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Charge Transfer Controlled Vaporization .of Cadmium-.Sulfide 
Single Crystals: II. -Effect of Copper Doping on the 

. Evaporation Rate of the (0001)-Face. 
) ""' 

G. A. Somorjai and H. B. Lyon 

Department of Chemistry_, University of California, 
Inorganic I'·1aterials Hesearch Division~ La1·1rence 

Radiation Laboratory) Berkeley, California 94720 

ABSTRACT 

The evaporation rate of copper doped CdS single 

crystal c-face was measured in the temperature range 

·680-740°C. ,The evaporation rate was decreased markedly 

with respect to that of the undoped crystals. The . 

copper·surface concentration dependence of the va~or­

·_ization rate was· studied by simultaneous diffusion 

of copper into, and vapo~ization of_ the·crystal at 

the (ooof) and (0001) crystal-faces, respectively. 

The presence of copper impurity in the bulk of the· 

crystal was found to'also have an effect on the 

evaporation rate of CdS. The results were interpreted 

in terms of self-compensation in CdS via sulfur.vacancy 

formation, copper and sulfur vacancy diffusion toward 

_the vaporizing surface. CO'pper doping rendered the 

crystal vaporization insensitive to light. 
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Introduction 

The charge transfer model of the vacuum vaporization 
' of cadmium sulfide single crystc:-1 has many implications ... ; ,It 

.··suggests ~hat ionized impurities v-rhich act as acceptors or 

donors in the· cadmium sulfide crystal lattice may have 

influence on the evaporation rate. The effects of cadmium 
. ·. 1 
and/or sulfur excesses which have reduced"the evaporation 

rate of cadmium sulfide have been taken as an i~dication of 

the validity of this deduction. ·It also points to the possi­

bility that the ''charge transfer controlled vaporization may 

·not be a.unique property of the IIB-VIA compounds but could 
/ 

be the rate determining step for the vaporizatio~ of other ' 

groups of compounds as well. 

In ord,er to investigate the effect of impurities on the 

evaporation rate of cadmium sulfide we chose copper. Copp~r· 

is a well.known acceptor2 in cadmium sulfide, it has a large 

diffusion coefficient3 and solubility4 in· the cadmium sulfide 

crystal lattice. These properties made this impurity attractive 

for the evaporation studies .. The· purpose of this. paper is to 

describe the effect of copper doping on the evaporation rate 

of cadmium sulfide single. crystal c-faces and· to provide 
'· 

further.proof of the validity of the charge transfer controlled 

va~orization model. 
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. ~ .. Exp~ri~ent and Result~ 

·-· 
I .i: 

I. . ;, The n-type ultra-high. purity cadmium sulfide single .. 
-~ -

cry~tals were cut (3x3x6 mm) perpendicular ·to. the c--fac~ (3x3 mm) 

and .were annealed in yacuum at 700°C for 10 hours in order to · 

attain the steady.state composition., characteristic .of cadmium 
. . ' . .• 5 

sulfide at that temperature~ ·_ Copper was evaporated on.~o all ' 
' faces of the'·crystals and diffusion was carried out in ~acuum 

·? 

sealed quartz tubes at 700°C ro'r 24 hours. The yellow cadmium 
' . ' . . 2 

sulfide crystals·(room temperature band gap: .2.4 ev) 'turned 
.. ' 

black as a result of copper diffusion due·to ,absorption by the 
- ·' .· -.. ( 

copper -acceptor centers at.:::: 0. 6-1.0 ev ·above the valence . 
. . ' ' - / . 

band. 2 -' 4 Due ·to /this effect~·· copper diffusion into cadmium 

sulfide can'conveniently be studied by optical absorption > 

\ .. measurements along the diffus:lon profile. 6 . The room temperature 
\ . 

resistivity o,f. the_ crystals b'efore copper diffusion was <R _:::: 103 · .. 
... '' . . ' . . - ' . 6 

ohm· em ,and that after copper dif-fusion R .::: 10 ohm .em. For 

many.of the crystals however_, c6pper was vacuum deposited only 

· onto the ( 0001) -face for reasons described below~ The· apparatus 

-· 

... 
> ' 

. -' 

''' 

. ' 
' i - \ . ~ 

. l 

: ' ,, 

and the experimental procedure used.--in these experiments has 
.·.·.,.-.·._•:, 

< •' ' • r .• 

been described p~·eviously. 7 

The evaporation rate of the (0001)-faceof a cadmium .. · 
. ' - . 

