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ABST RACT 

The purpose of th is work is to investigate ion-assisted doping ( lAD)· . 
during physical vapor deposition of CdTe and to determine the influence 
of co-deposition of ionized dopant atoms on the growth , structural ,  and 
photoelectron ic properties of the deposited f i lms. Resu lts show that 
contro l led doping in p-CdTe homo-epitaxial fi lms up to = 6 x 1 01 6 
c m -3 for ion-assisted deposition with As ions and to = 2 x 1 01 7  em- 3 
for P ions has been achieved using ion energies of 30-80 eV. For a 
growth rate of = 0 . 1  J.Lm/min ,  a substrate temperature of 400°C, and 
an ion energy of 60 eV, a maximum in doping density appears near an 
ion current of 0 .6 J.LA/cm2, corresponding to = 0.9% of the imping ing P 
ions being electrical ly active in  the deposited f i lm . 

Related studies were also done, such as: (a) e lucidation of the ro le of 
low energy ion damage in the ion-assisted doping process, and (b) 
investigation of the observed decrease in carrier density near the 
surface of p-CdTe on heating in a vacuum, H2, or Ar. 

The abi l ity to make carrier density profi les and to grade junctions is 
demonstrated .  Prel iminary resu lts from polycrystal l i ne  p-CdTe fi lms 
grown on  graph ite and alumina substrates are presented. Solar cel ls 
prepared using the epitaxial p-CdTe fi lms as the col lector material and 
n-CdS as the window are presented and the photovoltaic parameters are 
examined for different carrier densities and config urations in the p­
CdTe. The solar cel ls provide a good diagnostic too l  i n  studying the p­
CdTe fi lms g rown by ion-assisted doping . 

A summary of further research after the close of the contract period (the 
final part of Pau l Sharp's P h . D  thesis research, from 9/23/89 to 
5/1 0/90) is g iven in Appendix. I and a brief history of the program is in 
Appendix I I .  
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1 .  I NT RO DUCTION 

1.1 Purpose for  the  Research 

The primary problems for the uti l ization of  po lycrystal l ine (PX) p-CdTe 
based so lar ce l ls are those of obtaining sufficiently low series 
resistance (Rs) and of obtaining high  open-circu it vo ltage (Voc) . The 
fi rst of these prob lems has two aspects: (a) bu lk, thro ugh-the-fi lm 
resistance of  the p-CdTe layer, and (b) contact resistance to the p­
CdTe. Sufficiently increasing the p-type doping density in the CdTe 
wou ld solve both of these aspects. Control of V0c has been obtained by 
variation of the relative doping levels in the CdS and CdTe [1 ] for 
sing le-crystal based so lar ce l ls. Unfortunately th is technique cannot 
be used at present for PX based cel ls because of the lack of contro l  of 
p-CdTe doping.  Thus contro l  of p-type doping promises to be a too l  for 
maximiz ing V0c as wel l .  

In  the past we carried out a number of  experiments designed to dope 
th in fi lms of CdTe during deposition from the vapor phase, using close­
spaced vapor transport (CSVT) and hot-wal l  vacuu m  evaporation 
(HWVE) . Successfu l doping of n-CdTe from the vapor phase with I n  was 
achieved using the HWVE process [2] . In neither the CSVT nor the HWVE 
approach, however, was there any indication of p-type doping of CdTe 
from the vapor phase, using such dopants as P, As, Cs, and Au. (The hole 
density in the p-CdTe layers could be increased within l imit by 
increasing the substrate temperatu re during deposition ,  in a manner 
that is  at least formal ly describable by a crystal defect model . )  

Many of  the dopants successfu l ly used in bu lk semiconductor growth 
present problems for f i lm growth from the vapor due to low 
incorporation probabi l ities or su rface segregation . However, 
impingement of low-energy dopant ions on the g rowing fi lm during 
deposition can· be used to sign ificantly increase the sticking 
probabi l ity of the dopant species. The control led use of this method of 
dopant incorporation ,  known as "len Assisted Doping ," (lAD) is becoming 
common in several th in fi lm growth techno logies [3] .  

5 



The purpose of the work reported here is to investigate ion-assisted 
doping during the physical vapor deposition of CdTe. I n  particu lar the 
focus of the research is to determine the influence of the co-deposition 
of ionized dopant atoms on the growth , structural , and photoelectronic 
properties of the deposited f i lms.  

1 .2 Doping of CdTe 

1 .2.1 Doping in s ing le crystal growth 
The carrier den,sity in  CdTe is controlled to a large extent by native 
defects, for material both with and without extrinsic impurities. For 
material without extrinsic doping ,  excess Te ( low Cd p ressure Pcd) 
gives hole densities up to == 1 01 6 cm-3 , by formation of acceptor-l ike 
Cd vacancies Vcd and/or Te interstitials Tei .  Growth under higher Pcd 
produces insulating material or, for sti l l  h igher Pcd. donor densities u p  
to == i 011 cm-3 , d u e  to Cdi or  Vre [4 ]. 

I ncorporation  of rather h igh  dopant densities is routine  fo r bu lk crystal 
growth of CdTe. By incorporating Group I l l  elements I n ,  AI , o r  Ga during 
crystal growth , h igh  donor densities, up to 2 x 1 o1a cm-3 for I n  and Ga, 
can be obtained, depending on Pcd [4]. For p-type doping, Group V 
elements , P or As, can be readi ly i ncorporated during crystal g rowth 
[5]. For example, P yields shal low acceptor densities up to 6 x 101 7 
c m -3 [6]. Bube et al .  [7] report that addition of [P] = 2 x 1011 cm-3 to 
the melt for vertical Bridgman growth with excess Te resu lts in  a 
dopant electrical activity of nearly 1 00%; additional dopant does not 
increase the hole density but on ly reduces the electrical activity of the 
dopant. For single crystal (SX) g rowth with Sb and Bi there are few and 
confl icting reports , none of which suggest strong doping activity. 
G roup I e lements can provide shal low acceptor levels. Upon 
introduction during crystal g rowth,  Na  becomes substitutional and 
gives hole densities up to 2.5 x 1017 cm-3 [8]. Li can be introduced 
e ither during crystal g rowth o r  by subsequent diffusio n ,  g iving 
sign ificantly h igher carrier densities , up to ==1 019 cm-3 [8 ,9] .  
Unfortunately the stabi l ity of devices fabricated from p-CdTe : Li is 
measured in months at room temperature and hours or minutes at 
h igher temperatu res. 

1 .2.2 Doping in T h in Film Deposit ion 
Carrier densities of  == 1017 cm-3 or  larger are usual ly adequate to 
produce semi-ohmic contacts and minor series resistance losses on 
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sing le-crystal based ce l ls .  However, for polycrysta l l ine {PX) materials 
the problems of doping are more severe because the oppositely charged 
grain boundary {GB) states effectively compensate the dopant; the free 
carrier density may be considerably less than the doping density. 
Doping revels wel l  above = 1 01 7  cm-3 are required to reduce the grain 
boundary barrier heights sufficiently to obtain  reasonable mobi l ity 
values. In addition ,  the GB recombination velocity is smal ler for lower 
G B  potential barrier height indicating that h igher  solar cel l  
efficiencies might be obtained with h igher carrier densities [1 0] .  It  
must be noted here that the difficu lties in  doping during fi l m  growth 
are also apparent when the fi lms are grown epitaxial ly and thus contain 
no grain boundaries . Thus actual incorporation of the dopant i nto the 
fi lm appears to be a large part of the difficu lty.  

Fi lms of CdTe have been grown by a number of methods :  vacuum 
evaporation  [1 1 ] ,  MBE [1 2], CSVT [1 3, 1 4, 1 5], e lectroplating [1 6, 1 6a], 
screenpri nti ng [1 7], spray pyro lysis [1 7a], and chemical vapor 
deposition [1 8 ,  1 9]. However, obtain ing sufficient carrier density in  p­
CdTe layers made by most fi lm deposition techn iques has been a 
persistent problem, as it also has been with some of the 1 1 1-V 
materials and Si. Attempts at doping using Cu, P,  Sb, As, and Na during 
deposition of CdTe by this group and others [1 1 ,  1 5, 1 8] have met with 
l im ited success and only marg inal  decreases i n  resistivity {o r series 
resistance of devices) have been obtained. Maximum carrier densities 
in  PX fi lms have remained in the 5-1 0 x 1 01 5 cm-3 range in  most cases 
[20], even when such layers were grown epitaxial ly. Doping by 
metastable processes such as ion implantation [21 ,  22; As and P] or  
laser annealing [1 5, As] has been shown to produce substantial ly higher 
doping leve ls , but only for very th i n  layers of material . These latter 
methods cou ld be used to deal with contact res istivity to a surface of 
CdTe already formed, but not bu lk  resistivity, V0c contro l ,  nor 
{conveniently) the doping of the CdTe layer adjacent to a substrate. 

I n  the past few years there have been considerable advances in the 
introduction of dopants into CdTe th in  f i lms. T. Chu [1 8] reported the 
introduction of P or As {as PH3 or AsH3) during chemical vapor 
deposition {CVD) growth g iving a p-type resistivity of 200 n-cm and 
carrier densities of = 1 0 1 6 cm-3,  depending on close contro l of the 
CdTe stoich iometry. The PX fi lms·, on graphite substrates, were thick 
{= 20 J..Lm) and the grain sizes were large {20-80 J..Lm) .  Basel et al. [1 6], 
using e lectro-deposition were able to obtain p-CdTe polycrystal l ine 
fi lms with 1 x 1 01 7  cm3 . Ghandh i  et  a l . .  [1 9] used a chemical ly active 
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dopant, AsH3 , in MOCVD to obtain 2 x 1 01 7  cm-3 in p-CdTe 
homoepitaxial fi lms g rown at a substrate temperature of 350°C.  Using 
photon-assisted doping with As during MBE, Harper et al . [23 ,  also see 
1 ?] were able to obtain 6 x 1 01s cm-3 in p-CdTe homoepitaxial fi l ms. 

Anthony et al .  [1 3] using close-spaced vapor transport (CSVT), found no 
doping with P, As, Au, or  Cs from single-crystal (SX) sources for PX 
growth on graphite or  7059 g lass substrate and for homoepitaxial 
growth on SX CdTe. However, they obtained p-CdTe with p = 1 01 5_ 
1 Q 1 6  cm-3 without extrinsic doping by control of the substrate 
temperature (up to 61 0°C) fo r CSVT growth . Tyan et al .  [1 4] fabricated 
efficient PX p-CdTe-based cel ls by CSVT using a partial pressure of 02 
during the CdTe deposition.  However, it is unclear whether bona fide 
doping was achieved. 

Because of its abi l ity to deposit fi l ms at near thermal equ i l ibri um,  
hot-wal l vacuu m  evaporation (HWVE) was thought to hold g reat promise 
for control of doping in CdTe. Indeed doping by co-evaporation of I n  
vapor during HWVE growth o f  n-CdTe (Fig . 1) yielded maximum carrier 
densities of 2 x 1 Q 1 7  cm-3 for ep itaxial  growth on BaF2 (essential ly 
single crystal f i lms) and 5 x 1 01 5  cm-3 for PX f i lms grown on 7059 
g lass under the same conditions [2]. The d ifference in carrier densities 
resu lted from the compensating effect of grain boundary states in the 
PX fi l ms .  Attempts at p-type doping were less successfu l .  Huber and 
Fortmann [24] fou nd no doping by As, Cu ,  Ag, Au, or Na by HWVE. 
I ntroduction of Sb during growth yielded either no  change in  carrier  
density o r, at h igh Sb pressures, an abrupt change to high conductivity, 
suggesting metal l ic Sb precipitation .  These workers found the same 
relation between carrier density and substrate temperatu re for undoped 
p-CdTe as did Anthony et al .  [1 3]. 
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Fig. 1. Dark and light resistivity of n-CdTe: ln films grown on 7059 glass and on SX BaF2 , 
as a function of the I n  source temperature. Data points correspond to dark ( .. ) and light 
(o) for films on glass, films on BaF2 with T sub = 480°C (a), and on BaF2 with T sub = 

450°C (C). 

Why then is it so difficu lt to dope CdTe p-type during fi lm g rowth? 
The basic problem appears to be the incorporation of the dopant atoms 
into the g rowing fi lm.  First, most of the favored p-type dopants for 
CdTe (P ,  As, Na) have rather high vapor pressures so that the sticking 
coefficient for dopant atoms on the growing surface of the CdTe is very 
small at elevated substrate temperatures · [e.g . ,  25] .  Second, some of 
these dopants may suffer from strong surface segregation .  A third 
aspect is the fact that many of the dopants evaporate in the form of 
molecu lar species ( P4, As4 , Sb2, etc.) that require h igh  dissociation 
energ ies, on  the order of several electron volts ,  to produce atomic 
species that can readi ly be incorporated into the g rowing fi lm.  Once 
the dopant has been incorporated into the growing fi lm a further 
problem becomes evident. CdTe has a penchant for self compensation, 
in which the CdTe lattice responds to the introduction of a charged 
impurity by the creation of an opposite ly charged native defect o r  
complex ,  with the net resu lt o f  no  additional i ncrease in  hole density. 
Another, re lated difficu lty is the amphoteric nature of some of the 



dopants . For example, As commonly substitutes for Te to act as a 
shal low acceptor, but it can also substitute fo r Cd to form a triply 
charged donor Ascd when the Cd pressure at the growth zone is 
insufficient [22, 26,  26a] . 

1.3 Descript ion of the l on-Ass isted Doping Tech n ique 

1 .3.1 S ummary 
I ncreasing the energy and chemical reactivity of component species by 
ion ization during deposition is a much used technique fo r enhancing the 
structural  and electronic characteristics of f i lms [e.g . ,  1 ,  27]. More 
recently techn iques for ion izing the major impinging constituents 
and/or dopants during g rowth by physical vapor deposition of 
semiconductors have been developed. The techniques have three major 
variations: (a) low dopant ion energy (Eion = 5 to 1 00 eV) deposition ,  in 
which incorporation may be primari ly by enhanced chemisorption [28,  
29], (b) medium Eion (50 to 800 eV) deposition in which implantation of 
the ions into the growing fi lm plays an important part i n  their  
incorporation ,  and (c) ion ized cluster beam deposition ,  in which the 
efflux from a Knudsen cel l  is expanded in the region of an ionizing 
electron beam, producing large clusters of constituent and dopant 
atoms which may or may not carry a charge [30, 3 1  ] .  

A figu re of merit to evaluate the efficiency of  the lAD process is the 
coefficient of incorporation C i , defined as the ratio of the incorporated 
dopant atoms to total incident dose of dopant ions. Ci is a function of 
the sticking coefficient, impurity segregation at the g rowing surface, 
any ion implantion that may take place, and out-diffusion of al ready 
incorporated atoms. Ci sometimes includes the .electrical activity of 
the incorporated dopant atoms as a factor; we use it here without 
factoring i n  the electrical activity .  

To our  knowledge our  group at Stanford has been the first to apply ion 
assisted doping techniq ues to I I-VI materials,  despite the re lative 
maturity of the techn ique .  

