumination of the vaporizing surlace
£ cadmium doped high conductilvity cadmium sulfilde single

cadmium wnilch wo”‘c occur in the absence of 1
(¢) The net reaction Tor vacuum eveporation is assumed TO

be the same as the dominant vaporization reactlion in equilibrivm™’

! . ‘. b
C -~ — C } ":' '.—':; . e
ds(soxle) (vepor) T T S2(vapor) s

3
10

At the vacuuﬁ evaporati

vaporizes,congruenu*y,* that is

2 2 . Q .
QCQ(Vabor)f_ 2d”2(vapor) e o
at T dt : S S T,

3

(e) ‘Particles of cadmium can De precipitated odtfcnfthé

‘:iliumﬂ ated caamlum sulf¢ce sureace by lignt of grev“ r than

band gap energy under non—vaporizing cond tions.T This is

taken as.a'direct evidence of the compos1t¢on chaﬁde whilch

occurs in CdS under the influence of light, absor bed at th

crySUal surface.

The evaporation mccnanlsm of the c-;ace of cadmium sulflae

-

single crys*als is QGSC¢ibeQ in tne Appendix. Here, we
conslder only the effect of light on @he,eveperation rate.
ignt of greater'than band gap energy creates electron-hole
cm)}s small
compared tovthe{crystal’dimensions. 'The concentrations of

[O2

free carriers at the vaporizing c“ystal surf wce for 1ven

light intensity, can be expressed as




= s T Ay

pilght Paarik + 7P
‘ . p 0, i o oand. o, are the. el tror Lan jte;
‘T(leI’C nl;gn‘_; *Caf’.k} p]"{_’;ﬂ\} =4 .u. po.a,l“': a »bnb ‘e eceron & 19 ho

concent ations in light and in the dark, respectively. . Tne

rate controlling charge transfer steps for vaporlzatwon under )
illumination (Eqs, 2Avandv3A in the Appendix) _may be written
as ' )
‘ a
2(p+0p) }—C}-‘ (s+As) (VitnvTy, +{r+on)
085 (surace)TAIPTER) <= (88 (guntace ) Vs s/ (surtace ) TS
“2 (2)
kb : : o
1 - - , N
0dS (guprace )2 (ntin) === (carca) (surrace )T (VoataVoq )+ (p+4p)
jo) :

-where S, Cd, v, and Vé, are ‘the steady staté doncentrations

of sulfur and cadmlium atoms- and 1onﬁzed vacancies at the surface,
in the dark, AS, ACd, AVS, and Awbd are the. concen wtrat 1dns of
sulfur and cadmlum atoms? 1onlzed sulfur and cadmlum vacanc1es,
respectiveiy, in excess of thelr. Sueady state concenur&ulons.

We shall now consider experimental conditions whlch are of
spécialvimportancejto our studies. |

n, < On =

(1) ngary ® Pgar’ Raari < ST % > Pgary

These COnditlons are fulfilled for high resistivxty sulfur

<
},l
(0]
w
H
ct
o
1))
)]
0]
0]
o]

met by undoped crystals at hihh light intensit
, a g [ jank &

from Egs. (2) and (3) that. in
p e . .



.accelerated at an equal rate. . If charge transfer is the -
rate determining step in the sequence of surface reaction steps
leading to evaporation, an incredse 1n the overall evaporation

PN

ate of cadmium sulfide single crystals Would be expected.

fal]

]
e

has been observed for the sulfur doped c“vetal Tor many hours

of evaporation as .shown in Fig. I. Under these conditions -

at constant illumination;-Equ' ?) and. (o) are indistlngulsnable
and can be expressed as _:vb o R R B
Lok o
Cds(surxace) nllgn+'p ight ;iff(SfAS)surface) (Cd+ACQ)f~ur;ace)
: o , T2 ' i
" ;+_(VSTAVS)(sufche) (VCdTAVC )(Surface) }*;v"(%)'
<II) nd rk 7 Paark’ n"ark>> An Ap”%>_pdarkj

These conditions were meu in the experlments w1th cadmlum
doped crystaas for he llgnt 1nuenu1t¢es emnloyed, and prooably
.LOP undOped cadmlum gulLLde samples at. low light levelq |
,(I-f 2.0x10% pwat /cm ). These crystals are strongly netype

(ndafk pd k) hence, only the mlnorLty carrier concenuratlon }‘
.could be increased by 11Lum1natlonar Uhder these condltlons

Eqs. (2) and (3) can be rewrlt en and added to glve,v

/0

X, :
Cas’surfaoe) Hop-+n ;;: (S+ S)\surface)'}'ca(surface).(VS+AX )(suriace)'
. 2 ' .

