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Charge Transfer Controlled Vaporization of Cadmium:Sulflde
Single Crystals: II. Effect of Copper Doping on the
. Evaporation Rate of the (0001 )-Face. _

3 ~

G. A. Somorjei and H. B. Lyon

Ca® ) ' .
\‘ : . Department of Chemistry, University of California,
' , Inorganic Materials Research Division, Lawrence
- Radiation Laboratory, Berkeley, California 94720
ABSTRACT

. The evaporation rate of copper doped cds single
-skcrystal c- face was measured in the temperature range
/}680—240 C. The evaporation rate was decreased markedly ,'K
| ~with respect to that of the undoped crystals‘ ;The u')
copper"surface concentration dependence of the ﬁapor4‘
-3ization ratevwaS‘studied by simultaneous diffusion
of copper into, and vaporization of. 'the‘crystal at%
the (000I) and (0001L) crystal- faces, respectively |
The presence of copper 1mpurity in the bulk of the N
‘: crystal was found to’ also_have an effect on the |
‘/evaporation rate of CdS. The_fesults wereiinterpreted"‘
An terme of'self~compensation!in CdS via sulfur vacancy
p€ : _; “o.formation,'copper and sulfur.vacancy diffusion towerdb
"‘3 . lj'ﬂthe vaporizing'surface ' Copper doping rendered the

:crystal vaporization insensitive to 1ight
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Introduction

The charge transfer model of the vacuum vaporiZation'

- of cadmium sulfide single crystal has many imolications,félt
- ‘suggests that tonized impurities which act as acceptors or’

" donors in the cadmium sulfide crystal lattice may have

i

influence on the evaporation rate. The effects of cadmium ii

and/or sulfur excessesl which have reduced”the evaporation .

‘rate of cadmium sulfide have been taken as an indication of

the validity of this deduction - It also points to the possi-f

bility that the charge transfer controlled vaporization may

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

NS

be the rate determining step for the vaporization'of other

.'groups of compounds as well

In order to investigate the effect of impurities on . the

evaporation rate of cadmium sulfide we chose copper. _Copper_’.

is a well known acceptor2 in cadmium Sulfide, it has a largev'&‘:,“

3

diffusion coefficient ~and solubility4'in~the cadmium sulfide o

) crystal lattice. These properties made this Impurity attractive_fs n

for the evaporatlon studies. The purpose of this paper 1s 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 f'

vaporization model.



i Experiment andvReSults .
The n- type ultra high purity cadmium sulfide single-vn

icrystals were cut (3x3x6 mm) perpendicular to the c- face (3x3 mm)v

.\4

"and were annealed in vacuum at 700°C for lO hours in order to

attain the steady state compOSition, characteristic of cadmium'.:

"],sulfide at that temperature 5 Copper was evaporated onvo all

o ’ﬁﬂfblack as a result of copper diffusion due to absorption by tneaf“'

faces of the crystals and difiuSion was carried out in: vacuum fu
“”fisealed Quartz tubes at 7OO C for 24 hours The yellow cadmium:ﬁib;;“

'mlsulfide crystals (room temperature band gap .2 4 ev)z‘ turned‘ﬂ'b7'

: copper acceptor centers at ~vO 6 1.0 ev: above the valence;_

" band. 2 4 Due to this effect, copper diffusion into cadmium,f_*f;‘.-”

\”_fzsulfide can’ conveniently be studied by optical absorption f

‘ ,”'ohm cm and that after copper diffusion R 3 lO ohm cm ':For“;;‘{j;;?pr

f.'measurements along the diffusion profile o The room temperature ‘ﬁ”‘7'

'}'resistivity of the crystals before copper difquion was R ~ lO3

~; many of the crystals however, copper was vacuum depOSited only _ffijfy‘
?-onto the (OOOl) face for reasons described below ‘The apparatue ?ﬁ};g'
'-and the experimental procedure used in these experiments has . 'i’ :

. been described previously (& s . *f . ; Xf;f‘{j';;‘ igﬂff4ﬁ"

| " The' evaporation rate of the (OOOl) face of a. cadmium f
-;sulfide single crystal at TOO°C is shown in Fig I as a function ii;i’ f
‘ of time This crystal had previously been uniformly copper doped N

at 7OO C- The evaporation rate decreased by more than 507 relative to
the vaporization rate of the pure crystal at the same temper—7f' '
ature The rate remains independent OL time throughout the

