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The electrical properties of heavily In-doped polycrystaUine CdS films have been studied as a 
function of the doping level. The films were prepared by vacuum coevaporation of CdS and In. 
Conductivity and Hall measurements were performed over the temperature range 77-400 K. The 
conductivity decreases weakly with the temperature and shows a tendency towards saturation at 
low temperatures. A simple relationship 0" = O"o( 1 + /3T2) is found in the low-temperature range. 
The temperature dependence of the mobility is similar to that of the conductivity since the Hall 
coefficient is found to be a constant in the whole temperature range. We interpret the 
experimental results in terms of a modified version of grain-boundary trapping Seto's model, 
taking into account thermionic emission and tunneling of carriers through the potential barriers. 
The barriers are found to be high and narrow, and tunneling becomes the predominating 
transport mechanism. 

I. INTRODUCTION 

The electrical properties of polycrystalline CdS films 
have been studied by many workers. Thermally activated 
mobilities have been reported in undoped l

-4 and dopeds
,6 

CdS films. Theoretical analysis has been carried out in terms 
of the model first proposed by Volger 7 and extended by Pe­
tritz,8 Seto,9 and other authors. I -4.IO,11 According to the 
grain-boundary trapping theory, free carriers are trapped by 
trapping states at the grain boundaries, resulting in a deple­
tion region and a potential barrier between grains. On the 
assumption that current flow is limited by thermionic emis­
sion of carriers over the barriers, the mobility is thermally 
activated with a negative temperature coefficient: 
f.l = f.lo exp - (Ea/T ). 

This model has been able to explain most of the electri­
cal properties of polycrystalline semiconductors. However, 
in CdS, the temperature dependence of the mobility has not 
been explained well enough. The exponential relationship is 
not observed; on the contrary, a saturation tendency appears 
at low temperatures. This behavior has been reported in CdS 
films prepared by vacuum evaporation,S. 12 spray pyrolysis,4 
and hot-wall epitaxy, 13 and with carrier concentration levels 
in the 1Q16_1019_cm -3 range. Some authors havereIated this 
behavior to the tunneling across the barriers. but no analysis 
has been done on the contribution of this transport mecha­
nism. 

M.artinez et al. 14 have developed a model that includes 
thermionic emission and tunneling through the barriers in 
polycrystalline Si, with carrier concentrations up to 1018 

cm- 3
• Recently, both transport mechanisms have been con­

sidered by Seager et al. 15 in the analysis of conduction 
through GaAs grain boundaries. 

In this work we present the results of the electrical con­
ductivityand Hall-effect measurements as a function oftem­
perature for a series of heavily In-doped CdS films. In order 
to explain these results we develop a modified version of the 
grain-boundary trapping theory. We restrict Seto's model to 
the high doping level case and we consider that grain-to-

grain transport takes place by thermionic emission and tun­
neling through the potential barriers. 

II. THEORY 

We assume, as in Seta's work, that it is sufficient to treat 
the problem in one dimension. We take into account only the 
case of high doping level and partial depletion of the crystal­
lite. The conduction-band bottom inside the grain Ec is tak­
en to be at zero energy (Fig. 1 j. 

In the degeneration case (we can take as a validity con­
dition E F > 3kT), the carrier concentration n within the crys­
tallite is related to the Fermi level by 

EF = (h 2/2m*)(3n/81T)2/3 , (1) 

where m* is the conduction-band effective mass and h is 
Planck's constant. 

The abrupt depletion approximation is inappropriate in 
the degeneration case. Ifwe approximate the Fermi function 
by its zero temperature limit, f(E,E F) = 1 if E < E F and 
f(E,E F) = ° if E > E F' the carrier concentration in the deple­
tion region is given by 

nIx) = (n/Eif2)[ EF - ¢ (X)]3/2, - s'<x,O, 
(2) 

n(x) = 0, O,x,s, 

where ¢ (x) is the energy barrier. sand s' are the widths of the 
total and partial depletion regions, respectively, and x = ° is 

.------ -
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FIG. 1. Energy band diagram of heavily -doped polycrystalline CdS. 
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defined by the condition EF = t/l (Fig. 1). Then Poisson's 
equation becomes 

d
2
V = _ qND +~EF+qV)3/2 -s'<x<O, 

dx2 £ £E;;2 
(3) 

d 2V /dx2 = - (qND/€) O<x<s, 

where ND is the doping concentration and € is the dielectric 
permittivity. By integrating and applying the boundary con­
ditions, V = 0 and dV /dx = 0 at x = - s', V and dV /dx 
are continuous at x = 0, we find the energy barrier: 

iNDx2 (2NDEF 4nEF)112 
t/l(x) = +q --- x+EF , 

2E E 5E 
(4) 

O<x<s. 