1.3.2 Previous lAD work with Si and GaAs 
In conventional MBE growth of GaAs and AIGaAs, several desirable p-
type dopants cannot be used because of the low values of C i (e.g . ,  1 o-7 
for Zn) . By using an incident beam of low energy ( 1  00 to 1 000 eV) Zn 
ions, Naganuma et al .  [29] and Matsunaga et al .  [28] increased C i by a 
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factor of = 1 os fo r Zn in GaAs. The crystal structu re of the resu lting 
epitaxial GaAs layers appeared to be as good as those of LPE and VPE p­
GaAs layers. Because the value of Ci is approximate ly independent of 
ion energy fo r low ion energ ies, these authors felt that the primary 
mechanism for the increase of Ci is increased chemisorption.  Bean and 
Ding le [32] used a s imi lar technique with ion energ ies of 1 00 to 3000 
eV, finding Ci values of up to 0.5 which depended only weakly on ion 
energy. They interpreted the dominant mechanism as simple ion bu rial 
rather than an electrostatic attraction between ions and surface atoms. 
They also found evidence of implantation damage which cou ld be 
annealed out at h ig her temperatu res. 

Simi larly Itch et a l .  [33 ,  Sb], Sig iura [34, Sb], and Ota [35 ,  As ] used lAD 
to greatly increase Ci for Sb and As in MBE growth of Si  layers. 

I n  addition to increasing dopant incorporation ,  a prime advantage to the 
use of ion beams for doping is the ease and speed of their contro l .  
Dopant density can be regulated simply by changing the ion f lux. An 
example is the technique fo r the growth of abrupt p/n junctions in Si  by 
MBE using alternate beams of B and As is described by Swartz et al . 
[36] . 

1 .3.3 ton-assisted doping mechanisms 
A complex variety of mechanisms come into p lay during ion  assisted 
doping. These are i l lustrated in Fig . 2. The incoming flux consists of 
Cd atoms and Te2 dimers with energies of fractions of e lectron vo lts 
and ions with energ ies in the 30 to 80 eV range. Momentum transfer 
from the incoming ions to the growing fi lm is strong ly affected by the 
presence of the lattice ; an incoming ion transfers its momentum to the 
assemblage of atoms at the point of impact. I n  some respects this is 
Uke a rapidly decaying temperature pu lse appl ied to a smal l portion of 
the lattice. The impact of the ions releases energy into the lattice 
which in some cases resu lts in sputtering atoms from the surface. The 
ions can also undergo shal low ion implantation ,  on the order of 1 0  A for 
our  situation,  as deduced from extrapolation of high energy ion 
implantation data. Ions can then re-evaporate from the surface, either 
di rectly or after diffusion from the interior of the growing fi lm .  Some 
are incorporated in the lattice in the proper substitutional sites, . where 
they act as dopants, and some wil l  find their way to improper sites 
where they may act as dopants of the opposite sign or be electrical ly 
inactive. There may be segregation. of the dopant atoms at the growing 
surface, but th is may be al leviated by co l l is ional m ixing when ions 
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strike the surface. Final ly, if the dopant incorporation is sufficiently 
greater than the lattice can accommodate, then precipitation or, 
perhaps, compound formation can occur. 

An additional compl ication for CdTe is the depletion of carriers 
observed near the surface on heating CdTe in various ambients , 
i ncluding vacuum,  Which is further described in Sect. 2 05. Suffice it to 
say here that at temperatures of = 425°C and above, Cd vacancies 
diffuse inward from the surface, whereupon P or As dopants move to 
the Cd sites (e.g", Pcd) where they behave as donors , .compensating the 
p-type doping" It is reasonable to assume that th is also occurs during 
lAD growth , reducing the p-doping attainable. Since this mechanism 
depends on Cd vacancies, it would make the doping efficiency dependent 
on the micro-stoich iometry of the Cd and Te2 vapor above the g rowing 
surface and of the surface itself. 

Bajor and Greene [30] formulated a theoretical model for the 
incorporation of As into Si  based on Ota's data [35] , i n  which a balance 
was struck between low energy ion implantion ,  segregation  at the 
surface, and out-d iffusion to the surface with subseq uent re­
evaporation of the dopant. A summary of the theory is g iven here to 
express the ideas invo lved. In  the general case the incorporation rate 
for species i into the growing fi l m  is g iven by 

h = Ji<l>i + �rn i - ei [ L (�j Sij)] 
j 

( 1 )  

where J and � are the fluxes of thermal and accelerated species i, <1> is 
the sticking probabi l ity of thermal species, 11 is the trapping 
probabi l ity of accelerated species, e is the surface fraction of the 
species , and Sij is the sputtering probabi l ity of species i by species j . 
I n  Ota's experiments a bend in the ion path was used to trap the neutral 
flux so JAs = 0 and the surface temperature was high enough so that 9As 
== 0, and Eq. (1 ) reduces to 

(2) 

where Cb is the As concentration far from the surface (steady state) , R is the growth 
rate of the film, and Ci,As is the incorporation probability. The As depth profile for 
the growing film is given by the solution to Fick's second law: 

aCAs(x,t)/at = aFAs (x , t)/ax ( 3 )  
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Fig . 2. Mechanisms taking place in ion-assisted deposition .  "Other 
Effects" include (a) near-surface doping compensation on heat 
treatment (see Sect. 2.5) ,  (b) ion damage (see Sect. 2.4), and (c) 
annealing out  of ion damage at elevated temperatu res. 



Here CAs (x ,t) is the concentration and FAs (x,t) is the net flux of As g iven 
by: 

F As(x) = F1(x) + Fo(x) + Fs(x) (4 )  

where F1(x) , Fo(x) , and Fs(x) are the flux components due  to 
implantation ,  diffusion , and seg regation, respective ly. Eq. 3 is 
transformed using a moving coordinate system in  which x' = x + Rt and 
so lved g iving 

CAs(x') = FAs(x')/R + Cb. (5) 

The f lux due to implantation given by: 

1- f(x')dx' 
x' Ft (x') = �As ----L- f(x')dx' 

( 6} 

where f(x') is the distribution function which describes the 
implantatio n  profi le  and includes the ion range (a function of ion 
energy) and the straggle. The second term on the right of Eq. (3) ,  
Fo(x') , describes d iffusion toward the surface and i s  g iven by 

Fo(x') = - DAs [dC(x')/dx'] . (7) 

The diffusion coefficient DAs is modified in the near-surface region to 
account for the enhancement due to ledges, kinks, and random nuclei by 
the fo l lowing equation :  

D*(x') = DAs [1 + 8 exp(-x'/lo)] ,  ( 8 )  

where 8 i s  a temperature dependent constant and l o  i s  a characteristic 
length · on the order of 1 nm. The final term of Eq.. (3) , Fs(x') , expresses 
the segregation of As near the surface due to strain free energy (As is 
larger than Si  on the lattice) and the decrease in surface free energy 
when As replaces some of the Si  atoms on the surface: 

Fs(x') = {DAs AG0seg CAs(x') I I k T} exp(-x'/1) , ( 9 )  
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where L\G0seg is the Gibbs free energy of segregation and I is the 
characteristic length of the segregation  potential .  Making the 
appropriate substitutions g ives relations describing the profi le of the 
As concentration and the incorporation probabi l ity as a function of ion 
energy and temperature. The three unknown constants I ,  lo, and B are 
determined from physical constraints and by fitting an experimental 
data set. 

To modify this theory to describe our case it would be necessary to 
incorporate terms describing (a) the f lux of P or As neutrals to the 
CdTe surface, (b) the additional loss of carriers due to self 
compensation (desc. above and Sect 2.5), and (c) possib le co l l isional 
mixing . However, CdTe is not as wel l  characterized as Si and many of 
the physical constants have not yet been measured. 

Rockett et al. [37] have reported increases in the incorporation of In of 
over four  orders of magnitude using 1 00 eV In+ ions in MBE Si .  These 
experimental resu lts were explained by a model developed by Greene et 
a l .  [38 ,  39] which accounted fo r both trapping ( i .e .  low-energy 
implantation ) and the effect of implantation on surface segregation  
kinetics. According to this model the use  o f  accelerated In+ doping 
decreased the amount of surface segregation due to the fact that a 
fraction of the ions are implanted at depths which are of the order of 
the spatial extent· of the su rface segregation potential . The decreased 
segregation rate resulted in a decrease in the steady state In coverage, 
and hence in lower desorption rates and higher incorporation 
probabi l ities. S imi larly, the decreased segregation rate also resu lted in 
less dopant profi le  broaden ing .  

2. EXPERIMENTAL WORK 

2.1 Deposi t ion  System 

Our apparatus consists of an ion source, a movable Faraday cup for 
monitoring ion current, an effusion ce l l  for CdTe,· and a heated 
substrate ho lder, a l l  situated in a vacuum system with a base pressure 
of = 6 x 1 o-s Torr during· deposition ,  as shown in Fig . 3 .  The ion source 
design ,  which fol lows that of Rockett, Barnett, and Greene [40], uses a 
boron n itride Knudsen cel l  to supply the dopant atoms and an ionizer 
section with a tungsten filament and a graphite anode and an extraction 



grid (Fig . 4) .  Arsenic was tried first as a dopant because of reports of 
metastable doping using As [41 ]  and because of its vapor pressure. 
Typical CdTe growth rates are 1 -20 J.Lm/hr, and As ion currents. as h igh 
as 1 00 J.LNcm2 at the substrate have been obtained, corresponding to a 
doping level of 2 x 1 Q21 cm-3 , assuming Ci = 1 and that al l the As 
atoms are electrical ly active" 

FARADAY CUP 

ION SOURCE 

Fig. 3. !on-assisted doping deposition system. 

2.1.1 Characterist ics of  the ion gun  

CdTe EFFUSION f CELL 

l!lilll BORON NITRIDE 
� GRAPHITE 
- MOLYBDENUM 

P lots of the ion current, measured with a Faraday cup, and anode 
current versus As effusion cel l temperature are shown in Fig .  5 . As 
the pressure of As becomes larger with increased cel l temperature the 
space charge around the fi lament is neutral ized by the increasing 
density of pos itive ions, so the anode current (electrons) increases to a 
plateau where it is l imited by the number of e lectrons em itted by the 
f i l a m e n t .  
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Fig. 4. Jon source.  For As, the effusion ce l l  typically operates at 230°C. 
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The ion cu rrent density plotted against extraction grid voltage in Fig . 6 
shows a saturation above about 500 V. 
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Fig. 6. lon current density vs. extraction grid voltage for As cell. The As cell temperature 
is 380°C, anode current 1 .25 A, and Faraday cup voltage = 200 V. 

Figu re 7 shows the anode current and ion current p lotted against anode 
vo ltage. Increasing anode vo ltage overcomes the space-charge 
l imitation on the anode current, thus increasing the efficiency of 
ion ization and the ion current. 

Estimates of ion current vs position show the beam to be qu ite strongly 
focused with an area of maximum current density about 1 .5 em in 
diameter and to fal l off approximately as 1 /r2 , where r is the distance 
between the source and the Faraday cup used to measure beam current. 
Fi lms of As were g rown on g lass at room temperature witho ut 
ion ization to check the operation and to evaluate the ion-to-neutral 
ratio. Auger analysis of one of these fi lms shows a pure· As signal . 
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Fig. 7. lon current and anode current vs anode voltage for As source temperature 380°C 
and grid voltage = 200 V� 

2. 1.2 I n it i a l  experiments 
I n  o rder to check the f lux and incorporation of the dopant several 
experiments were done. For example, As ions (with no CdTe flux) were 
impinged onto SX CdTe substrates using an ion current density of 50 
J.LA/cm2 at the substrate, an ion energy of 400 eV, and a substrate 
temperature of 350°C. Auger results show approximately 20 A of 
material with an As dose of about 1 Q2 1 cm-3 , the As density dropping 
to zero after about 40 A ( Fig . 8} . The As penetration into the single 
crystal CdTe is of the order of mag nitude predicted by extrapolation of 
ion implantation data to these low energ ies. M icroscope examination 
revealed that the ion beam had sputtered away about 0.4 J.Lm of CdTe 
during the 30  min deposition time. The Auger resu lts demonstrate that 
As is indeed present in the CdTe SX, despite removal of the CdTe by As 
ion sputtering during the deposition . 
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Fig. 8. Auger signals for As ion impinged CdTe SX (with no CdTe flux). Top: surface. 
Bottom: about 23 A sputtered away in the Auger. At 46 A no As was detectable. 

Comparison of the As layers resu lting from ion deposition on 7059 and 
_ITO coated 7059 suggests that substrate charging may be important for 
insu lating substrates. As ions (with no CdTe flux) were deposited onto 
IT0/7059 using a substrate temperature Tsub = 350°C, an ion current 
density of 50 J.1A/cm2 , and an ion voltage of 400 V. Auger results on 
these samples show that As diffuses into the bu lk ITO to large 
distances (corresponding to 33 min Auger sputtering time) . 

I n  another experiment, a CdTe fi lm was grown on a graph ite substrate 
at 350°C with a s imu ltaneous f lux of 1 00 J.1A/cm2 (at the substrate) of 
As at 200 eV. S IMS measurements at SERI  showed that =1 020 cm-3 of 
As was i ncorporated i nto the fi lm .  
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2.2 Experimenta l Technique 

2.2.1 Substrate prepa ration  and fi lm depositi o n  techniques 
I n  order to clearly show that ion ized p-type dopants cou ld be 
incorporated into the crysta l l ine structu re and to avoid problems 
associated with grain boundaries mentioned earl ier, at fi rst we g rew 
thin fi lms on sing le-crystal CdTe [42] . The CdTe bou les contained 
grains up to = 2 em in diameter. The bou les were oriented with the 
help of Laue patterns and the substrates were cut 4 x 1 2  x 2 mm3 .  
Resu lts ind icated that good epitax ial f i lms cou ld b e  obtained 
independent of orientation .  However, the fi lm growth rate did depend 
strong ly o n  the o rientation and for any series of experiments the 
orientation was kept constant. Some of the substrates had twins and 
smal ler grains of other orientations.  

I n  most cases the substrate material was p-CdTe:P ,  grown with excess 
Te during the first growth , and then doped with Cd2 P3 to = 2 x 1Q17 
c m -3 prior to the second growth [42] . The material was grown by the 
Bridgman technique with 60 Hz vibration on the vitreous carbon l ined 
q uartz ampou le  duri ng crysta l l ization .  The electrical activity of the 
dopant was nearly 1 00°/o for th is method of growth . In some cases a n­
CdTe : l n ,  grown by I I-VI , I nc . ,  with an estimated resistivity of >1 Q3 n 
was · u·sed. 

The substrates were lapped on 600 grit SiC wheels using water as a 
l ubricant, then chem-mechanically pol ished [43] with a 1 .5% bromine­
polyethylene g lyco l solution ,  removing about 100 J..Lm of material .  
I mmediately prio r to f i lm g rowth the substrates were u ltrasonical ly 
cleaned in trich loroethane for 90 seconds, etched 5 minutes in a 3% 
bromine-methanol solution (removing about 50 J..Lm of material ) ,  rinsed 
with methano l ,  and b lown dry with dry n itrogen.  

In  some cases, particu larly fo r the early part of the work, the 
substrates were thermal ly etched at 425°C in H2 for 5 min 
immediate ly after the MeOH-Br etch,  then promptly put in the system 
for deposition .  This step was done to el iminate the Te rich surface 
layer left by the MeOH-Br etch and thus provide a sto ichiometric 
surface [44]. In later work the H2 anneal was replaced by holding the 
sample at temperature in the vacuu m  system prior to deposition. There 
was no apparent difference in the effects of these two methods. 



A substrate was then loaded into the substrate holder. The substrate 
holder screws were tightened, bringing the substrate into contact with 
ElectrodagTM coated AI foi l  that was, in turn , in contact with a 
resistance heated plate. A thermocouple was pressed down through the 
heated plate onto the AI fo i l .  Usually, a single substrate was used fo r 
each run .  When the conditions for growth were achieved, the shutter 
was opened to commence fi lm growth . 