• 

·. sul.fide single crystal, at 700°C is shown in F,ig. ~· as a .function t.. f 
of time. 'This. crystal hadpreviously been uni·forml.y· cop.per, doped' . 

"" '~ 
• 

at 700°C ... The :evaporation rate decreased .by·: more, than ·sQ%. rela(tive to 
' 

the vaporization rate of.thepure crystal at,the same temper-· 

ature. The rate remains independent of t,ime ·throughout the 

'experiment in the .temperature range 680-740°C. \ ... 
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In.order to investigate the de~endence of the cadmium 

sulfide evaporation rate on the surface concentration of 

di·ffused copper, the following experiment was performed. Cappel' 

was vacuum deposited .on only the (OOOl)-face of the undoped 

crystals prior to wrapping the specimen in platinum foil. 5 

During the vacuum evaporatio'n experiments the (0001)-face was 

allowed to vaporize while copper diffuses into the crystal from 

the back surface. This way the vaporizing surface retreats 

\'Jhile the copper diffusion front moves toward the vaporizing 
. . 8 
face. As the copper profile reaches the vaporizing {0001)-

fac~ a rapid change in the-~opper surface concentration occurs 

which, -according to Fig. I sho~ld give rise to a time-d~pendent 

lowering of the evaporation rate. Figures II, III, and IV,are 

repres~ntat~ve data showing this effect at three differ~nt 

temperatures. There is an exponential decrease. of the evapora-
' 

· tion rate due to the increasing copper surface poric~ntration. 

The rapid decrease of the rate begins earlier the higher the 

evaporation temperature and consequently, the t~mperature of 

copper diffusion. The surface concentration of copper increases 

at the vaporizing cadmium sulfide surface until it reaches a · • 
,/ 

maximum, which corresponds- to the solubility of copper ih 

cadmiu~ sulfide at that temperature. The copper concentration 

at this point beco.mes uniform throughout the crystal_. A new 

lower steady state evaporation rate is then established which 

is characteristic of 'the· .constant surface concentration of 

copper ions in the CdS cry_stal. 

. . . ·~ 

For.all the cadmium sulfide crystals for which both copper 

diffusion fr~~ the back-face (OCOl) and evaporation from th~ front­

surface (0001) takes place s:lmuitaneously (25-30. samples) the. evaporation . 
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rate· increase-s at ·first significantly above· its steady 'state 

value for the pur:-~ crystal~ This increase occurs.short1y 

.\ after the be~in~ini of the ev~poration experim~nt (within 

minutes) and the evaporation rate remains higher than the· 

steady state·~alue until.the ~opper diffusion profile reach~s~ 
' the vaporizing surface. Then, the rate drops· expon.~ntially. ,_ 

to at~ain it~. new, lower steady state value. 
·. ·r . . . 

In·order to investigate the effect of light on copper 

·.diffused crysta;Ls, the uniformly doped samples .were illuminated 

·by light of energy 'greater than band gap, energy.arid intensi~ies 
: 3 5 2 .· . . ·. . . . . · .. 
10 -10 J..Lwatt/cm . Light' was found to have no detectable 

' ', ' . . ,) : .. ~ ... ' . . . . '' . 
. ) _,/ 

· effect on the y~p6rization of, copper doped cadmium sulfide 
'-1 "_\ 

single ~rystals in the temperature range 680~740°C. 

·Discussion.· 
. ... 

' ~ : 

. I 

The. followi~g _.statements summarize the experimental·. 
. . ' . 

·informations.: obtained on.the vaporizing copper doped cadmium_ .. , 

sulfide s~ngle crystals~ > f , .... ; 

:. ;.-~ 

.(i') · ·Copper. is_ an acceptor in the. c·admium sulfide c~ysta1 
lattice,. has a diffusion. coefficient parallel 'to the ( 0001 )- .. ;· .. 

2 . . . ·. 3·:·· ·: · .. , . ·',"·· 
face D11 (em /sec)= L 6xl0- exp(-17,800/RT) in the temperature 

range of 1nter~st, 680-740~c. 3 

_( 2) The vacuum evaporation rate of pure.· cadmium sulfide 
_;: . 