At the grain boundary, NT acceptor trap states become 
tilled. We will assume that NT is temperature independent. 
Electrical neutrality requires 

NT/2=sND +Q/q, (5) 

where Q is the charge in the partial depletion region, 
Q=c!q(dt/l/dx)x=o. From Eq. (4) and identifying n with 
N D' we obtain 

Q = (6cNDEF/5)1/2 , (6) 

and substituting in Eq. (6), 

s = NT _ ( 6cEF )1/2 (7) 
2ND 5iND 

FromEqs.(4)and(7)theenergybarrierheightt/lB = t/l (s) 
is given by 

q2N 2 2E t/lB = __ T +_F_. (S) 
SEND 5 

We consider that the transport through the barriers 
takes place mainly by thermionic emission and tunneling. 
The total current can be expressed as 

J=~+~, ~ 

whereJI and J2 are the current densities associated with each 
transport mechanism. 

When the voltage applied to the crystallite is low 
enough, i.e., qV<kT, the thermionic emission current den­
sity isl6 

J - (A *T2 t/lB -EF) qV 1- exp- -, 
kT kT 

(10) 

where A * = 4'Trqm*k2/h 3 is the effective Richardson con­
stant. V is the voltage applied to the crystallite on the as­
sumption that the voltage drop in the grain bulk is negligible 
compared with the voltage drop in the barrier. Since the 
Fermi level is located inside the conduction band, this 
expression may not be valid. We can take as a validity condi­
tiont/lB -EF>3kT. 

A suitable eJ(pression of the tunneling current density 
J2, in the case shown in Fig. 1, is that calculated by Sim­
mons l7,18 in terms of the WKB approximation, for the tun­
neling current between two similar electrodes through a po­
tential barrier of arbitrary shape. If 
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- 1 iLlS 
t/l=- [t/l(X)-EF]dx 

..:js 0 

is the mean barrier height above the negatively biased elec­
trode Fermi level, and ..:js the barrier width at Fermi level, 
the tunneling current density at 0 K and low-voltage bias 
q V <~ can be expressed as 

q2(2m.)1/2~ 1/2 41T{2m.)1/2..:js~ 1/2 
Jo=V h 2..:js exp- h ,(11) 

and at any other temperature, 

J2 = Jo [FT /sin(FT)] , 

where 

(12) 

(13) 

For very low voltages, ~ can be considered to be the zero­
voltage mean barrier and ..:js = 2s. From Eqs. (4) and (7) we 
find 

(14) 

According to Eq. (9), the film conductivity can be ex­
pressed as 0' = 0'1 + 0'2 and, if L is the grain size, 

0'1 = LJI/V (15) 

is the conductivity associated with the thermionic emission 
current and 

(16) 

is the conductivity associated with the tunneling current. By 
considering Eqs. (10) and (12) it foHows that 

LqA * (t/lB -EF) FT O'=--Texp - +0'0 , 
k kT sin(FT) 

(17) 

where 0'0 = LJoIVo is the limit of the film conductivity at 0 
K and from Eq. (11), 

q2(2m.)1/2~ 1/2 S1T{2m.)1/2s~ 1/2 
0'0 = L 2 exp - (IS) 

2h s h 

Finally, for values of IT small enough, 0'2 can be ex­
pressed as 

0'2 = 0'0 [ 1 + (P2/6)T2] • (19) 

With regard to the temperature dependence of the mo­
bility, we can consider that if LN D >N T' the average carrier 
concentration in the whole grain n coincides with the carrier 
concentration n in the bulk.9 Then, in the degeneration case, 
the mobility obtained from 0' = p.nq has the same tempera­
ture dependence as the conductivity, because n;::;;n and n is 
temperature independent. 

ill. EXPERIMENTAL DETAILS 

The In-doped CdS films were deposited onto glass sub­
strates at 250 'C by coevaporation ofIn and CdS. The depo­
sition rate was around 15 nm/s. The doping concentrations 
N D were obtained from the relative fluxes of CdS and In and 
range from Sx 1018 to 2x ufO cm-3

. 