Elemental As or  P was used in the ion source and the ion current was 
monitored with the Faraday cup before each deposition.  Usually one 
half of each substrate was covered during the deposition to act as a 
contro l .  Deposition was done at substrate temperatu res T sub of 350 to 
500°C ,  fi lm th ickness varied from 5 to 1 5  J.Lm, and the time at Tsub in 
vacuum was 30 to 60 min .  After deposition ,  In Schottky barrier 
contacts were app l ied to the film and the covered portion of the 
substrates (two on eachL and Au semi-ohmic contacts were appl ied to 
the p-CdTe substrate, al i  by vacuum evaporation . 

Most of the fi lms grown on  the SX substrates were epitaxial , fol lowing 
the o rientation  of the substrate. The substrates usual ly contained two 
or three d ifferently oriented grains.  On some grains the morphology of 
the f i lms was completely smooth under 200x Nomarski examination ,  

· suggesting si ng le crystal l i n ity. On other grains with different 
o rientations however, the su rface morphology showed oriented growth 
featu res (such as escarpments) , suggesting fi lm g rains with mi'no r  
misorientation  ( Fig .  9} . 

2.2.2 Photoelectroni c  meas u rement techniques 
Current-voltage characteristics of each of the fou r  I n  d iodes were 
measured, using an automated measuring system, using an H P  31 0 
computer, a Keithley 6 1 9 dual electrometer, and a Keith ley 230 
programmable power supply. The three-point measuring technique [50] 
was used to el iminate the contact resistance of the back, semi-ohmic 
contact to the p-CdTe substrate. The diodes were generally measured 
in a cycle from 0 V to -7 V reverse bias, then back to +2 V forward bias 
at a data co llection rate of = 1 point/sec. For reverse bias hysteresis 
was almost always observed, suggesting the presence of deep traps 
(see Fig . 1 7b and c) . The data were reduced to yield J0 and the A facto.r 
for each d iode. The high forward-bias ro l l-off was used to get the 
value of the series resistance of the diode Rs , which served as an 
i nd ication of the through-the-fi lm  res istivity of the lAD layers . 
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Fig. 9. Microphotograph of two samples showing growth on several differently oriented 
substrate grains. Left: #1 9 As-1 -SX, Jion = 2 J,LA/cm2, T sub = 40ooc. Right: #26-As-
2-SX, J ion = 1 .5 J,LA/cm2 , T sub = 300°C. Both at 30 eV ion energy. Magnification 200x. 
Lamellar twins are not visible on polished substrate but greatly influence growth 
morphology and rate. 

Carrier densities in the resu lting fi lms were measured using Matt­
Schottky plots of 1 JC2 vs V data taken at 1 or 2 MHz by an automated 
HP 4275A LCR meter for the I n  M/S diodes. In some cases a gradient 
appeared in the carrier density (p) vs depletion layer width plots 
derived from the 1 /C2 vs V data. Th is gradient in can either be a real 
gradient of p in the sample or  an artifact resu lting from the presence 
of deep states in the depletion layer [45] . The two cases could most 
easily be distingu ished by etching off a thin layer and remeasuring the 
1 fC2 vs V data; if the gradient reappeared with negl igible change in 
shape and magnitude, then the apparent gradient was due to deep 
states . 

Other; specific measurement tech niques are described where perti nent 
in the fol lowing sections.  
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2.3 Doping  Experiments With  . Si ng le-Crysta l Substrates 

2.3. 1  Doping as a f unction of ion current, ion  energy, and 
s ubst rate  tem pera t u re 

Schottky diodes of I n  were evaporated onto the f i lms and plots of 
carrier  density versus depletion layer width (Fig . · 1 0) were calculated 
from the slope of the 1 /C2 vs V data for the diodes. These plots 
showed some anomalous structure and hysteresis at larger reverse bias 
vo ltages, suggesting the presence of large densities of electrical ly 
active deep states [e.g . ,  45]. The gradient in p for the no ion case and 
the s ubstrate in Fig . 1 0  probably arises from the surface decrease in  
hole density due to heating,  described in Sect. 2.5 .  The growth with no 
ions gave a hole density of - =  1 Q1 4 cm-3 , a value typical of other 
growths with no ions. I ncreasing As ion current g ave increasing hole 
density, up to 2-3 x 1 Q1 6 cm-3 for these growth parameters. 

p 1 .5 � 
/SUBSTRATE 

""""" " _, 

.J }l  / Ill 
As .... 1 J,LA 

.,Ar 1 .6 � 

: / 

As 0.1 � -�,.--- / � � 
L 

No Ions 

1 1 0 1 00 
DEPLETION LA YEA WIDTH (Jlm) 

Fig. 1 0. Carrier density vs depletion layer width for selected lAD samples. All the ion doped 
samples were grown at Vion = 30 eV and all the films were grown at T sub = 400°C. I on 
current density is indicated on the curves. "Substrate" indicates data for a diode on a portion 
of the substrate covered during deposition. 

The zero bias value of the measured carrier density is plotted versus 
As ion current density in Fig .  1 1 .  The carrier density rises smoothly as 
a function of ion current density Jion , reaching a maximum at = 1.3 
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J..LA/cm2 . This value of ion current corresponds to an As density in the 
film of Ni = Jion/q G = 4 x 1 01 9  cm-3 , if al l of the impinging As were 
incorporated, where q is the electronic charge and G is the fi l m  growth 
rate . 
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ION CURRENT DENSITY AT SUBSTRATE ( A/cm2 ) 
Fig. 1 1 . Measured hole density vs. Jion for As ions. All data is for Tsub = 400°C and Vion = 

30 V. Growth rate is 6-9 J.lm/hr. 

The carrier density for f i lms g rown without ion flux, u nder the same 
conditions, was = 1 01 4 cm-3 . 

Carrier density, plotted against ion energy in Fig . 1 2, shows a shal low 
maximum around 50-80 eV and then drops for energies greater than 1 00 
eV. The drop may be due to ion damage, discussed in Sect. 2.4. 

The effect of variation of Tsub • shown in  Fig .  13, shows considerably 
reduced doping at high T sub and suggests either out-diffusion of the 
dopant or in-diffusion of a compensati ng defect, . d iscussed in Sect. 2.5 
and/or increased re-evaporation of the dopant at h igher Tsub·  
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Simi lar resu lts were obtained for P ions. A plot of hole density vs Nion 
for two rates of f i lm deposition are shown in Figs. 1 4  and 1 5 . The 
maximum for P ions appears to be somewhat sharper than for As ions 
and the ion f lux at the maximum for P appears to be sl ightly lower than 
for As ions. For the lower deposition rate the maximum is shifted _ 

toward h ig her Nion values than for the higher rate, suggesting that more 
P atoms re-evaporate before they are buried at the slower rate. 
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Fig. 1 4. Measured carrier density vs. P ion density for films deposited at = 7 Jlm/hr. 

A data set taken later in the contract period is shown in Fig .  1 5A. The 
data are grouped more closely due to tight contro l  of T sub . fi l l ing of the 
CdTe effusion cel l ,  and crystal lographic orientation of the substrate. 
This curve shows a broadened maximum, compared to Figs. 1 4  and 1 5 . 
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Fig. 1 5 .  Measured carrier density vs. P ion density for films deposited at = 1 J.Lm/hr. 

To determine whether the observed doping was bona fide, 
substitutional doping with the ion species, o r  just an effect of ion 
damage, a number of runs were done using Ar ions,  rather than As. For 
smal l  to moderate Jion ' the p values for these fi lms were qu ite simi lar 
to those with no ion flux (one of which is shown in Fig . 1 0) . For larger 
J ion , capacitance resu lts showed that the enti re fi l m  (= 10 �m) was 
either depleted or inverted. Thus, the doping observed in the 
experiments must be due to the incorporation of dopant in the fi lm as a 
resu lt of the impingement of dopant ions. 

One of the advantages of lAD is the control  of doping by simply 
chang ing Jion · An example of this is shown by the stepped doping 
profi le in Fig .  16, for wh ich Jion was decreased stepwise as fi l m  
growth proceeded. Since the steps i n  Jion are a.brupt (fi l m  growth was 
stopped temporari ly when Jion was changed) , the data show 
interdiffusion of the order of = 300 A. The abil ity to grade or step the 
doping is usefu l in fabricating various kinds of devices with bu i lt- in 
carrier  density p rofi les .  
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Fig. 1 5A. Measured carrier density vs. P ion density for films deposited at == 1 0 J.Lm/hr, 
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To determine the amount of dopant actually incorporated in the fi lm 
S IMS measurements of P density in a fi lm were done at SERI  [45a] , 
using a single-crystal sample of p-CdTe:P grown by the Bridgman 
techn ique as a standard. The amount of P put into the growth ampoule 
for the single crystal standard closely corresponded to the· measured 
carrier density of = 2 x 1 Q1 7  cm�3 . I n  one case, for sample SC-35, the 
P density in the fi lm was found to be = 4 x 1 Q1 7  cm-3 , whereas the 
measured carrier density in the fi lm was = 2 x 1 Q1 7  cm-3 . Thus,  since 
the fi lm was grown with J ion = 0.47 J.LA!cm2 and the growth rate was 
7 .5 J..Lm/hr (giving Ni = 1 .4 x 1 Q1 9 cm-3) about 97% of the P was 
rejected at the surface, and about half of the P incorporated was 
e lectrical ly  active. 

2�3.2 ln/CdTe d iode c haracteristics on  l A D  f i lms 
Typical log J vs V characteristics for I n  diodes on lAD doped fi lms are 
shown in Fig . 1 7� 
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Fig. 1 7. Forwaro and reverse log current density vs. applied bias for several P doped 
samples: {a, top) single crystal with no heat-treatment, p "" 2.5x 1 o1 6  cm·3 (also SIMS 
standard) ; (b,  middle) lAD fi lm, (sample FR-5-1 ) ,  grown at Tsub = 400°C, with Jion = 

0.07 J,J.A/cm2 and Vion = 60 V; and (c, bottom) lAD film, (sample FR-9-2), grown at 
T sub = 400°C, with Jion = 1 .1 J,JA/cm2 and Vion = 60 V (Signs are changed for reverse 
bias branch.)  
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I n  general ,  the fi lms with low to moderate ion doses and ion energies 
�1 00 eV , as wel l  as the adjoin ing substrates showed forward-bias log 
J vs V characteristics that could be described well using two 
exponential branches and series and paral lel resistances: 

V' = V - JR5 . 

Comparison of l n/p-CdTe d iode current vs voltage data for these fi lms 
and the adjoin ing substrates showed simi lar values of the parameters :  
J0 1 = 0 .3 X 1 o-8 A/cm2 , A1 = 1 .8 to 2.3 ,  J02 = 0.4 to 4 x 1 0-1 2 A/cm 2 , 
and A2 = 1 .0 .  These values are typical for I n  Schottky barriers on  SX p­
CdTe which are dominated by thermionic emission at higher voltages 
and recombination/generation in the depletion region for lower b ias 
vo ltages (Fig . 1 7a) . 

For fi lms deposited at the highest J ion and/or the highest Vion , the 
current-voltage data could be described well by a power law: 

where 2 < n < 2.5, 

suggesting transport by space-charge-l im ited current through an 
effectively insu lating layer of semiconductor. 

I n  general the lAD samples showed reverse-bias currents J r(V) s imilar 
in  form to those for the substrate controls, but larger in  magn itude 
(Fig . 1 7b,  c) . The magn itude of Jr increased with increasing ion dose. 
The shape of the Jr (at fixed reverse bias) versus J ion curve is roughly 
the same as that of the carrier density p vs Jion •  · indicating an 
approximate proportional ity between Jr and p.  The value of through­
the-fi lm series res istance, which incl udes the bu lk  res istance of the 
substrate and the fi lm and the contact res istance, determined from the 
h igh forward-bias ro l l  off of the log J-V curves ,  decreased with 
increasing J ion · 

The reverse J-V curves for I n  diodes on the lAD fi lms showed a "figure 
8" hysteresis in reverse bias as the bias went from 0 V to -7 V and 
back to 0 V at a rate of approximately 0.2 V/sec. Generally, the 
hysteresis appeared to increase somewhat with the ion dose. This is 
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ind icative of deep states for which the state of charge influences the 
j u nction  transpo rt. 

2.4 lon D am age Experiments 

2.4 . 1  Overv iew 
The data of Fig . 1 2  suggest that the decrease in hole density for h igher 
ion energies might be caused by ion damage. To elucidate this, a 
separate study of ion damage effects on p-CdTe was in itiated. The 
effects of low-energy Ar ions (0-800 eV) , both from the ion beam and 
in an rf sputtering un it, on the surface of SX p-CdTe were investigated 
as a function of the ion energy, using measurements of J vs. V,  quantum 

· efficiency, and 1 /C2 vs V for I n  junctions on the CdTe. A threshold for 
the effects was identified at an accelerati ng voltage of sl ightly less 
than 1 00 V for a fl uence of 5 x 1 o-3 C cm-2 . Bombardment by Ar ions 
at vo ltages larger than this resu lts in the formation of an n-type 
surface layer on  the p-CdTe crystals. 

2.4.2 lon damage resu lts and d iscussion 
Type conversion of the surface of  CdTe crystals with processing has 
been frequently observed. For instance, the conversion of the surface 
layer of p-CdTe single crystals to n-type by ion bombardment has been 
reported by Courreges et al. [46], who observed the effect as a result of 
sputter deposition of indium tin oxide on p-CdTe single crystals at 
sputtering voltages between 0.8 and 1 .6 kV. Similar effects were 
reported by Tsai et al .  [47] for the sputter deposition of indium tin 
oxide on p- ln P  single crystals at 2.5 kV. Type conversion from n-type 
to p-CdTe with processing has also been described by Bodakov et al .  
[48] and Basal et al . [49] .  

The p-CdTe crystals used in  this work were grown and prepared as 
outl ined in  Sect. 2.2. 1 with the fol lowing exceptions. The hole density 
was 8 x 1 01 6 cm-3 . The wafer su rface for these experiments was 
paral le l  to the ( 1 1 1 ) plane. Th is orientation was selected because (a) 
an open channel appears along the [1 1 1 ] di rection ,  thereby enhancing 
ion- implantation effects , and (b) thi n-fi lm CdTe deposited on 
amorphous s ubstrates shows a preferred [1 1 1 ] orientation in  most 
cases . 

Semi-ohmic contacts to the rear of the p-CdTe were made by the 
deposition of Au stripes on a surface etched with K2Cr207 :H2S04:H20 
and rinsed with 01  water and methanol .  Al l  current-vo ltage 
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measurements were made using a th ree-po int technique [50] to 
e l iminate the effects of contact res istance at this back contact. 

CdTe substrates were bombarded in the lAD system for 3 min with an 
Ar ion beam at RT using vo ltages from 0 to 400 V and with an ion 
cu rrent density of 28 J.LA/cm2 at the substrate as measured by the 
Faraday cup. An In contact was evaporated onto the bombarded surface 
with min imum exposure of the sample to air between bombardment and 
In evaporation .  Current-vo ltage data for the resu lting junction shown 
in Fig . 1 8 . The ion-damaged samples show an increase in current, 
particu larly for low bias vo ltages. The sample exposed to ions with 
energy of 1 00 eV shows a log J vs V curve simi lar to that of the 
contro l ,  but with higher currents at all voltages, suggesting that the 
threshold for damage is sl ightly less than 1 00 eV for this case. 