;experiment in thegtemperature range 680-740 C.
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In order to investigate the‘dependence of the cadmium
sulfide evaporation rate onvthe surface concentration of
diffused copper, the folloWing experiment was performed.  Copper

was vacuum deposited on only the (0001)-face of the undoped

crystals prior to wrapping the specimen in'platinum foil.b

During the Vacuum'evaporation;experiments the (0001)-face was
allowed to vaporize while copper diffuses into the crystal from
the'hack surface. This way the vaporizing surface retreats ”
whlle the copper diffusion front moves toward the vaporizing
face.8» As the copper pr0lile reaches the vaporizing’ (OOOl)

face, a rapidvchange in the«copper‘surface.concentration.occurs :
which,Aaccording to Fig. I should glve rise tota.time—dependent.p

lowering of the eVaporation rate., Figures II, III;'and‘IV‘are

representative data showing this effect at three different

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

" tion rate due to the‘increasing'cOpper surface concentration.

. The rapid decrease_of the rate begins earllier the higher the

evaporation temperature’and‘COnsequently, the temperature of .

. copper diffusion The surface concentration of copper increases

at the vaporizing cadmium sulfide surface until 1t reaches a ;}

maximum, which corresponds to the solubility of copper 1in

4cadmium\sulfide at‘that.temperature. "The copper concentration ,;"

at this point becomeS'uniform~throughout the crystal. A new
lower steady state evaporation rate is then established which - ir»
is characteristic of ‘the” constant surface concentration of _ |
copper ions in the €4S’ crystal | - | |

For all the cadmium sulfide crystals for which both copper

difquion from the“back-face (0001) and.evaporation from.the_front-»}:

surface (0001) takes place simultaneously (25-30 samples) the evaporation |



| rate increases at first Slgnificantly above its steady state '
"Value for the pure crystal This increase occurs . shortly
- after the beginning of the evaporation experiment (within _%

minutes) and the evaporat“on ra te remains higher than the

;-steady state’value until the copper diffusion proflle reaches {ﬁifp“

"f the vaporizing surface Then, the rate drops exponentially

- to attain its new,_lower steady state value

_ In order to investigate the effect of light on cooper ’

'ﬁ;“*diffused crystals,vthe uniformly doped samples were illuminatedff-'

.‘by light of energy greater than band gap energy and intensities;ff :

'v‘lO3 105 uwatt/cm | Libht was found to have no detectable

”-effect on the vaporization of c0pper dOped cadmium sullidev,;‘ﬂ

iyl

single crystals in the temperature range 680~ 740 C.

| 'DiscusSibn'-' I e

The follow1ng statements summarize the experimental

et ——a Y -

-informations obtained on. the vaporizing copper doped cadmiumiﬁgF}}V'ﬁy

'»,:sulfide single crystals .',Y; -f}',jy' S fg;f'ﬁ”"'ff?'”:'h'

s
coh

: (l) Copper 1s an acceptor in the cadmium sulfide crystalljﬂ'v'
_lattice, has a diffusion coefficient parallel to the (OOOl)_ ,V“

face Dy, (cm /sec) = 1. 6xlO -3

exp( 17 800/RT) in the temperature
frange of 1nterest, 680 740°C R | g
(2) The vacuum evaporation rate of pure cadmium sulfide

_ 1s decreased by about 507 in the nresence of" copoer 1n the

vaporizing surface The evaporation rate decreases exponentially

with increasing copper surface concentration until finally a '_ ff'k

~ lower steady state rate is attained This rate is reached when ¢f§g'



_bulk and the surface

the surface concentration'of'cOpper ccrfesponds 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. Thils was
observed by the simultaneous evaporation of and .copper duffusion

into the cadmium sulfide single crystals at the (0001) and (000T)

" crystal faces, respectively. The fact that the presence‘of

“bulk impurity appears to have an effect on the evaporation

surface reactlon indicates rapid "communicationh between the -
1,9

(4) Light of same wavelengths ‘and intensitles which had
effected the evaporation rate of cadmium sulfide single crystalsf

in the absence of copper, had no effect on-: the evaporation

rates of uniformly copper doped samples.