* Voa(surrace) . S (3)

Thus, the ilonized sulfur4vaeancy-concentration becom s increas-

ingly larger at the vaporizing surfa--, until the solub ity"

T A S e ,

1imi of in m 11 .
mit cadmium in cadn 1um sulfide, ) olub 1ity is reached

N



The surface cadmium which 1s produced in excess of its solu-

- - 1 4

1_‘0 I_LAA _vn 1..’-
oillty <VS' VS)(surface) (VS)(Solu01llty)

evaporation temperature, cannot_pfecipitate under vacuum vapor-

N

in CdS at the

ization conditions since metallic cadmium has very high vapor
pressure in the temperature range of interest and would vaporize

. 16 . o . . ‘ .
instantly. Excess cadmium at the vaporizing surface could, .

however, aiso diffuse rapidly into the bulk of the crysfalvdue

£o0 the iarge diffusion rate for sulfur vacancies in Cds and

the concentration gradient for sulfur vacancies which was

established between the surface and the bulk under these condi-

‘tidhs.v Hence, the crystal becomeé cadmium—richvby-the indif-

fusioniof excess sulfur vacancies from fhe illuminated, vépor—

izing.surface. | | o |
This model explains why the 10ijaporizatiOn'rate of

cadmium doped crystals 1s maintainéd in light.. Excess ¢admium _.'-

vwhich could diffuse out of the cadmium sulfide crystal in dark via -

the vaporizing surface cannot. be removed effectively under illu-
3 g LY unc

mination. . The constant generation of .excess cadmium at:the vaporizing

v

_surface of the cadmium sulfide crystal in light, prevents the
establishment of a concentration gradient between the bulk and
the surface.

The observed precip;taﬁion of cadmium on the illuminated

)
~

surface of CdS in an oxidizing atmosphere also indicates that

the crystal composition shifts to the cadmium rich side in

light, with respect to the dark steady state composition.




-14-

“the evaporation rate of

undoped cadmium sulfide crystals at low light levels, and sub-
' [

sequent slow return of the dark rate to iTs steady state value

“have lowér‘evaporation rates than undoped crystals, as shown

. ;__‘ .4
recentciy.

This result, hbwe%e?Q”Cannot be taken és evidencé
of the light induced composition change due to thevobéePVéd

ibfeproddeioility. Work 1s in progress o furtherbpuriiy‘t;e
CdS single crystels for continued investigation»of the effect

~of 1ight on the Véporization of undoped c:yéﬁals;

Purther expefiﬁénﬁs'are needed to determine thé»nétﬁfe
of the electron and hole ﬁrapping Qenters ih'CdS-which are
reéponsiblé‘for the efficientkchaﬁge transfer observed ét,thesef

elevated temperatures.



.
1

The diffusion of ionized vacancies between the bulk of
the cadmium sulfide single crys tal and 1ts vaporizing surface

may be reowesenoea by the eOQa ion

+ - | dif fL‘.,_}..._Otl;—,m v ' o / | n
Vs(ouix) * Vea(puik) ~f===—:““'vs\sar ace) TV y. (14)

'

where the symbols are the corresponding lonized vacancy con-
centrations in the bulk and at the surface.
The charge transfer surface reaction steps which control

the vaporization in the dark, may be written as

. - l : o L : ) R ’ v .
- Cds(surface)+2p Eﬁg’S(surface)+VS(surface)+n : (ZA)

)+v (3A)

Cds(surfacé)+2n ::ﬁ'Cd(surface Cd(sur;ace) TP

2
Thus, the surface lons capture electrons and/or holes and the
resulting neutral atoms diffuse to surface sites which are
removed from their original lattice positions within the
trapping lifetime of the free carriers. Charge transfer

controls the vaporizatlon only 1f surface diffusion rates of

., neutral atoms from thelr original lautlce sites and the rates.