This conclusion is consistent with the quantum efficiency curves for 
the ion-damaged samples, shown i n  Fig . 1 9 . I n  the experimental 
situation used, with an opaque I n  contact on the surface, l ight­
generated current is co l lected around the circumference of the dot, and 
the magn itude of the response depends on the conductivity type of the 
surface and the effective distance Xc from the edge of the I n  contact 
over which photoexcited carriers can be col lected. I f  the surface is p-
type, then it is expected that this effective d istance is approximately 
the d iffusion length of electrons plus the depletion layer width.  If the 
su rface is converted to n-type, however, the junction becomes a 
homojunction,  the I n  becomes an ohmic contact to the n-type surface 
layer, and the effective d istance of col lection is l imited on ly by the 
resistance of the n-type layer (and the total area converted to n-type if 
the res istance is sufficiently smal l ) . Exposure to ions with 1 00 eV 
energy defin itely has less effect than ions at 200 or 400 eV, but also 
marks the clear beginning of changes in the p-CdTe surface. 

Quantum efficiency is defined by 11 a = 150/qr A and in  th is case the 
collection area is A = 21tRXc,  where R is the radius of the I n  dot, lsc is 
the short-circuit cu rrent, q is the electron ic charge, r is the photon 
fl ux (cm-2 s- 1 ) ,  x0 is the effective col lection distance from the edge of 
the I n  dot, and 110 is the actual quantum efficiency. Thus, the vertical 
axes of Fig . 1 9  and 21 are a plot of 150/(21tRqF) = Xc11 a .  The "quantum 
efficiencies" of Figs.  1 9  and 21 (lla') have been normal ized only by 21tR ; 
to fu l ly n ormalize them with respect to area we must divide them by 
the col lection distance x0• We can obtain an approximation  for x0 by 
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assuming that the fu l ly normalized quantum efficiencies have a 
plateau at 11 0  = 0.7. Thus Xc = Tla'/0 .7. 

leo Eo�w� (�V) n.Q' clat�au (Qm) � (�ml 
0 2.10 x 1o- s 0 .4 

1 0 0 1. 1s x 1 o- 3 1 6  
2 0 0  1 .20 x 1o- 2  17 1 
4 0 0  1 .50 X 1 Q- 2  2 1 4 

The col lection length data can then be analyzed by the fo l lowing. The 
l ig ht-generated carrier co l lection to a grid l ine on the front of a solar 
cel l  with a th in front layer is g iven for one d imension by [50, p.  225] 

d 2 V /dx2 = J (V)p/t, ( 1 ) 

where J (V) is the current-vo ltage characteristic of the solar cel l  and t 

10 ° 

1 0a1 

1 0 a2 

• 400 V 
_. 200 V 
0 100 V 
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1 0 -1 1 ..____.__....�.-____,� _ __.__.L..---1..--'------1-.....L...-----Z 

0.0 0.2 0.4 0.6 0.8 
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1 .0 

Fig. 1 8. J vs V dependence for In junctions on an Ar ion-damaged p-CdTe surface. 
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Fig" 1 9. Quantum efficiency of In junctions on an Ar ion-damaged p-CdTe surface. 

and p are the th ickness and resistivity of the fi l m  through which the 
carriers are co l lected" For the small current densities typical of a 
quantum efficiency measurement, J(V) can be approximated by 

J (V) = -Jsc(1 - V/V0c) .  ( 2) 

where V is the applied bias and V0c is the open-circuit vo ltage. 
The solution to Eq. ( 1 ) is 

V(x) = V0c{ 1 - exp[-(JscPIV0ct)0 .5 x]} . ( 3 )  

We can quantify the col lection length Xc as the distance from the edge 
of the I n  contact for wh ich the current density is reduced to 1 /e of its 
value at the contact by the vo ltage drop in the resistive layer. For 
values of Xc much larger than the minority carrier diffusion length Ld 
we can neglect Ld . Now using Eq. (2) , at Xc we have 
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J (V)/Jsc = 1 /e = (1  - V/V00) = exp[-(Js0p/V00t)0 .5 x0] 

so that 

(4 )  

Here we have approximated the th ickness t o f  the type-converted layer 
by the range of the ions in the CdTe: 

( 5 ) . 

where Xro is the range constant and the relation is assumed to be the 
same as that for P in Si [SOa]. Thus a plot of x02.5 versus Vion should 
yield a straight l ine .  Comparison of th is theory to experimental data in  
F ig .  20 suggests that there is a threshold fo r the type conversion at ion 
energies of about 1 00 eV and that below that either Eq. (5) doesn't hold 
or  that the ion damage is unable to produce type conversion .  

Fig. 20. 
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CdTe substrates were also sputter damaged with Ar at voltages up to 
800 V for 3 min each in  a Perkin-Elmer rf sputtering un it [5 1 ] , with 
half of each substrate covered by a h igh-purity graphite sheet, to act 
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as a contro l .  To ignite the plasma, a high voltage (>1 000 V) is applied 
and then qu ickly decreased to the desired value for sputtering . 
Althoug h this in itial h igh-vo ltage p lasma bombardment was of on ly 1 -2 
s duration ,  it dramatical ly affected the su rface of the CdTe . 

After rf sputter damage, indium contacts were evaporated on  both the 
sputtered and un-sputtered surfaces with min imum exposure to air. 
The variation of cu rrent with bias voltage fo r the diodes on these 
samples shows that exposure of the surface to only the plasma ign ition 
before junction formation produces a major change in  the. junction  
properties . Subsequent sputter damage decreases the current at higher 
vo ltages and increases the current at lower bias vo ltages with 
increasing ion energy. 

The resu lts of 1 JC2 vs V measurements on these junctions ,  using the 
automated H P  4275A LCR meter and plotted as carrier density vs . 
depletion layer width , show that the data for the control samples are 
almost identical to those for the sample exposed to the plasma ign ition 
only (without extended sputter damage) . For samples sputter damaged 
at 600 and 800 V, however, major decreases in carrier density are 
observed, from 4 x 1 01 6 cm-3 without sputter damage to 2 x 1 01 5 cm-3 
with sputter damage, with a large increase in the depletion- layer 
width.  This resu lt is consistent with conversion of the su rface of the 
crystal to n-type with sputter damage, the resulting depletion-layer 
width then being the sum of the n- and p-type depletion layer widths. 

The quantum efficiency of these junctions, shown in Fig . 21 , indicates a 
m uch larger response for al l  of the samples compared to the controls ,  a 
resu lt consistent with the conversion of the surface of the p-CdTe to 
n-type by exposure to the p lasma ignition alone, as well as to any 
additional sputter damage. It is also observed that the magnitude of 
the quantum efficiency fo r the sputter-damaged samples is independent 
of the size of the In contact (not the case for the contro l sample) . If a 
genuine h omojunction were formed with an appreciable n-layer 
th ickness,  then it wou ld be expected that the response would decrease 
toward shorter wavelengths because of the reco mbination  loss at the 
front n-type surface ; indeed the data for the sample damaged at 600 V 
beg in to show this behavior and it is wel l  defi ned for the 800 V sample 
data. 
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Fig. 21. Quantum efficiency of junctions formed on sputter damaged p-CdTe surfaces. 
"Unbombarded was control sample. All other samples were exposed to the plasma ignition. 

If th.e quantum efficiencies of ion-beam-damaged samples are 
compared with that for a sample damaged on ly by the plasma ignition in 
the sputtering chamber, it appears that the damage caused by a few 
seconds of plasma ignition is equivalent to 3 min of ion-beam 
bombardment at 200 V. Thus, for a sputter damage below 200 V, the 
in itial p lasma ign ition appears to be the dominant part of the sputter 
damage process. I f  the magn itudes of the quantum efficiency for 
samples subjected to 3 min of ion-beam damage at 200 and 400 V are 
compared to those for samples subjected to sputter damage at 200 and 
400 V after exposure to the plasma ign ition ,  it is found that the 
quantum efficiency of the latter is about fou r  times larger than that of 
the former, indicating the greater degree of surface damage and type 
convers ion sustained in the sputtering apparatus. 

These resu lts demonstrate the . potential problems associated with 
using conventional rf sputtering and/or ion beam techn iques for 
fabricatio n  of CdTe-based devices. 
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2.5 Effects of Heat Treatment on the Near-Surface Carrier 
Density in  p-CdTe 

2.5.1 I ntroduct ion 
The thermal etch in  H2 g iven to many of  our  p-CdTe substrates before 
deposition causes the formation of a 0 .2 to 0.5 J.Lm surface layer with 
substantial ly lower carrier density than the bu lk  material . This effect 
occurs on  heating in vacuum as wel l  and can be expected to influence 
the carrier density in the growing fi l ms for lAD deposition .  

The purpose of this phase of the work i s  to investigate the mechanism 
in  which the carrier density of p-CdTe:P  decreases due to heat 
treatment. By successive etching of a heat-treated sample,  the carrier 
density profi le resu lt ing from carrier loss near the surface was fou nd 
to be a real  effect rather than an artifact of measurement. Further 
experiments with varying Cd and P vapor pressures indicate that 
compensation occurs through the formation of Pcd anti-site donors. 
Observation of the reverse reaction by anneal ing a sample of p-CdTe:P  
with CdTe powder after first anneal ing in vacuum shows that i t  does 
occur but at a much slower rate than the formation of the Pcd d efects . 

2.5.2 B ackground 
I n  the process of  fabricating solar cel ls  and other devices, CdTe is 
usual ly exposed to certain heat-treatments (such as annealing in H2 at 
425°C for 5 min) to improve its surface properties [44] . As a by­
product of these heat treatments , a decrease in  carrier concentration 
near the surface has been observed. Th is phenomenon is common to 
both n- and p-CdTe annealed in various ambient conditions such as in 
H2,  N2 , Ar,  and vacuum [44, 52-58]. Similar effects have also been 
observed in some as-grown p-CdTe thin f i lms [59, 60]. 

I t  is general ly thought that for n-CdTe, this effect is caused by the 
creation and in-diffusion of Cd vacancies (V cd) at the surface due to 
different rates of evaporation of Cd and Te from CdTe [56, 58]. As an 
acceptor species when ionized, V Cd can compensate the donor 
impurities present in  the material . This explanation seems to be 
consistent with the resu lts obtained from anneal ing u ndoped CdTe 
(sl ightly p-type) in wh ich the hole concentration  increases near the 
s u rface [61 , 62] . However, a loss in carrier density is also observed in 
more heavily doped p-CdTe : P  [44, 52, 53] ,  and the model does not fit 
s ince it predicts an increase rather than a decrease in carrier density. 
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In this study, we investigated possible mechanisms wh ich may be 
responsible for this phenomenon,  focusing on p-CdTe: P, hoping that 
understanding this effect wi l l  help us to grow h igh ly conducting p­
CdTe : P  fi lms  [59, 63] .  

Some possible explanations for th is effect in p-CdTe: P  are :  (i) an 
artifact of the measurement, especial ly the capacitance-vo ltage (C-V) 
measurement that is used in most cases to observe the carrier 
concentration gradient, . ( i i) out-diffusion of the dopant, ( i i i )  i n- or o ut­
d iffus ion of compensating native defects and/or their interaction with 
the dopant elements and (iv) neutralization of dopants by H2. Regarding 
possibi l ity ( i) , the C-V measurement may show an apparent 
concentration g radient where none exists either when an insu lating 
compound layer is formed at the surface or when a large density of 
deep levels are introduced throughout the bu lk material during the heat 
treatment [45, 64]. For possibi l ity ( i i ) , the reaction appears to be too 
fast to be cons istent with l iterature values of the dopant diffusion 
constant. If possibi l ity ( i i i )  is to be true, a new model is needed that 
is applicable to both n- and p-CdTe. The fourth possibi l ity has good 
experimenta l  evidence [65], but it cannot explain s imi lar resu lts of 
heat treatment experiments performed in other ambients , without H2. 

To investigate the val idity of each poss ibi l ity suggested above, 
several experiments including anneal ing in various ambients and 
seqciential etch ing are performed. After reviewing the resu lts of these 
experiments, a possible model is suggested for the compensation of the 
shal low impurity near the surface in p-CdTe. 

2.5.3 Exper imental Procedure 
Sing le crystal p-CdTe: P  samples [42] (4 x 5 x 1 mm3) were cut from 
boules and prepared as per Sect. 2 .1  . 1 . After chem-mechanical 
pol ish ing the samples were etched in MeOH-Br (2%) for 4 min and then 
annealed in various ambients ,  al l  at 425°C and for 20 min .  Anneal ing in 
H2 was done in a graph ite block strip heater, using Pd purified H2 . 
Annealing u nder Cd or  other ambient vapors was done using ampou les. 
High  pu rity quartz ampoules were etched in HN03-HF(1 0°/o) solution and 
baked u nder vacuu m  to drive off mo isture before samples were put in .  
A two zone furnace was used to control the vapor pressures of  the Cd 
and P. 
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After the heat-treatment, I n  Schottky contacts were appl ied to the 
chem-mechan ical ly pol ished side of the sample and Au semi-ohmic 
contacts were applied to the back side, both by thermal evaporation in 
vacuum .  Carrier concentrations were obtained from C-V measurements. 

I n  order to check possibi l ity ( i) , successive etching of a heat-treated 
sample was done. The In contacts were removed by dipping the samples 
into cone. HF for about an hour and the sample was then cleaned and 
etched using a MeOH-Br {0.1 %) solution for 30 sec to remove about 0 .2 
J.Lm of CdTe. Part of  the sample surface was covered by lacquer for 
protection from etch ing so the etching depth cou ld be measured by an 
a-Step™ measurement. I ndium contacts were again appl ied and C-V 
measurements were made. This process was repeated u nti l the original 
bulk carrier  density value was obtained. 

To check possibi l ity ( ii ) ,  an experiment was designed to separate the 
two effects that may occur during the heat-treatment; (a) the 
evaporation of CdTe from the surface which may lead to native defect 
formation and {b) dopant out-diffusion.  A CdTe sample was put in  a 
smal l quartz ampou le ( length = 1 0 em, inside diam. = 1 . 1 em ) with 
u ndoped CdTe powder (about 0.7 g) .  S ince the powder has a large 
surface area, the evaporation of CdTe to reach the equ i l ibrium vapor 
pressu re over CdTe inside the ampoule must be completed i n  a very 
short time. Thus, the evaporation of CdTe from the sample cou ld be 
l imited to a very small amount since it can happen on ly during the short 
time period before the equi l ibrium vapor pressure was set up ,  whi le the 
out-d iffusion of the dopant remained possible during the whole heat 
treatment. P wou ld d iffuse toward the surface from the bu lk, and 
evaporate at the surface mostly in the form of P 4 at the present 
temperatu re.  

2.5.3 Resu lts and d iscussion 
The resu lt of the etching experiment is shown in Fig . 22. The carrier 
density profi les measured in each etch ing step match with each other 
very wel l ,  and from th is resu lt, it is obvious that the C-V data are 
real ,  showing a large carrier density decrease near the surface of the 
heat-treated CdTe. If the carrier density gradient were an artifact due 
to an insu lating surface layer, then the etch ing experime·nt wou ld have 
had to show the sudden disappearance of the gradient as soon as the 
layer was removed. On the other hand, if deep levels were responsible 
for the gradient, the same gradient (over the same carrier density 
range) wou ld appear after etch ing.  The etch ing resu lts perfectly match 
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with each other and from this we conclude that the carrier depletion 
near the surface produced by anneal ing is a real effect. 
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Fig . . 22. A complete hole density profile of a p-CdTe:P sample annealed in vacuum (1 o-2 
Torr:) at 425°C for 20 min. The data were obtained by successive etching and C-V 
measurements. 