The rates of ccpper diffusion in cadmium'sulfide and the
rates of vaporizatlon 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 1s removed by

vacuum evaporation in one hour. at differeﬁt temperatures, and

_compared 1t with the mean displacemeht of dlffusing_coppe? :

atoms during the same‘period,h During the eVapcraticnvowadS,,

with simultaneous copper'diffusion, the dopant concentration'

'in the crystal increases continuously until its solubility

1imit is reached throughout the crystal.



Undoped.cadmium sulfide is, strongly. n—tyoe which 1s
attribuced to the larﬂe excess of lonized donor sulfur

vacancies, Vg, over the lODlan acceptor cadmium vacancies,

VCd(VS>>VCd) 10,11 Hence, for pure cadmium sulfide the charge

*

neutrality’condition'gives'(Vg) = n, where n is the majority"’

pure
&)

‘free carrier concentration and (VS 1s the sulfur vacancy

pure
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 (VCd) hence, 1t must find another ~
' mechanism to enter the crystal

It 1is well known that the large band gap IIB- VIA compounds
'vincluding cadmium sulfide show self- compensation12 ;e under

.conditions‘of charged-impurity diffusionr That is,lfor every

'ionized:acceptor (or donor) which enters the crystal an- ionized:fl_:

‘12

-donor vacancy (acceptor Vacancy) is generated. Thus, for

every copper ilon, CquS’ in the cadmium sulfide lattice an .

: ionized ‘sulfur vacancy is created

- Cu

Yexternal T Vg +~Cuods

Therefore the charge neutrality condition for the copper doped"f‘
" cag lattice can be written . ' SO ’ '
‘i; ~ - o
(Vg)gopea + 2 * (CuT)gqg + 0
thefe (Vg)doped isethe sulfur vacancy COncentration in the
'copper doped cadmium sulfide . This Way, the concentrations,

of both lonlzed donor vacancies and of ionized copper acceptorsi



in the cadmium sulfide crystals increase as a function of
increasing copper concentration in the crystal

Sulfur vacancies have much larger difquion rates

-5 enm /sec) in cadmium sulfidelthan the copperv",‘.g

-7

(Dwo > 6.5x10°

ions (D700 = 1.6x107" em /sec)? ‘Therefore, they diffuse o ff}»;
more rapidly toward the vaporizing surface_from the bulk where =
thethere'created, Thus,vdue.to the larger=separation,between ~
the copper acceptors'and donor vacancles at the early:stages |
of copper diffusion, direct charge transfer'between'these two
centers is improbable.. Ionizatlon occurs'via the valence band.
(for copper) and- the conduction band (for sulfur'vacancv) with
a corresponding increase in the free carrier: concentration over

Al

_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 copoer ions,.far removed.from-the
surface could have an accelerating effect on the evaporation
surface reaction as observed in the experiments ,
| All available experimental ev1dence, obtained from electrical
measurements indicate, that cadmium sulfide cannot be made
p—type by copper diffusion or by the'introduction of other I
vacceptors. ‘This is'thOught to be duejto self-compensation 412
Our observation of the increased evaporation rate of copper dOped
cadmium sulfide confirms the ocecurrence of self compensation by
'excess sulfur vacancy formation Selfl compensation is the only

model we found to explain the observed increased initial

evaporation rate.
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- As the coppér diffusion profile reaches the surfaée,
direct charge recombination betWeen the,coppef'centers and
the sulfur vacancies could take place. ‘The free carrier coh;
cehtrétion is thereforé reducéd at the vapérizing surface’
The evaporation rate drops sharply ﬁo a hew lower steady |
state ﬁalue which is'characteristic of the low charge-con@en—
tration found in the copper doped nystals} \

A similar model was pfoposed by W. M. Andefson et al. to
_ékplain the behavior of the‘phétocurrent and thé mobility of
photgexcited carriers in_highly Cu—doped'CdS(crystals.15 _This _

\

ph&sical picture of/sensitized photoconductor with ﬁwo'ré—\
combination céntefé was also considered by Bube,gl