. ' 
is decreas.ed by about 50% in the presence of .. copper in the · 

• 

~ .. 

' ',1 

. . v 

.r 

vaporizing surface. ··The· e.vaporatio.n. rate decreas-es exporl:entiall'y ,. ,: -~ • 
. ; ~- .. 

with increasing copper surface conceritratioh.until finally a 
I 

.. I .. 

lower steady state rate is attained. · This rate is reached when 

• I.. 

'.I 
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the surface concentration of 6opper corresponds to that of 

its solubility in cadmium sulfide at the evaporation temperature, 

(3) The vacuum evaporation rate of pure cadmium sulfide 

is increased by the presence of copper in the bulk of the 

single crystal but not at the vaporizing surface. This was 

observed by the simultaneous evaporation of and copper duffusion 

into the cadmium ~ulfide single crystals at the (0001) and (0001) 

crystal faces, respectively. The fact that the presence of 

bulk impurity appears to have an effect on the evaporation 

surface reaction indicates rapid "communication 'n between the 

' 1,9 bulk and the surface. 
/ 

( 4) Light of same v.rav~lengths and intensities which had 

effected the evaporation rate of cadmium sulfide single crystals.· 

in the absence of copper, had no effect on.the evaporation 

rates of uniformly copper doped samples. 

The rates of copper diffusion in cadmium sulfide and the 

rates of vaporization of cadmium sulfide are of the same order 

of magnitude as can be seen. from Table I. Here, we have. tabu-

lated that thickness of the pure crystal which is removed by 

vacuum evaporation in one hour. at different temperatures, and 

~ compared it with the mean displacement of diffusing copper 

a toms duri!lg the same period. During the evaporation of· ·CdS .. 

with simultaneous copperdiffusion, the dopant concentration 

in the crystal increases continuously until its solubility 

limit is reached throughout 'the crystal. 
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Undoped cadmium sulfide is, strongly n-type which is 

attributed to the large excess of ionized donor sulfur 

+ vacancies, v3, over the ionized acceptor cadmium vacancies, 

- ( + - ) 10,11 VCd V3>>Vcd . Hence, fo~ pure cadmium sulfide the charge 

neutrality condition gives (V~)pure ~ n, ~here n is the majority 

free carrier concentration + ' and (v3 )pure is the sulfur vacancy 

concentration in the .undoped cadmium sulfide. At first, . 

. copper diffuses into the crystal lattice' by filling up cadmium 

vacancies. The solubility of copper in cadmium sulfide however, 

is much larger .than (V(;d) 4 , hence, it must find another· 
. I 

mechanism to enter the crystal. 
I . 

It· is .well known that the large band gap IIB-VIA compounds 
. ' 12-1.1. 

including cadmium sulfide show self-compensation - under 
' ' 

.conditions .of charged impurity diffusion .. Tha:t is,,.for every 
' ' 

ionized accepto~ (or· d.onor) which ente;s the crystal an ionized 
12 donor vacancy (acceptor vacancy) is generated. Thus, for 

every dapper ion, CuCdS' in the.cadmium sulfide lattice an 

ionized sulfur vacancy is created: 

' Therefore the 'charge neutrality condition for the, copper doped 

CdS lattice can be written 

+ . 
where (v3 )doped is the sulfur vacancy concentration in the 

copper doped cadmium sulfide. .. This way·, the concentrations 
' 

of both ionized donor vacancies and of ionized copper acceptors· 

¥. 

I 

~/ 

&·· 
\ 
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in the cadmium· sulfide crystals increase as a function of 

i_ncreasing copper concentration i,n the crystal. 

Sulfur vacancies have much larger diffusion rates 
I 

.( -6 . 2/ ) ' 1 n700 > 6.5xl0 em sec in cadmium sulfide .than the copper. 
-7 2 3 . . . . 

ions (n700 = 1.6xl0 em /sec). Therefore, they diffuse 
. : 

more rapidly toward the vaporizing surface from the bulk where 

they were created. Thus, due to the larger separation between 

the copper acceptors and donor vacancies at the early stages 

of copper diffusion, direct charge transfer between.these two 

centers is improbable.·. Ionization occurs·v~a the valence band 

(for copper)and-t_he conduction band (for sulfur.vacancy) with 

a·corresponding increase in the free carrier 6oncentration over 
.. 

that of.their equilibrium value in the pure crystal. The mobile 

free carriers thus created, give rise to.an increased charge 

concentration at the vaporizing surface, ·i.e., the evaporation 
,. 

rate increases. This way copper ions'· far removed from the 

surface could have an accelerating effect on the evaporation 

surface reaction a~ observed in the experiments .. 