Figu re 23 shows the resu lt of the heat-treatment with CdTe powder 
p resent.  
These data are compared with both a control sample and a sample 
annealed in vacuum. While the CdTe annealed in vacuum showed 
appreciable carrier loss, the sample annealed with CdTe powder showed 
l ittle change. In  th is case, free o ut-diffusion of dopants ,  if any, was 
al lowed whereas the evaporation of CdTe was minimized. The resu lt 
suggests that the carrier loss near the surface is related to the CdTe 
evaporation  at the surface of the sample rather than to the out­
d iffusion of the dopants. I n  other words, the evaporation of CdTe from 
the surface creates defects that compensate the acceptors in the 
region.  It is known that Cd evaporates faster than Te because of its 
higher equ i l ibr ium vapor pressu re, leaving Cd vacancies behind [65a] . 
V Cd acts as an acceptor when ionized, so that this species alone cannot 
compensate any other acceptors . Therefore, it is necessary to know 



al l the poss ible defect species in p-CdTe: P  to determine which might be 
responsible for the compensation. The defect species noted in the 
l iterature are;  (i) Pre , Pi , Tei ,  and Vcd as acceptors, ( i i) Pcd , Cdi , and 
Vre as donors ,  (i i i) Pcd Pi and Pcd V cd as complex defects . 
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Fig. 23. C-V data illustrating the effect of CdTe powder on annealing. A: control sample, 8 :  
annealed with CdTe powder, C :  annealed in vacuum at 2 x 1 Q-7 Torr. All annealing done at 
425°C for 20 minutes. 

I n  o rder to investigate the variation of the carrier loss as a function of 
the Cd vapor pressure, CdTe samples were ampoule annealed at various 
Cd vapor pressures. The resu lt is shown in Fig . 24. It is known [66] 
that, in the h ig her Cd pressure regime, Cd interstitials compensate the 
acceptors. This is evident in Fig . 24. However, in the lower Cd 
pressure regime, V Cd are expected to form and increase the ion ized 
acceptor concentration if the system were in equ i l ibrium [66]. F r o m 
Fig . 24, it can be seen that the present system shows the opposite 
behavior. The present system is not at equi l ibrium s ince the anneal ing 
temperatu re is low (425°C) and the time is also re latively short (20 
min) ,  so that on ly kinetical ly favorable reactions occur. · Never-the­
less the observations shou ld show the d i rections of the equ i l ibrium 
reactio n s .  
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Fig. 24. Hole concentrations of p-CdTe:P after annealing at different cadmium vapor 
pressures at 425°C for 20 min. 

Considering that anneal ing in N2, Ar, and vacuum were carried out 
without excess Cd present, it is important to understand the 
compensation mechanism in the lower Cd pressure regime. One 
possib i l ity is the formation of Pcd wh ich is a mu ltip le donor. According 
to the Bro uwer d iagram made by Selim and Kroger for p-CdTe:P [66], an 
appreciable amount of Pcd forms in p-CdTe:P  annealed in low Cd vapor 
p ressures.  This possib i l ity was investigated as fo l lows. 

I n  the higher Cd pressure regime, the phosphorus may take either the 
interstitia l  s ites ( Pi) or the Te sites (Pre) · Both the Pi and Pre are  
acceptors , so that i f  we increase the P vapor pressure in th is reg ime, 
the carrier concentration should increase accordingly. This is 
i l l ustrated in  the fo l lowing. re lation  between the hole concentration 
and phosphorus vapor pressure derived from the mass action law and 
charge neutra l ity condition ;  

( 1 ) 
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Since Eq. (1 ) is derived from the equ i l ibrium conditions whereas the 
system in this experiment . is not at equ i l ibr ium, the power of Pp4 ( i .e. , 
1 /8) , may not be exactly appl icable to the present system. However, 
we can stil l  use Eq. ( 1 ) as a reference for our system and the trend is 
that as Pp4 increases, then the hole concentration also increases. 

On the other hand, in the lower Cd pressure regime, the phosphorus may 
take the Cd site (Pcd) by jumping into a Cd vacancy formed by Cd 
evaporation .  Pcd is  a multiple donor so that it compensates acceptors 
in the region. I n  the same way used for Eq. (1  ) ,  the concentration of 
the compensating species (donors) as a function of phosphorus p ressure 
in the low Cd pressure regime is derived assuming that 

( 2 )  

Then the concentration of the compensating electrons as a function of 
the phosphorus pressure is g iven by 

n oc Pp41 /S (3 )  

The tendency is for more compensation to occur as the phosphorus 
pressure goes up ,  according to Eq .  (3) . To study this possibi l ity, 
annealing was done at different phosphorus vapor pressures for a given 
Cd pressure.  The formation of a P compound at the surface of the CdTe 
during th is anneal ing is a formal possibi l ity since both Cd and P are 
used as the vapor source. From the available thermodynamic data [67-
69], we bel ieve that no P compound forms at the surface of the sample 
as a resu lt of anneal ing and none was observed visually. 

The experimental resu lts are g iven in Table 1 .  The results fo l low the 
expected tendency, which suggests that Pcd is the compensating 
species in p-CdTe:P annealed in the lower Cd vapor pressure regime and 
it also seems to play the same ro le for the anneai of p-CdTe: P  under 
different ambient conditions (such as in vacuum) because V Cd is 
believed to form as a resu lt of the annealing in these cases also. 

I n  order to see this po int clearly, we annealed Cs doped p-CdTe in 
vacuum.  Cs takes Cd sites to act as an acceptor so that formation of 
V cd by anneal ing does not result in the formation of donor species. The 
formation of V Cd will increase the hole concentration s ince it is an 
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TABLE 1 . Hole densities of p-CdTe : P  an nealed at 
various P vapo r pressu res. 

PHOSPHOROUS PRESSURE (P 4) (atm) 

0 3.3 x 1 o-s 1 .0 X 1 0-2 1 .6 X 1 0·1 

Cd PRESSURE (atm) HOLE DENSITY (cm-3) 

1 .0 X 1 0-3 1 .2 X 1 012 ------------- 5.6 X 1 014 1 .9 X 1 015  

5.0 X 1 0-7 1 .6 x 1 01 6 8. 1 X 1 01 5 _.,. ________ 2.4 X 1 015  

acceptor species. Fig . 25 shows that the hole concentration of p­
CdTe:Cs annealed in vacuum increased as expected, which supports the 
suggested compensation mechanism. The same crystal annealed in H2 
showed a decrease in carrier concentration ,  so neutral ization of dopant 
impurities by H2 is p robable s ince the carrier density decreased for p­
CdTe:Cs only when H2 was used as the ambient. 

The possible compensation mechanism for p-CdTe: P  during the heat­
treatment, e .  g . ,  in vacuum,  is :  

Cdcd = Cd(g) + V Cd 

Pi + Vcd = Pcd 

Pcd = Pcd3+ + 3e. 

This model assumes that most of the P exists in p-CdTe:P  as Pi , which 
is a reasonable assumption because most of the CdTe crystals used are 
grown with excess Te. 

To investigate whether the reverse reaction is possib le,  we annealed a 
sample of p-CdTe:P ,  which had been annealed in vacuum (2 x 1 Q-7 Torr) , 
with CdTe powder. The · CdTe powder was used to prevent any · further 
reaction at the surface during the subsequent heat treatment. From the 
resu lts shown in Fig . 26, it is evident that the reverse reaction is 
considerab ly s lower. 
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Fig. 26. C-V data of p-CdTe:P, annealed successively at 425°C under different conditions. 
A: annealed 20 min. in vacuum, 2 x 1 0-7 Torr. 8: sample A annealed with CdTe powder for 
20 minutes, C:  sample B annealed with CdTe powder for 5 hr, D :  Control .  
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2.5.4 Summ ary 
The carrier concentration decrease near the su rface in p-CdTe:P  by 
heat-treatment was fou nd to be neither an artifact of measurement nor 
due to out-diffusion of the dopant. We conclude that in-diffusion of 
Vcd . fol lowed by movement of P to the vacancy sites, forming Pcd (a 
donor) is the compensating mechanism. This fo l lows from the resu lts 
of anneal ing p-CdTe:P in vacuum and p-CdTe:Cs in various ambients . The 
reaction of the carrier density decrease can be reversed by anneal ing a 
previously annealed sample with undoped CdTe powder. Neutral ization 
of Cs dopant impurities by H2 is probable since the carrier density 
decreased for p-CdTe:Cs only when H2 was used as an ambient. 

2.6 Solar  Cel ls 

Solar cel ls  were prepared by evaporating a two-layer CdS fi lm onto the 
epitaxial CdTe film to prevent creation of a buried homojunction [70]. 
The CdS layer adjacent to the CdTe is undoped and acts as a diffusion 
barrier  to prevent the I n  doping in the top layer of CdS from entering 
the CdTe. Fo l lowing the deposition of the p-CdTe fi lms and cool ing to 
room temperature, the samples were removed and immediately placed 
on a substrate holder and loaded into a vacuum evaporator. A substrate 
of microscope g lass was also loaded onto the substrate holder with the 
CdTe film ,  in order to provide a check of the CdS qual ity and 
resistivity. The substrates were heated to 200°C, and CdS was 
evaporated from a Knudsen effusion source at a background pressure of 
= 3 x 1 o-7 Torr. An undoped layer of CdS = 0 .3 J.Lm was deposited, 
fol lowed by an I n  doped layer that was =1 J.Lm th ick. The resistivity of 
the I n  doped CdS, as determined from 4-point measurements made on 
the fi lms g rown on the g lass, was ... 0 .04 n-cm. A schematic of  the 
device is shown in Fig . 27. An In grid was evaporated on the CdS for a 
front contact. After a 5 minute etch of the back · CdTe surface with 
d ichromate/su lfuric acid/deion ized water etch , Au contacts were 
evaporated onto the back. A Schottky barrier of In  was also evaporated 
onto the CdTe fi lms on an area that was not covered with CdS. Dark and 
l ight (AM 1 .5 ,  1 00 mW/cm2) cu rrent density-vo ltage plots were made 
for the solar cel ls and Voc and Jsc were determined.  Quantu m efficiency 
data were measured , current-vo ltage and capacitance-vo ltage data 
were obtained from the Schottky barriers, and carrier density profi les 
were determined from 1 /C2 vs. V data taken at 1 MHz. 
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Fig. 27. Schematic of solar ceiL 
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SINGLE CRYSTAL p-CdTe 
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Al l  the solar cel ls were prepared using the same two layer n-CdS 
window configu ration .  The p-CdTe fi l m  configuratio n  varied, being of 
two basic types:  1 )  a single layer, with a constant carrier density, and 
2) a two layer f i lm, one layer with a constant carrier density, and the 
other, next to the CdS ,  without any doping . 

· 

Fi lms SC-1 9 (Tsub = 400°C) and SC-35 (Tsub = 425°C) were grown with 
ion energ ies of 60 eV and 80 eV respectively, and had carrier densities 
in the h igh 1 01 6 cm-3 and low 1 Q1 7 cm-3 range with flat carrier  
density profi les.  These yielded cel ls with lower V0c and lower Js c  
(Table  2) . If the ion energy was reduced to 40 eV, as in SC-24, the V0c 
increased somewhat, but the Jsc remained about the same. The low Jsc 
is  bel ieved to be due to both relatively smal l depletion widths and 
short minority carrier d iffusion lengths (Ld ) ,  which are due to the 
presence of a h igher density of recombination  sites. The low V0c is 
bel ieved to be due to the large difference between the ho le density in 
the p-CdTe (h igh 1 01 6 , low 1 01 7  cm-3) and the electron density in the 
undoped CdS (=1 01 5  cm-3) [71 ] .  The increase in Voc for SC-24 is 
bel ieved to be due to the better matching of the carrier densities o n  
either side o f  t h e  junction .  
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For fi lms doped at an ion energy of 40 eV and having a flat carrier 
density profi l e  of = 4.5 x 1 01 6 cm-3 , J50 increased with substrate 
temperature wh i le V00 remained unchanged (Table  2, SC-23, 24, and 25) . 
Quantum efficiency curves clearly indicate this trend (Fig.  28) . The 
increase in J50 with growth temperature is bel ieved to be due to the 
annealing out of ion damage, leading to an increase in Ld and a decrease 
in recombination .  Modeling shows that values of Ld = 0 .2-0 .4 J.Lm are 
cqnsistent with the shape of the quantum efficiency curves. Increasing 
the growth temperature above 450°C however, led to a decrease in the 
incorporation of the dopant and also to a gradient in the carrier density 
(see Sect. 2.5) .  
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Fig. 28. Quantum efficiency for three cells for which the CdTe layers were deposited at 
different T sub· 

The best resu lts were obtained with the CdTe fi lms with a two layer 
configu ration (Table 2) . In this case a P ion doped CdTe layer was 
grown on the p-CdTe:P substrate, fo l lowed by an undoped CdTe layer. 
This of course widens the depletion layer. Care must be taken to 
ensure that the undoped layer is of the proper thickness. Too th ick a 
layer leads to an increase in the series resistance and a decrease in the 
fi l l  factor. Too thin a layer leads to a decrease in Jsc, believed to be 
due to sign ificant amounts of generation occuring in a region of short 
diffusion length and high  recombination .  · The optimum thickness for the 
undoped layer was about 0 .8 J..Lm. Fig . 29 shows the l ight J-V curve 
for the best cel l obtained to date, SC-37. The fi lm was grown at 
450°C,  with a g rowth rate of 0 . 1 5 J..Lm/min ,  an ion cu rrent of 0 .5 
J..LA/cm2 -and an ion energy of 80 eV. The doped portion of the CdTe fi lm 
had a carrier density of 4 x 1 01 6 cm-3 ,  whi le the undoped portion of the 
fi lm had a carrier density of 5 x 1 Q1 4 cm-3 .  The V0c was 0 .60 volts ,  
and the Jsc was 1 6 .7 mA/cm2 . The fi l l  factor was 0 .64 and the overal l 
ce l l  efficiency u nder simulated sun l ight (= AM 1 .5 ,  1 00 mW/cm2) was 
6 .2o/o (active area basis) . Fig . 30 shows the quantum efficiency of cel l 
SC-37 and it is considerably h igher than those for the cel ls of Fig . 28. 
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Other cel ls g rown with the two-layer CdTe configu ration also showed 
larger V0c and Jsc (Table 2, SC-38, 42) . The advantage of the undoped 
CdTe layer is threefold:  1 )  · the undoped CdTe is a better match to the 
undoped CdS ,  leading to a larger V0c [1 ] ,  2) the undoped CdTe apparently 
has a longer diffusion length and less recombination than the doped 
CdTe, leading to a larger Jsc. and 3) the depletion layer in the CdTe is 
wider, also increasing the col lection efficiency and hence, Jsc · Fi lms 
can be grown at lower temperatures because generation occurs in  a 
region with no ion damage. recombination 

I n  futu re work with solar cel ls we intend to increase the re lative 
carrier density level in both the CdS and CdTe at the interface, to see 

· what effect the relative carrier density has on the optimization  of V0c. 
Other cel l  config urations are being considered . One possib i l ity is 
inverting the cel l ,  which includes in itial ly depositing the two CdS 
layers, doing a heat treatment to clean the surface, and then  depositing 
the two layers of CdTe [72] . 