 Light of"same band gap energy and intensitiés-which-
‘have -effected the evaporation rate of undoped Cadmium sulfide
crystals was found to have no éffect’oﬁ the evaporatioﬁfof
copper.Qpped éamp1es. The crystal resistivity was increaSed
by the preséncé of coppef sgfficiehtiy that, the production
- of electron-hole pairsbin excess §f thelr equilibrium concen~ .-
tration'in_the dark, could be achieved.. Thus; the absencevdf\,
the light effect would indicate thétueithe; free carrierblife,s-
4tim¢ has decfeased sharpiy in the copﬁer doped samples oﬁ,
that Cadmiuﬁ &acancies playvan'important'role in the rate
dgtermining charge transfer step. Charge recombination, via

copper sites may occur before charge transfer to the cadmium

and sulfur ions at the surface and subsequent evaporation can -

i



copper.

';9;

be completed, according to the proposed evaporation-mechaniém'. '
in the preceding paper. Copper éOping Which'renders the evaporaé

tion rate insensitive to light also reduces Véd; wnile sulfur

—
1

. doping which 1ncreases de increases the ‘photosensitivity as

well.

. The effect of bulk copper on the evaporation shrfaée
réacﬁion is due partly to tﬁe generation and rapid diffusion
of excess sulfur vacéhciesvand free carriers. 'In turh, the
diffusion rate of copper will likely>be effegted by change
of the sulfur vacancy‘concentrétion of the cadmium suifide
crystal.. Continuou§ illuminationIOfvthé cadmium sulfide

crystal by 1ightlof effective wavelength and intensity-atvthe

©. (0001)-~face while éopper diffusion takes place from the

(000T)-face, could have an effect on the diffusion rate of

It is interesting to speéulate which grbdpswof_compouhds
besides'thosé in the IIB-VIA group could show charge trans- S

fer controlled vaporization. Insdlators.With‘répqrted low

vaporization Qoefficients are .the primaryrsuspects.16f18 Good  ;,

. communication tetween théfbulk and the vaporizing surfaceiviaaif3“

f.a rapid diffusion mechanism may ‘also be a necessary condition

for charge transfer to be rate determining. Thé reason»ﬁhat
most metals fulfill the Langmuirvcondition“of‘vaporizatidnlg,
(with evaporation coefficlent near'unity) may only Be due to
their large conceﬁtration'of.ﬁree'electrons at the_evaporationE

temperature. The experimental verifilcation of these questions ..

is within the realm of present techniques and will be attempted.IA
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Table I

- o — . » — :

. T°C R Xp (cm) Xy (em)
680 - 4.38x107%  5.23x10°

: /,"H -2 , . -2

700/  4.80x107% 6. 97x10
e -2 , -2
715 5.16x10 8.34x107
‘740 5.52x107%2  9,95x10”

2
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. Plgure dapbioms i gl
‘3;Figl{i.7’ervaporaﬁioh rete'of the‘(OOOl)—face'ofICoSﬁeﬁ 70050'
| fe;f7;fTﬂe;crystal mas copper dooed at 7OO c. Dotued 1ine shows : _’,;J

.{v‘,

the evaporat;oo ra*e of undoped crystal

'” f'hFig II Evaporation rate of the (0001) face of CdS at 700 c R
while copper dlffuses 1nto the crystal from the'(OOOl)

.vface.f
‘”fifFig III Evaporaoion rate of the (OOOl)—face’of cds at 718%C

'"'while COpper dlffuses ¢nto the crydual from the (QOOT)éif;Qaf

o facenrlga4f&

"-;fﬁFig. IV Evaporatlon raue‘ofwthe (OOOl) face of CdS at 729 C  fv?j'
whlle copper dlffuses into the orystal from the (OOOl)—- fttgfo

face. f}e;

A .
't

Table Caption SO

AL

oTable I D the mean dlsplacement of.copper 1n CdS 1n the

L v? ,?h?}jﬁﬂuﬁﬁ_? L
v;;crystal thlckness removed by vacuum evaporatlon of the §;§f7

dlrection of the (OOOl) face 1n one hour and X

1,

'3'(0001) face 1n one hour.;}f*?
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