All available experimental .evidence, obtained from electricaL .. 

measurements indicate, that cadmium sulfide cannot be made 

p-type by copper diffusion or by the introduct~on of other 
4 12 acceptors. _This is thought to· be due to self-compensation. ' 

Our observation of the increased evaporation rate of copper doped 

cadmium sulfide confirms the occurrence 6f self-compensation by 
,·,' 

excess· sulfur vaca0-cy formatio~. Self compensation is ·the oniy 

model we found to explain the observe<i increased initial 

evaporation. rate. 
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As the copper diffusion profile reaches the surface, 

direct charg~ recombination between the .co~per centers and 

the sulfur vacancies could take place. The free .carrier con-

centration is therefore reduced at the vaporizing surface~ 

The evaporation rate drops sharply to a new lower steady 

state value which is characteristic of the low charge concen-

tration found in the copper doped 6rystals. 

A similar model was proposed by W. M. Anderson et al. to 

explain the behavior of the- photocurrent and the mobility of 
< 15 

photoexcited carriers in highly Cu-doped CdS crystals. This 
\ 

physical picture of sensitized photoconductor with two re-
2 combination centers was also considered by Bube. 

Light of same band gap energy' and intensities which 

haveeffected the evaporation rate of undoped cadmium sulfide 
I 

crystais was found to have no effect on the evaporation of 

copper doped samples. The crystal resistivity was increased .,, 

by the presence of copper sufficiently that, the production 

of electron-hole pai:r:s in excess of their equilibrium concen-
' tration in the dark, could be achieved. Thus, the absence of , ,· 

> . ,, 
the light effect would indicate that either free carrier life 

time has decreased sharply in the copper doped samples or, 

that cadmium vacancies play an important role in the rate 

determining charge transfer step. Charge recombination, via 

copper sites may occur before charge transfer to the cadmium 

and sulfur ions at the surfa~e and subsequent evaporation can 

' 

•• 
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be completed, according to the proposed evaporation·mechanism 
., . .. · ~ 

in. the preceding paper. Copper doping which renders the evapora-

tion rate insensitive to light also reduces V~d; while sulfur 

, doping which increases V~d increases the ~hotosensitivity as 

well. 

The effect of bulk copper ori the evaporation surface 

reaction is due partly to the generatidn and rapid diffusion 

of excess sulfur vacancies and free carriers. ·rn turn, the 

diffusion rate of copper will likely be effected by change 

of t0e sulfur vacancy concentration of the cadmium sulfide 

crystal. Continuous illumination of the cadmium sulfide 

crystal by light of effective wavel~ngth and intensity at the 

(0001)-face while copper diffusion takes place from the 

(0001)-face, could have an effect on the diffusion rate of 

copper. 
.. 

It is interesting to speculate which groups of compounds 

besides those in the IIB-VIA group could show charge trans-

fer controlled vaporization. Insulators with rep9rted low 
. 16-18 vaporization coefficients are .the primary suspects. Good 

"': . -~ 

.<"! 
t 

\ . 

communication tetween the. bulk and the vaporizing surface· via '·. 

~ .. a rapid diffusion mechanism may also be a necessary condition 

for charge transfer to be rate determining. The reason that 

most metals fulfill the Langmuir condition'of vaporization19 

(with evaporation coefficient near unity) may only be due to 

their large concentration of free electrons at the evaporat~on 
·' 

temperature. The experimental verification of these questions 

'· 
; ~- ' 

'I 
• I t' ~ 
' . 

' . 

· .. 

is within the realm of present techniques and w:l.ll be attempted . .' ·r 
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Table I 

---
T°C xD (em) xv (em) 

680 4.38xl0 -2 5.23xl0 -2 

700/ -2 4. SOxlO · 
. . -2 
6.97xl0 

.. 715 5.16xl0 -2 8.34xlo'""2 

\740 . -2. 
5. 52.xl0 . 9.95xlo-2 

/. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, ~ppa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
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 contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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