2.7 Doping experiments on · Po lycrystal l i ne  material  

2.7. 1 Bicrystals 
Before extensive study of  polycrysta l l ine fi lms grown by lAD,  
consideration  was fi rst g iven to bicrystal films,  for which individual 
grain boundaries could be studied. Bicrystal substrates were cut from 
an n-type CdTe boule that was grown by I I-VI Compounds, Inc. [73] . 
Two pairs of bicrystal substrates were prepared, with each pair having 
the same orientations. The n�type substrates were chosen so that 4-­
point, along-the-f i lm resistivity measurements cou ld be made on the 
epitaxial f i lms. Laue pictures were taken of each grain in the boule in 
order to orient the samples ,  and also to g ive an idea of the mismatch 
between the grains (Fig . 3 1  ) .  The substrates were ground and polished 
as described in Sect. 2 . 1 . 1 . lAD doped fi lms were grown on the 
bicrystals ,  with an attempt to optimize the doping for each bicrystal . 
There was some difficu lty in accompl ish ing th is due to d iffering fi lm 
thicknesses on each side of  the grain boundary (because of  the 
dependence of the f i lm growth rate on crystallographic o rientation) .  
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Fig. 31 . Orientation of grains of bicrystals. 

Fou r-point measurements were· made across the grain boundary and also 
with in each g rain (Fig . 32a) . The fou r-point measurements across the 
grain boundaries were done as a function of temperatu re ,  both in the 
dark and u nder i l lumination from a microscope lamp (= 40 mW/cm2) ,  
going from room temperature to 1 40°C. After the temperature 
measurements, I n  Schottky barriers were evaporated onto each side of 
the fi lm.  A gold ring contact was etched around the Schottky barrier 
using a solution of gold ch loride, enabl ing J-V and C;.V measurements 
to be made ( Fig . 32b). Three-point measurements were made with the 

. configuration ,  to avo id p roblems with contact resistance in the go ld 
ring . Carrier density values were determined from the C-V 
measurements, and in conjunction with the resistivity measurements, 
hole mobi l ities were calcu lated .  Grain boundary activation energies 
were determined from the p lots of the across-the-grain-barrier 
conductivity versus temperatu re. 

Orientation  data for the two best fi lms are shown in  Table 3 .  Sample 
GB-3 had large misorientation between the grains, while GB-6 had 
comparatively l ittle mismatch .  The mobi lities inside the grains were 
about what was expected for bulk CdTe. Fig . 33 contains plots of 
conductivity . vs. inverse temperature, both in the dark and in the l ight, 
for the two f i lms, and Table 4 contains the grain boundary conductivity 
activation energies for the fi lms, both in the dark and in the l ight. The 
activation energ ies for both samples fo r the dark and the l ight fe l l  
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Fig. 32. Contact configurations for bicrystal measurements. a} For resistivity 
measurement. b) Modification for capacitance measurement. 

TAB LE 3 .  Orientation and Transport Data 

Sample Carrier Density 
( c m -3 ) 

G B-3 43°  44° 4 X 1 01 6 
7.5 X 1 01 6 

G B-6 7° 1 7° 3.5 x 1 01 6 
3 X 1 01 6 

M o b i l i ty 
(cm2/V-sec) 

5 1  
4 7  

1 0 
2 6  

0 .79 x 1 01 9 
0 .65 X 1 01 9  

1 .08 X 1 01 9  
0 .95 X 1 01 9  

r l 
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Fig. 33. Conductivity vs. inverse temperature for bicrystals. 
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TAB LE 4.  Grain Boundary Activation Energies and Resistances 

Sample Carrier Density Activation Energy 
( cm ·3 ) · Dark (eV) Light (eV) 

4 X 1 01 6  

3 .5 X 1 Q1 6  

3 X 1 Q1 6 

0 .66  

0 .2 

0 .24 

0 . 1 3  

Resistance 
(O - c m 2) 

3.4 X 1 Q3 

8 . 3  

within the range of what was seen i n  an earl ier study [74] . Sample GB-
3 ,  with the larger misorientation ,  shows the larger activation energy. 
The grain boundary specific resistance (Table 4) increases strong ly as 
the misorientation increases. 
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2.7.2 Po lycrysta l l ine th in f i lms 
To study the effects of  lAD on po lycrystal l ine fi l ms several different 
groups of f i lms were grown (Table 5) .  I n itial ly a l l  fi lms were g rown o n  
high purity graphite (g rade DFP-3=2, Poco Graphite, Decatur, TX) . Al l  
substrates were scored with a SiC kn ife and cleaved to 1 0  x 1 2  mm2 . 
Substrates were b lown with dry nitrogen to remove dust, and then 
loaded in the substrate holder in a manner similar to the single crystal 
substrates. For the first group of seven fi lms, the ion current was the 
variable ,  and the substrate temperature was kept at 400°C,  the ion 
energy was 60 eV, and the ion current was varied between 0 and 1 .5 
J.LA/cm2 . A second group of fi lms had the ion �nergy as the variable, 
with the substrate temperature again kept at 400°C,  the ion current 
maintained at about 1 .2 J.LA/cm2 , wh i le the ion energy varied between 
40 and 1 00 eV. The third group of samples was prepared with the 
substrate temperature varying between 200°C and 500°C, whi le the ion 
energy and ion current were kept at 60 eV and at about 1 .2 J.LA!cm2 , 
respectively. The f i lms were on the order of about 1 2- 1 4 J.Lm thick, 
with the exception of the sample grown at 450°C,  which was 5 J.Lm 
thick, and the sample that was attempted at 500°C , for which no fi lm 
grew. Grain size was typical ly · = 2.0 J.Lm. 

Table 5. P ri ncipal Polycrystal l i n e  Fi l m  Depositio n  Series 

S e r i e s  Substrate Temp.  I o n  Density lon Energy 
( o C )  ( c m ·3 )  ( e V )  

1 4 0 0  0 - 2.8 X 1 01 9  6 0  

2 4 0 0  2 .2 x 1 01 9  40 - 1 00 

3 2 0 0 - 5 0 0  2 X 1 Q1 9  * 6 0  

* Except for the samples for 450°C for which the ion density was 5.4 x 1 01 9 cm-3. 

Schottky barriers of I n  were evaporated onto the fi lms,  with the 
graphite substrate as the back contact. Final ly, J-V and C-V 
measurements were made on al l  the fi lms.  

Overal l ,  the f i lms were h igh ly resistive, being on the order of 5 x 1 Q7 
n-cm. With the exception of a fi l m  grown at 0 .067 J.LA!cm2 , al l  the 
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f i lms from the fi rst group g rown with ion cu rrent as the variable had 
nearly l inear J-V curves.  For the fi lm grown with 0 .067 J.LA!cm2 , the 
difference in the current density between reverse 1 vo lt and forward 1 
volt was on ly about half an order of magn itude (Fig . 34) . Varying the 
ion energy had l ittle effect on the J-V curves, and C-V measurements 
indicated a carrier density of between 3 and 4 x 1 01 4 cm-3 for al l the 
fi lms . The biggest change was seen in varying the substrate 
temperature .  The fi lm grown at 200°C had a l inear J-V curve, and as 
the temperature increased the J-V curves became more and more 
rectifying. Fig . 34 shows the difference between the fi lms grown at 
400°C and at 450°C. The carrier density, as determined by C-V 
measurements , went from 2.5 x 1 01 4 cm-3 at 400°C to 9 x 1 01 4 cm-3 
at 450°C. 
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Fig. 34. Log J vs. V for samples grown at 400°C and 450°C with J ion =0.08 llAfcm2 and 
Vion = 60 V. 

Further experiments were done to explore the fi lms grown at 450°C 
using a different type of graph ite substrate [Poco vitreous coated grade 
DFP 2-3] , s ince it was smoother and resu lted in the growth of 
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smoother fi lms.  For either type of substrate 450°C was the maximum 
temperature at wh ich it  was possible to still g row a fi lm .  A series of 
fi lms was prepared at T sub = 450°C,  with the ion current varying 
between 0 and 1 .2 J.LA/cm2 for an ion energy of 60 eV. One fi lm was 
grown at an ion current of 5.5 J.LA!cm2 and an ion energy of 1 00 eV, the 
higher ion energy being needed to obtain the h igher ion current. It 
showed a completely l inear J-V characteristic and a resistivity of = 

2.4 x 1 01 o n-cm. The forward-bias portion of the J-V curves for the 
other samples from th is group are seen in Fig . 35. As the ion current 
increases, the forward bias portion of the J-V curve becomes lower and 
lower, indicating an increase in resistivity. Fig . 36 shows a p lot of 
resistivity, as determined from the hig h forward-bias rol loff of the J­
V curves, as a function of ion current. 

Resistivity as a function of temperatu re was measured for two of the 
PX fi lms using a Au dot with a surrounding Au ring. The current path 
was from the dot to the graphite substrate p lus from the graphite to 
the Au ring , i .e . ,  two transits through the thickness of the fi lm .  The 
resu lts shown in  F.ig . 37 show l ittle d ifference between samples 
'Graph27' ,  with no doping , and 'Graph28' with Jion = 1 . 1 J.LA/cm2 . The 
data for the u ndoped sample indicate an activation  energy of 0 .45 eV, 
whereas the doped sample gives 0.74 eV. These values can be compared 
with 0 .66  eV obtained for the bicrystal with l arge mis-orientation . 
Since the resistivity is dominated by the grain boundaries with the 
largest values of barrier height, this is a reasonable correlation .  The 
smal l change with l ig ht, compared to the bicrystals, is due to the fact 
that very l ittle light  gets to the region under the contacts th rough 
which current is flowing . 
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Fig. 37. Conductivity as a function of inverse temperature. 

Carrier density (p) , measured by C-V techniques, is p lotted against Jion 
in Fig . 38 for samples grown at 400 and 450°C. p shows an 
approximate ly l i near increase with J ion · The l inear nature of the J-V 
curves does call into question the C-V measurements for some of the 
fi lms.  However, for those fi lms where there is some rectification ,  
increasing the ion current does seem to indicate an  increase in the 
carrier density. Even for these f i lms, however, the carrier density 
varied between the mid to h igh  1 01 4 cm-3. 

The effective mobi l ity J.L, calculated using the p values of Fig . 38 and 
the resistivity values of Fig . 36,  and plotted in Fig . 39,  shows a strong 
decrease with i ncreasing J ion which is approximately of the form J.L = 

A exp(- 8 J ion) ,  where A and 8 are constants . Since the .  effective 
mobi l ity is contro l led by the grain boundary barrier potentials in  these 
PX materials,  we conclude that increasing J ion increases the barrier 
height. The mechanism for this is not known , but we can surmise that 
compound formation at the grain boundaries may be the cause. 
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3. DISCUSSION 

3.1  Doping CdTe by lAD 

The evidence for doping of epitaxial CdTe fi lms with As and P ions is 
conclusive. In the work done so far we observed a smooth increase of p 
for increasing ion flux to a maximum of 5�8 x 1 Q1 6  cm�3 for As and = 2 
x 1 Q1 7 cm-3 for P ions. It is concluded from the P ion current density, 
the growth rate of the fi lms, and the measured carrier density, about 
1 o/o of the imping ing ions are incorporated into the fi l m  as electrical ly 
active dopants. Judging from prel iminary S IMS resu lts most of the 
missing P is  re-evaporated or sputtered away. Thus,  for the S IMS 
sample = 97o/o of  the incoming dopant i s  rejected at the surface, 1 .5% is  
e lectrical ly active, and  the remain ing 1 .5°/o i s  electrical ly i nactive .  
This picture i s  consistent with the observation that the ratio o f  the 
carrier density to Ni  (Ni is the number density of dopant atoms in the 
fi lms if all the imping ing ions were incorporated) becomes larger for · 

higher growth rates,  presumably because the dopant atoms are 
incorporated before they have a chance to re-evaporate. 

The increase of p with increasing Vion {up to a point) and the decrease 
of p with increasing T sub  suggest that the incorporation of  dopant is a 
balance between an input of shal low ion implantation and ion burial ,  
and an output by re-evaporation of the dopant from the _ g rowth surface. 
I n  addition ,  the electrical activity of the dopant that is final ly 
incorporated depends on the in-diffusion of Cd vacancies and the 
subsequent movement of dopant atoms to those sites where they act as 
donors, compensating the existing doping (e.g . ,  Pcd) . Thus the 
electrical activity of the dopant is expected to decrease with 
increasing T sub· 

The carrier density fal ls  off abruptly for Jion · val ues larger than that 
producing the maximum p (Fig. 1 1 ,  1 4 , 1 5) .  The th reshold for th is 
fal loff is near Jion = 0 .5-1 .5  J.LA/cm2, and some of the highest p values­
and also some of the lowest values-are found at th is Jion · For fi lms 
deposited with higher Jion than that producing the maximum p,  
hysteresis is seen in the J-V and C-V curves and the p vs Wd profi le has 
an apparent gradient, suggesting the presence of a large density of deep 
states.  The p fal loff is equally evident in P and As doped fi lms. Whi le 
no defin itive explanation  is possible at this point, we advance the 
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possib i l i ties of (a) extensive self compensation due to incorporation of 
P or As on Cd sites where they behave as donors ,  (b) the production of 
compensating defects by ion damage, or (c) compound formation .  With 
regard to the first possibi l ity, the effect wou ld of course depend on the 
stoichiometry of the growing surface, and fi lm g rowths with excess Cd 
pressure would help to elucidate this. The second possibi l ity is more 
difficult to justify since the ion damage should be proportional to the 
ion flux and this should not lead to such a rapid falloff. The third 
possib i l i ty, compound fo rmation ,  may increase the self compensation , 
e.g . ,  the formation of Cd3 P2 wou ld also deplete the Cd density, 
promoting more self compensation .  Additional  S I M S  measurements and 
XTE M  analysis may help to explore this last possibi l ity .  

The evidence for a large density of deep traps is also seen in  the fi lms 
deposited with Vi on values ;;:: 1 oo V. Given the resu lts in Sect. 2.4, the 
effect here is one of ion damage, probably with the creation of a 
n umber of different kinds of states ,  some of which are donor- l ike and, 
in  large densities, lead to type conversion. 

3.2 Appl ication to solar cel ls 

From the solar cel l  resu lts described in Sect. 2.6, it is evident that 
p lacing moderate to h ighly ion doped CdTe layers adjacent to the 
j unction p roduces devices with on ly moderate quantum efficiencies (110 
= 35-55%).. The quantum efficiency depends on both the minority­
carrie r  diffusion length Ld and the depletion  layer width Wd , with the 
depletion layer acting as a layer with an extremely long effective Ld . 
The 110 does increase with increasing Tsub ,  suggesting that either the 
depletion layer widths have increased and/or that increasing the 
temperature anneals out more recombination centers. In comparison ,  
s imi lar cel ls made on  sing le-crystal material , with comparable 
depletion layer widths, show larger 11 o,  up to = 80o/o. (About 1 8°/o of the 
l ight  is reflected, s ince these cel ls have no anti-reflection coati ngs.) 

When an intervening layer of undoped CdTe is deposited on top of the 
lAD layer, then TI O  increases, becoming comparable with single crystal 
values. The u ndoped CdTe is depleted and this large increase in· Wd 
sho u ld resu lt i n  a major increase in TIO · We can postulate that the 
undoped material has a longer Ld , but it is unclear how much this wou ld 
contribute to the increase in TIO · 
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The open-circuit vo ltage is also increased by the deposition of an 
intervening, undoped layer, but again the cause is unclear. 