of subsequenb surface gteps are groau then che recombination

rates of trap ped electrons and/or holes. SWOW surf ce dif

HJ

ion
5
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L

U)

Zas. (24) and (34). Silver salt

f

}
o

woula lead to equilibrium in




'lso show the conditions 1ﬁi nﬁﬁebéeem to ha&e encounteﬂed_in oo .
cadmium sulfide. The vacanéy at the surfgéerwhichfwas ie
behind, becdmes ionized. Je nave se eparated thé elect :oﬁ-and
hole’transfer steps since under cer uaih expériﬁéntal cdndiiions
(2 or (3A) may be rate controlling. |

Cnce the neutral atoms have,been-created,'their Vaodriéapion'
occur as 'a result of a sequence of rapid reaétlohs,f 3

‘»Cd(sufface)‘wgz

2S(surfacé5v*EE'SZ(sufface)  (5A)

2(sufface)‘§£h S2(gas)

(64)
A :

S
Under SLeady Suate COﬂd*blOﬂS in'dark,”at'a given ﬁempeLQ R
ature, Egs. (2A)_and (SA) are_indistinguishablg'since the
Vaporlzatlon is congruent Therefore, we shbuid,wfite insteadf
£ (24) anda (34)

X

o ' - -~ . _._1‘4 a, "+
cas(surface)'n+p““fg"S(surface)+0d(surface) S(surface) surface)

| | | ( )
At any temperature, in steady state, ohe rat¢o V /V Q is’

... 18
constant. Any change in thls ratio ‘at the Same uemperauu“e

N

brings about a lowering of the,evaporaolon rate. This was.
proven by doping the cadmium sulfide single crystals with cadmium
and/or sulfur, and is due to the 1 arge changes 1n the free

carrier concentrations produced by the doping treatments; . e,
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would yleld tThe IToliowing rate egqguatlon asswning steady state
. 3 . - = N \
in (4£A) and ecuilibrium in {(SA) and (64)
< 3 3
GLeS(oyprace) _ “0P
QT - o SN L 'r+ - '--/:‘
*rk“;/‘/ e S(:urface)];VCo(°urf e3] Celoes)
(8a)
instead of Ec¢. (3) of reference (1). Using atomic beam of
cadm 1 the cadmium surface- concentraoion oepenoeoco oi't.e
evapor tion rate for large cudﬂiuﬂ 1luxes is giveﬂ oy [iﬁstead
of Eq. (5) in reference (1)] SR o ;
' 2,2 2.2 : \ .
a 1~ & 1 . . .
Skaken S o - :
903 (aurrace) 14345t P 2 " (9A)
at kik?. ‘/V—:‘)Z(Vﬁ‘ )2 (ca )2 o
2440 ca’/ ‘“Cgas’/ -

Here, we assumed steady state for (oA) and.. (GA) ano eo"i ' ibrium
in (4A). . Since under.steady state conditions the éurfaoe
concentrations of vacancies and of free carrie S are fixed the
Iintroduction of charge transfer into;the}rate equationssof
reference (1) hdve'no effect on fhé:validity of its conclusions.
It explains, however, why the predicted cédmium preséure
dependence of the evaporation rave was not observed-in the
experiments.l The small cadmium'vaoancy concentration. in the

1, 2 .

-y ' ' , ' K
~-type (de << Vé) undoped cadmium sulfide in which the cadmium,

)

c

O

ncentration is already c¢lose to its solubility limit, renders

the evaporation rate independ:nt of cadmium prcssu“e.‘
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Figure Captilons
Figure I. .The evaporation rate of sulfur-doped (1zoo?c; 20 atm)
CaS single crystal c-face, x -'in dear:s .and ¢ in lignt at
896°C.

Figure II. ' Light intensity dependence of the evaporation rate

of sulfur-doped (1200°C,v201étm) Cas single -crystal ‘c-face
at 696°C. '100% _‘_4.-.2.,0:&10?’ uwa’c‘t/c'mz’.‘
Figure III. The evaporation rate of cadmium-doped’(1200°c,
10 atm).qu{singleicrystal cfface,'x'—_in'darkvand;o - in

~light at 715°C as a function of time.
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This report was prepared as an account of Government
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or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contracter prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