From the above discussion it appears that lAD homoepitaxial fi lms with 
moderate to h ig h  doping have lower minority carrier  diffusion lengths 
(ld)  than those of s ingle-crystal materia l .  S ince the mobi l ities of 
these fi l ms are comparable to those of single-crystal material , the 
impl ication is  that the minority carrier l i fetimes in the f i lms are 
lower, but increase with increasing Tsub·  The use of undoped fi lms does 
provide high quantum efficiency but it is u nclear whether this is due to 
an increase in depletion layer width or to an increase in Ld , or both . I n  
order to  uti l ize lAD as an experimental too l  to measure j unction 
properties as a function  of  carrier density, methods wi l l  have to be 
developed to obtain long minority carrier l i fetimes in  the material . 
These methods might include (a) using lower ion energies, (b) using as 
high a substrate temperature as possib le,  (c) anneal ing the material 
before or after the formation of a junction ,  (d) the possib le beneficial 
effects of contro l l ing the stoichiometry during lAD deposition by the 
use of additional Cd or Te sources, and (e) using some sort of 
passivation method during lAD deposition .  

3.3 Po lycrystal l i ne f i lms 

While work on  polycrystal l ine f i lms on amorphous substrate must be 
considered as prel iminary, the indications are that the doping densities 
achieved so far by lAD are insufficient to overcome the effects of the 
grain boundary barriers .  

Measurements on  l A D  doped bicrystals show that the grain boundary 
potential barrier heights are in  the range of 0 .2  to 0.7 eV and increase 
with i ncreasing misorientation of the grains,  in agreement with 
measurements of others [74] . If we take the measured grain boundary 
conductances measured for the bicrystals from Sect. 2.7.2,  and assume 
a grain size of 2 .5 J.Lm, bulk resistivities of 3 x 1 04 to 1 07 n-cm are 
predicted, which is reasonably consistent with observed values for our  
PX material on graph ite. 

Whi le the carrier densities obtained in the bicrystal experiments were 
in the mid 1 01 6  cm-3 range, po lycrystal l ine (PX) thi n  fi lms g rown on 
g raph ite substrates u nder s imi lar conditions yielded carrier densities 
in the 1 01 4  - 1 o1 s cm-3 range and bu lk resistivities in the mid 1 07 n­
cm range. 
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The open-circuit vo ltage is also increased by the deposition of an 
intervening ,  u ndoped layer, but again the cause is unclear. 

From the above discussion it appears that lAD homoepitaxial fi lms with 
moderate to h ig h  doping have lower minority carrier diffusion lengths 
( Ld) than those of s ingle-crystal materiaL Since the mobi l ities of 
these fi lms are comparable to those of single-crystal material , the 
impl ication is  that the minority carrier l i fetimes in  the f i lms are 
lower, but increase with increasing T sub·  The use of undoped fi lms does 
provide high quantum efficiency but it is u nclear whether this is due to 
an increase in depletion layer width or  to an increase in Ld , or both . I n  
order to  uti l ize lAD as an experimental too l  to measure junction 
properties as a function of  carrier density, methods wi l l  have to be 
developed to obtain long minority carrier l ifetimes in the materia l .  
These methods might include (a) using lower ion energ ies, (b) using as 
high a substrate temperature as possib le,  (c) anneal ing the material 
before o r  after the formation of a junction ,  (d) the possible beneficial 
effects of contro l l ing the stoichiometry during lAD deposition by the 
use of additional Cd or  Te sources, and (e) using some sort of 
passivation  method during lAD deposition. 

3.3 Po lycrysta l l ine  f i lms 

While work o n  polycrystal l ine fi lms on amorphous substrate must be 
considered as pre l iminary, the indications are that the doping densities 
achieved so far by lAD are insufficient to overcome the effects of the 
g rain boundary barriers .  

Measurements on lAD doped bicrystals show that the grain boundary 
potential barrier heights are in the range of 0 .2 to 0.7 eV and increase 
with i ncreasing misorientation of the grains,  in agreement with 
measu rements of others [74] . If we take the measured grain boundary 
conductances measured for the bicrystals from Sect. 2 .7.2, and assume 
a grain size of 2.5 J.Lm, bulk resistivities of 3 x 1 04 to 1 07 n-cm are 
predicted, which is reasonably consistent with observed values for our  
PX material on graphite. 

Whi le the carrier densities obtained in the bicrystal experiments were 
in the mid 1 01 6  cm-3 range, polycrystal l ine (PX) th in fi lms g rown on 
graph ite substrates u nder s imi lar conditions yielded carrier densities 
in the 1 01 4  - 1 o 1 s cm-3 range and bu lk res istivities in the mid 1 07 n­
cm range. 



The J-V characteristics of In  diodes on the PX material are poor, 
becoming almost l inear at h igh  Jion . but somewhat more rectifying as 
J ion is decreased , although the dependence is not strong . The ion energy 
appears to have l ittle effect on the d iode characteristics over the 
range 40-1 00 eV. Substrate temperature has the largest effect and 
rectification increases substantia l ly for h igher  T s u b ·  The through-the­
fi lm resistivity, as measured from the J-V characteristics of I n  d iodes 
on the PX material , increases for increasing Jion ·  Since the average 
carrier density also increases with Jion . the effective mobi l ity in the 
fi lm ,  determined by grain boundary potential barriers , decreases 
strong ly. The conductivity activation energy increases from 0 .45 eV 
for an undoped fi l m  to 0 .74 eV for a h igh ly doped fi lm .  Although the 
activation energy is not a di rect measure of the potential barrier 
height, these data suggest that the potential barrier height increases 
with Jion . perhaps due to compound formation at the grain boundaries. 
I ncreasing substrate temperature causes a decrease in the th ro ugh­
the-f i l m  resi st ivity . 

The apparent increase in barrier height with Jion mentioned above 
suggests that a method for passivation of the grain boundaries, such as 
deposition in a partial pressure of H2 , might provide lower 
re s i st iv i t i e s . 

4. CONCLUSIONS 

The fo l lowing conclusions can be drawn from this research :  

1 .  Doping levels in p-CdTe homoepitaxial fi lms up to  = 6 x 1 01 s cm-3 
for ion-assisted deposition with As ions and to = 2 x 1 01 7  c m -3 for 
P have been achieved using ion energ ies of 30-80 eV. 

2 . .  For a growth rate of =1 8 J..lm/hr, a substrate temperature of 
400°C, and an As ion energy of 30 eV, a maximum in doping density 
appears near an ion current of =1 J.!Aicm2 , corresponding to a 
doping efficiency (the ratio of the density of electrical ly . active 
dopant atoms to the density of imping ing ions) of about 0.5% in the 
deposited fi lm .  Typical ly, for P ions the ratio is somewhat higher:  
0. 7% at 7 J..lm/hr and 0 .4% at 1 J..lm/hr with ratios of 1 .5% 
sometimes observed. 
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3. Prel iminary S IMS resu lts suggest that, for hole densities around 
1 Q 1 7 cm-3 , most of the dopant is not incorporated into the fi lm ,  
but  that most of  the dopant incorporated is electrical ly active . 

4 .  lon currents above 1 .5 �A/cm2 and/or ion energ ies above 50 to 1 00 
eV produce damaged f! lms with large densities of deep states, as 
evidenced by large reverse bias currents for l n/p-CdTe diodes and 
hysteresis in the C-V data. 

5 .  In separate experiments, Ar ion impingement with Jion = 28 
�A/cm2 on single crystal p-CdTe caused type conversion of the 
surface, with a threshold ion energy of 80-1 00 eV. 

6.  Experiments with solar ce l ls  showed poor quantum efficiencies 
when highly lAD doped fi lms were the major s ite of 
photogeneratio n  of carriers ,  implying short minority-carrier 
diffusion lengths (Lo) for this material . (Th is does not imply that 
the short Lo must always resu lt from ion-assisted doping of p­
CdTe, however. For example, it mig ht fo l low from doping with the 
particu lar Cd+ Te vapor sto ichiometry that prevai led during 
deposit io n . )  

7 .  lAD deposition of P X  fi lms on graphite substrates resu lts i n  an 
apparent increase in p with increasing Jion . however, the 
resistivity of the fi lms increased . Evidently the carrier transport 
in these fi lms is dominated by . the grain boundary barriers and the 
level of doping that has been ach ieved thus far is insufficient to 
overcome the effects of the barriers . 

8 .  The decrease in near-surface carrier density observed on heating 
p-CdTe : (P o r  As) in  various ambients (vacuum,  H2 , Ar, etc.) is 
shown to be a self-compensation mechanism due to o ut-diffusion 
of Cd vacancies fol lowed by movement of the. dopant atoms into the 
vacancy where they act as donors. 

9. The ease with which CdTe self-compensates suggests that contro l  
of  the micro-stoich iometry of  the vapor species above th� growing 
film during deposition is important in contro l l ing the doping . .  
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5. DIRECTIONS FOR FURTHER RESEARCH 

The research described here was certain ly not exhaustive and several 
rich areas fo r further research are apparent: 

1 .  Characterization ot ion damage. The nature of the ion damage, if 
present, is unclear at this time. Deep level analysis as a function of 
ion energy as wel l  as XTEM of homoepitaxial layers wou ld shed more 
l ight on  th is,  as would post-deposition anneals of th ick fi lms.  

2 .  I nvestigation of the cause of the apparent decrease in minority 
carrier diffus ion length with increasing ion-assisted doping . 
Identification of the energy level of the recombination centers 
mig ht e lucidate their cause and adjustment of sto ichiometry during 
lAD deposition (e.g . ,  by adding a Cd source) cou ld possibly el iminate 
them.  

3 .  Defin ing the ro le of  sto ichiometry. The analysis of  Kroger et  a l .  
suggests that the doping mechan ism shou ld be quite sensitive to  the 
micro-stoichiometry at the growing surface. The use of a separate , 
auxi l iary Cd or  Te source to change the Cd/Te ratio in the vapor 
should elucidate this. Also the use of Cs or Na as a dopant should 
help to explain the ro le of Cd vacancies in  the ion-assisted doping 
mechanism. 

4.  Polycrystal l ine (PX) th in f i lms. The cause of the apparent increase 
in g rain bou ndary barrier height with increasing ion current is 
unknown at this time, but compound formation at the boundaries is a 
possibi l ity. Experiments such as those mentioned below should help 
to elucidate th is and ·provide methods for either ho lding the barrier 
heights constant or decreasing them : (a) examin ing the effect of 
chang ing the stoichiometry of the vapor species above the g rowing 
fi lm ,  thus altering the formation of possible compounds, (b) using 
other dopants, especial ly from co lumn I ,  which may not fo rm such 
compounds, and (c) using hydrogen passivation during lAD deposition .  
Carrier densities i n  the high 1 Q 1 7  to tow 1 Q18  cm-3 range wi l l  
probably be  necessary to overcome the grain boundary pot�ntial 
barriers and provide tow res istivity polycrysta l l i ne  material . 

5 .  Continued improvement of reproducib i l ity. Reproducibi l ity of the 
hole density was a formidable problem, especial ly in the early 
stages of the research . The incorporation coefficient of the dopant 
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ions does not appear to depend on crystal lographic orientation, 
however, it was found that crystal lograph ic orientation had to be 
contro l led because the differing growth rates fo r d ifferent 
d i rections gave rise to different effective ion densities. Better 
temperature contro l  also substantial ly improved the reproducibi l ity . 
I n  the later stages of research stepped doping profiles were valuab le 
in obtain ing data for identical deposition conditions.  
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APPENDIX 1 :  SUMMARY O F  FURTHER RESEARCH DURING 9/23/89 

TO 5/1 0/90 

Paul Sharps (supported by an AT&T fel lowship) contin ued to work on 
ion-assisted doping after the close of  this contract period {6/30/89) 
and finished his Ph .D .  thesis research about 6/9/90 .  During this time 
he further refined the measurements of hole density as a function of 
ion current and vo ltage,  and substrate temperatu re, made correlations 
with S IMS and TEM resu lts, and made additional device studies on lAD 
fi lms on  s ingle-crystal substrates. Paul 's thesis ,  which is now 
avai lable, describes th is work in detail and an I EEE Photovoltaic 

. Special ist's paper [A-1 ] and h is jou rnal article [A-2] , planned for 
publ ication i n  the fal l of 1 990 (probably in  the Journal of Appl ied 
Physics) ,  wi l l  summarize the research. A brief summary is also 
presented here.  

Data for carrier density vs. ion dose were extended from those of Fjg . 
1 1  and Fig . 1 5A and compared with S IMS measurements of P density, 
done by Sally Asher at SERI .  A s·eries of samples that were ion doped 
with P to various levels were examined by S IMS and the resu lting data 
were referenced to that of a "standard" vertical-Bridg man-grown 
sing le-crystal sample which had been doped with P. The hole density in 
the standard was determined from 1 /C2 vs V data and the electrical 
activity of the dopant was assumed to be 1 .0 g iving a P density of 2.5 x 
1 Q 1 6 cm-3 . The resu lting curves are shown in Fig ." A1 . Given the 
paral lel ism between the P density by S IMS and the measured carrier 
density i n  the upward sloped portions, the offset between the curves is 
probably due to an over-estimation of the electrical activity of P in the 
reference "standard". The data suggest that the electrical activity of 
the Incorporated P is approximately u nity for the upward-s loped 
portion of the carrier density curve. For the plateau portion of the 
curve, more P is incorporated but the electrical activity drops ,  
presumably because o f  a compensation mechanism, such as P going onto 
Cd sites where it acts as a donor (Sect. 2.5) .  

This s ituation is s imi lar to that for the carrier dens ity vs. introduced P 
fo r s ing le crystals g rown from the melt. I n  the g rowth-from-the-melt 
case a plateau is reached at = 2 x 1 01 1 cm-3 and no further increase in 
carrier density is seen for larger amounts of P .  In this case the 
electrical activity of P fo r introduced P less than 2 x 1 01 1 c m -3 is also 
approximately un ity [7 , 66]. Higher hole densities can be introduced 
into s ingle crystals ,  but apparently only metastably . . .  When these 
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crystals are an nealed ,  the carrier density drops to = 2 x 1 Q1 7 cm-3 . 
For example, Gu et al .  [A-3] obtained p-CdTe:P with a hole density = 6 x 
1 Q 1 7 cm-3 by quenching the as-grown ingot. {A notable exception is Li 
dopi ng , fo r which hole densities suffic!ently high to make tunnel ing 
contacts (probably => 5 x 1 Q1 8 cm-3) can be obtained by diffusion .  

11 / 
· �·  !l -..1 t\ 

. .  
/ �:v 

/ / E1 CV Data 

�/ ·v 0 SIMS Data 

-
.[· 

� lis / IY .;'f' 

· 1 0 19 

lon Dose, cm·3 

Fig. A 1 . Carrier density and P density (measured by SIMS) vs. ion dose. lon energy = 60 
eV, T sub = 400°C, growth rate = 1 0  J.Lm/hr, and film thickness = 1 0  J.Lm. 

A further consequence of the data of Fig . A 1 is a reinforcement of the 
conclusion that most of the P (= 98%) is not incorporated into the 
growing fi l m  but is rejected and probably re-evaporates . 

At an ion dose of = 5 x 1 Q1 9  c m-3 ,  the carrier density drops 
precipitously,  and, since the S IMS determined P density is sti l l  
proportional to  the ion dose (the incorporation ratio hasn't changed) ,  
another compensating mechanism must be coming into p lay. This was 
suspected to be the formation of . precipitates (which, if inherently n­
type,  wou ld compensate the P acceptor doping) , so XTEM studies were 
done on selected samples. However, the XTEM resu lts, obtained by John 
Goral at SER I ,  show no evidence of precipitates. This second 
compensating mechanism might be due to the rate of ion damage 
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exceeding the rate of annealing out of th is damage at th is ion current 
(Sect. 2.4) . 

John Goral's XTEM resu lts did show a large density of dislocations in 
the · fi lms ,  which appear to orig inate near the p-CdTe-substrate/p­
CdTe-fi lm  interface. · These -dislocations may serve to explain the low 
minority carrier l ifetimes observed. Although the XTE M  resu lts show 
that the fi lm  is lattice matched with the substrate and that the 
substrate has no apparent dislocations, at th is point no satisfactory 
explanation for the presence of the dislocations is available. 

The dependence of carrier density (p) on ion energy was re-measured 
and a data set with less scatter obtained (Fig . A2) (cf. Fig .  i 2) . These 
data show an almost constant p over the range of ion energies from 60 
to 300 eV. These data do not contradict the data of Section 2.4 (which 
shows ion damage down to Eion = i 00 eV) , however, s ince the Section 

"' 

C? 
5 i 01 6 ����������������� 
� 1: .:!::: til c: � c 
... 1 5  ·! 1 0  �������E����� a ················-t ... ··········••u• .................. .................. .................. ·················+·················· 

0 

0 50 i 00 i 50 200 250 300 350 

lon Energy, eV 

Fig. A2. Carrier density vs. ion energy. lon dose = 5 x 1 o1 s  cm-3 , Tsub = 400°C, growth 
rate = 1 0  J.Lm/hr, and film thickness = 1 0  J.Lm. 
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2.4 data were obtained with room temperatu re substrates,  whi le the 
data of Fig . A2 are for Tsub = 400°C,  at which the ion damage cou ld be 
annealed out. In addition, the data of Sect. 2.4 were obtained with 
much higher io� currents. 

The dependence of hole density on substrate temperature Tsub was also 
refined ,  as shown in Fig . A3 (cf. Fig . 1 3) .  For growth temperatures < 
350°C, the carrier density drops dramatically, perhaps because T sub is 
too low to anneal out ion damage. If ion damage is the compensating 
mechan ism then this is what would be expected . There was l ittle 
change in carrier density for 350° < T sub < 450°C. The decrease when 
T sub exceeded soooc may again be attributed to increased re­
evaporation of P from the surface resu lting in decreased inco rporation . 
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Fig. A3. Carrier density vs. Tsub . Jon dose = 5 x 1 01 8 cm-3 , ion energy = 60 eV, growth 
rate =1 0 Jlm/hr, and film thickness = 1 0  Jlrn. 

I n  normal Schottky barriers , the thermion ic component usual ly 
dominates at moderately h ig h  forward-bias, th is being final ly l imited 
at h igher bias by the series resistance of the device (Rs) (see Sect. 
2.3 .2) .  For our  ln/p-CdTe (epi)/p-CdTe (bu lk) devices, Rs should be  the 
sum of the bu lk resistance of the fi lm ,  the interface resistance, the 
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bulk resistance of the substrate, and the back contact resistance. (The 
spreading resistance of the In contact is neglected.) The resistance of 
the portion of the f i lm with in the depletion layer is negl ig ib le because 
of its thin.ness. In such diodes the resistivity of the undepleted portion 
of the fi l m  can be estimated by determining Rs at high bias, when the 
dynamic resistance of the diode is neg l ig ib le,  p rovided the contact, 
interface , and bu lk substrate resistance can be measured separate ly. I n  
examin ing a series of  diodes (Fig . A4) we found that the bendover of the 
log J vs. V curves at h igh bias app eared as an Rs that varied 
systematical ly with the carrier density, but indicated much h igher Rs 
than cou ld be accou nted for by summation of the resistances of the 
components of the device. Moreover, on more careful  examination it 

· was found that (a) the bendover fo l lowed a J a vn dependence with n = 

3 to 5, indicative of space-charge l imited current, (b) the resistance of 
the bu lk  substrate and fi lm (by calculation =1 .3 to 1 .5 n-cm2 , assuming 
a mobil ity of 50 cm2fV-sec) and of the interface betwee n  them (by 
measurement) were neglig ible on the scale of Fig . A4, and (c) it was 
difficult to justify such a large voltage drop anywhere in  the 
postulated junction structure. I ndeed, pu lsed forward biases up to = 1 0  
V were appl ied to one diode without breakdown ,  and the same general J 
a vn dependence was seen. 
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Fig. A4. Log J vs. bias voltage (dark} for ln/p-CdTe diodes. lon energy = 60 eV, T sub = 

400°C, growth rate = 1 0 J..Lm/hr, and growth time = 1 h. Measured carrier density is 
shown as a running parameter. Sample FR-54-3 Dt is a diode on a single-crystal substrate 
without an lAD doped film. 

This apparent anomaly is now being investigated, since it appears in 
other junctions from our work as wel l  as that of other researchers. 
This and the some of the other anomal ies* generated by the work are 
tantal iz ing and we feel that their explanation wi l l  add val uable· 
insights to the understanding of CdTe. 

* 1 .  The mechanism for the strong decrease of hole density at high 
J ion· 

2.  The reduction of m inority carrier l ifetime in the ion doped fi lms. 
3 .  The o rig in of  the dis locations near the f i lm-substrate interface. 
4. The orig in of the i ncrease of resistivity in polycrystal l ine fi lms 

with increasing J ion · 
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APPENDIX I I : A B RIEF HISTORY OF THE PROGRAM 

Since the beginn ing of research on CdTe-based devices, workers have 
been frustrated by the difficu lty in doping the material , especial ly p­
type. Th is added substantial ly to the difficu lty in making low 
res istance contacts to the materia l .  Also it wou ld be h igh ly 
advantageo us to dope thin fi lms (both epitaxial and po lycrystal l ine) and 
to be able to readi ly make comparisons between CdTe devices with a 
variety of carrier densities . I n  late 1 984, one of the authors (ALF) 
discussed the problem with Prof. John Thornton ,  who suggested that 
ion ization of the dopants mig ht make it possible to incorporate them 

. and that an ion source cou ld readily be made, fo l lowing the example of 
Rockett and Greene [40] . A proposal was written and funded and we set 
to work. I n  our  l iteratu re research we were pleased to note that ion 
doping had been successful with MBE grown Si and GaAs. 

We began by using As, since the vapor pressure seemed ideal ,  and with 
rather large ion currents ,  .. 1 00 )lA/cm2 . Although we determined · that 
p lenty of As was getting into the · cdTe fi lms, doping was not apparent, 
suggesting that the range of ion currents that produce doping might be 
smal l .  This was indeed the case and only after lowering the ion current 
several times, down to .. 1 )lA/cm2 , were we able to obtain 
control lable doping .  To our  knowledge th is was the fi rst time ion­
assisted doping had been used with any of the I I-VI semiconductors. 

By this time other researchers obtained high p�type doping in CdTe by 
MOCVD and photon-assisted doping (as described in Sect. 1 .2.2) .  Also it 
was becoming increasing ly obvious that efficient po lycrysta l l ine CdTe 
so lar ce l ls could be made using insulating CdTe in p/i/n junctions. 
However, we fe lt that ion-assisted doping research was ·sti l l  a valuable 
endeavor to increase our knowledge of CdTe, especial ly in studying the 
effects of dopant incorporation from the vapor and effects of carrier 
density on junctions and contacts. 

From sing le-crystal experience we had expected that phosphorous 
would yield h igher doping densities and we knew that it is considerably 
less toxic than As. With some apprehension we put red phosphorus in 
the ion source and were surprised to find that it was qu ite contro l lable 
and yielded doping densities up to 2 x 1 01 7  cm-3. After considerable 
effort Pau l Sharps was able to master the early scatter in the data and 
obtain the clear-cut relationsh ips shown in Appendix I .  
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Perhaps the most important product of our  endeavor has been graduate 
tra i n i n g .  

• Kuo-Fu C hien ,  Engineer's Degree, Thesis title :  "The Effects of Low 
Energy lon  Bombardment on Single Crystal CdTe," June 1 987. 

• David Oberman, supported 1 2.5o/o time Sept. 1 988 through June 1 989 . 
David investigated the "TRIM"  code for computer s imu lation of ion 
interaction with single crystals and used it to s imu late the 
impingement of P ions on CdTe. 

• Paul Sharps (supported by an AT&T fel lowship) ,  Ph .  D. Thesis title: 
" !on-Assisted Doping of p-CdTe Fi lms,"  May 1 990. 

• M ichael G rimbergen , (replaced K-F. Chien),  supported from Sept. 
1 987 thro ugh Dec. 1 989 when he moved to our a-Si :H program. While 
on the program he accomplished the fol lowing : 
(a) He bu i lt a second, back-up ion source. 
(b )  He investigated the feasibHity of combin ing hot-wal l vacuu m  

evaporation (HWVE) with ion-assisted doping. He fou nd that they 
were m utually exclusive fo r the normal vapor pressure range of 
HWVE because the mean-free-path of the ions in the vapor would 
be too short. However a coaxial ion source cou ld be used at the 
lower end of the p ressure range to ionize all the constituent 
vapors (e.g . ,  Cd, Te2, and P) in a combined system.  

(c )  M ike i nvestigated the vacuum deposition of  n-ZnSe:CI on GaAs by 
co-evaporation using ZnSe, ZnCI2 , and Zn sources. He obtained 
epitax ial fi lms and measured along-the-fi lm resistivities as a 
function  of stoichiometry (excess Zn) , obtaining values as low as 
1 n-c m .  

(d)  He made a prel iminary design for a l iqu id N2 shrouded, ion­
assisted deposition fixture with two Knudsen cel ls and one ion 
gun. 

• Donghwan Kim, supported since Apri l 1 987. Ph .D expected ca. 6/9 1 . 
(Tentative thesis title :  "Growth and doping of CdTe fi lms:  effects of 
photons ,  ions,  and stoich iometry variations") . 

Another product of the research was a very successfu l one-day 
symposium on  photon and ion-assisted doping that was attended by 40 
experts from all over the United States .  An. agenda is included as Fig. 
AS . 
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DEPARTMENT OF MATER I AL SCIENCE AND ENG INEERING 

ION AND PHOTON ASSISTED GROWTH AND DOPI NG OF 
SEMICONDUCTOR MATERI ALS 

THURSDAY, AUGUST 1 8. 1 9 8 8  

LOCAT ION : GEOLOGY 3 20 AUD ITIOR IUM 

The Department of Materials Science and Engineering has organized a one-day symposium on ion and 

photon assisted growth and doping of semiconductor materials, sponsored by the Solar Energy Research 

Institute. The symposium will focus on those effects and phenomena in which the ions andfor photollS 

interact directly with the growing surface of the material being deposited. In the case of iollS this means 

increased sticking and incorporation for dopants, including the possibility of shallow ion implantion., and 
the growth of metastable phases because of the increased energy at the growing surface. In the case of 

photons this includes the interaCtion of electrons and holes from the photo- excited growing fllm with the 
growth and/or doping processes, as well as photolytic reactions at the surface. 

OPENING 

9:00 Welcome and opening remarks 
Materials Synthesis for the '90's 

9:20 Advanced Materials Synthesis at SERI 

10:0.5 BREAK 

OVERVJEW AND THEORY 

10:25 Overview of Ion-Assisted Growth and 
Doping, Theory and Research 

ION-:\SSISTED GROWTH 

1 1:25 Ion-assisted growth of superconductor layers 

12:00 LUNCH• 
PHOTON-ASSISTED GROWTH :\ND DOPING 

1:30 Photon-assisted doping of CdTe and MnCdTe 

2:30 BREAK 

2:50 Photon., ion., and field assisted oxidation of Si 

ION-:\SSTSTED DOPING 

3:.50 Ion-assisted doping of CdTe 

CLOSING 

4:20 Open Discussion 

4:50 Wrap up and review 

Stig Hagstrom, Chairman . 
Dept. of Materials Science &: Engr., SU 

Ted Ciszek 
Solar Energy Research Institute 

Joseph Greene 
Dept. of Metallurgy, Coordinated Science 

Lab, &: Materials Research Lab., 
University of illinois 

Nancy Missert 
Applied Physics, SU 

Jan Schetzina 
Dept. of Physics, No. CJrolina State Univ. 
North Carolina State University 

William Tiller 
Dept. o( Materials Science &: Engr., SU 

Alan Fahrenbruch 
Dept. of Materials Science &: Engr., SU 

RH. Bube 
Dept..of Materials Science &: Engr., SU 

Fig. A-5. Agenda for PIAD Symposium. 8 3  
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APPENDIX I l l :  PAPERS, A RTIC LES, AN D P R ESENTATIONS 

Papers 

A.L. Fahrenbruch "Ohmic contacts and doping of p-CdTe," Solar Cells 
2 1 , 399 ( 1 987) . 

A.L. Fahrenbruch, A. Lopez-Otero, K-F. Chein, P.  Sharps, and R.H. 
Bube,"Vapor phase and ion-assisted doping of th in f i lm p-CdTe,"  
Proc. 1 9th I EEE Photovoltaic Spec. Conf. (1 987) , p .  1 309 .  

K-F. Chien, A.L. Fahrenbruch , and R.H.  Bube, "Characterization of  ion 
damage on p-CdTe surfaces," J. Appl .  Phys. 64, 2792 (1 988) . 

P. Sharps, A. L. Fahrenbruch , A. Lopez-Otero , and R. H .  Bube, "Solar cel ls 
made from p-CdTe f i lms grown with ion-assisted doping ,"  Proc. 20th 
I EEE Photovoltaic Spec. Conf. (1 988) , p .  1 641 . 

D. Kim, A. L. Fahrenbruch , and R. H. Bube, "Effects of heat treatment on 
the surface carrier density in p-CdTe," Proc. 20th IEEE Photovo ltaic 
Spec. Conf. (1 988) , p. 1 487. 

P. Sharps, A. L. Fahrenbruch , A. Lopez-Otero , and R. H .  Bube, "Thin films 
of p-CdTe grown with ion-assisted doping , "  Proc. Materials Research 
Society, Boston,  MA, Dec. 1 988. 

A.L. Fahrenbruch, K-F. Chien , D.  Kim, A. Lopez-Otero , P.  Sharps, and R.H. 
Bube, " I  on-assisted doping of p-CdTe,"  Solar Cells 2 7 ,  1 37 (1 989) . 

P. Sharps, A. L. Fahrenbruch, A. Lopez-Otero, and R. H. Bube, "Thin film 
p-CdTe grown by ion-assisted doping ,"  Proc. 21 th IEEE Photovoltaic 
Spec. Conf. (May, 1 990) , Orlando, FL, to be published.  

P. Sharps, A.L. Fahrenbruch , A. Lopez-Otero , and R.H.  Bube, " !on-assisted 
doping of p-CdTe fi lms,"  submitted for publ ication,  J .  App l .  Phys. 

T a l k s  

P .  Sharps, A. L. Fahrenbruch, A. Lopez-Otero , and R. H. Bube, "Th in fi lms 
of p-CdTe grown with ion-assisted doping , "  Materials Research 
Society, Boston ,  MA, Dec. 1 988. 
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SERI  Reports and Meetings 

S ER I  Branch Annual Reports , 1 986, 87, 88, 89. 
. 

SER I  Polycrystall ine Fi lm Solar Cel l  Reviews : 1 987 and 89 ('89 
publ ished in Solar Cel ls ,  above) . 

SERI  Advanced Research and Development Meeting, 1 989. 

Symposium on lon- and Photon-Assisted Growth and Doping of 
Semiconductor Materials Presented at Stanford Un iversity on  
August 1 8, 1 988. A one day symposium with talks by Stig 
Hagstrom ,  Ted Ciszek, Joseph Greene, Nancy Missert, Jan Schetzina, 
Wi l l iam Til ler, Alan Fahrenbruch,  and Richard Bube. 
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