The film thicknesses measured with a profiling stylus 
are near 1.5 p.m. The grain sizes measured on the SEM mi-
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TABLE I. Results obtained on six samples with different doping levels (AI by measurements, (BI by application of the model. 

Sample 25-1 

(AI ND (1019 cm- 31 0.86 
0(300 KI (!1 -I em-II 3.20 
n(1018 cm-31 9.7 
1l(300Kl(cm2y-1 s-II 2.1 
(To(!1 -I cm-II 0.656 
(f\B1112 (10- 3 K- I) 16.1 

(BI Nr(1013 cm- 21 1.07 

tPB(eYI 0.36 

EF(eYI 0.10 
.1s(nml 6.2 
~(eYI O.ll 
F(IO- 3 K-II 10 
(T1(300 KI(10-2 !1 -I cm -II 15 

crographs are around 500 nm. The films were formed into 
van der Pauw clover leaf patterns by mechanical removal of 
unwanted material, and the electrical contacts were pre­
pared by In evaporation. 

The samples were mounted in a Dewar-vessel cryostat 
and Hall-effect and conductivity measurements were made 
over the temperature range 77-400 K. 

IV. RESULTS 

A. By measurements 

Measurements were made on six samples (Table I). The 
conductivity at 300 K takes values between 3 and 200 
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FIG. 2. Experimental temperatul'e dependence of the conductivity on six 
samples with different carrier concentrations. 
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25-3 23-1 17-1 12-1 18-1 

1.1 4.0 4.7 7.4 23 
4.98 68.2 90.7 164 196 

IS 44 48 56 73 
2.1 9.8 12 18 17 
1.26 46.6 63.6 141 185 

11.4 5.52 5.30 3.35 2.05 

1.47 2.96 3.15 3.42 4.19 
0.45 0.66 0.68 0.70 0.82 
0.14 0.28 0.30 0.33 0.39 
5.3 3.0 2.9 2.5 2.3 
0.14 0.17 0.18 0.17 0.19 
8.1 4.1 3.8 3.4 2.9 
1.8 0.12 0.10 0.17 0.026 

n -I cm -I. In all the samples it decreases weakly as tem­
perature decreases and shows a tendency towards saturation 
at low temperatures. The Arrhenius plots do not show the 
existence of a thermal activation energy (Fig. 2). However, 
for each sample there is a linear relationship between the 
experimental data of u and T2 (Fig. 3) over a temperature 
range that increases with the doping level (around 77-170 K 
for sample 25-1 and 77-300 K for sample 18-1). (Figure 4 
shows the limit of this interval for other samples.) 

It has been shown 19 that the Hall measurements give 
the average concentration n in the crystallite if the intergrain 
region has a negligible width and a much lower conductivity 
than the grain region. So we calculate Ii from the experimen­
tal Hall data as Ii = (q IR HI) - I. Ii is constant over the whole 
temperature range in all the samples. It takes values between 
1019 and 7X 1019 cm- 3 depending on the doping level and, 
except for the most heavily doped sample, it was found to be 
n =ND ±25%. 

The mobility J.l has values at 300 K between 2 and 20 
cm2 

V-I s -I and, Ii being temperature independent, its tem­
perature dependence coincides with that of the conductivity. 

90 

"71: 
u 

so-
-'c: 

b 

70 

FIG. 3. Experimental data of conductivity as a function of T2 on the sample 
17-1 in Table I. Points fitarelationship(T "" (To(l + f3T'1 in the low tempera­
ture range. 
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B. By application of the model 

1. The conductivity at 0 K 

As we have pointed out, the conductivity experimental 
data fits a relationship a = a o( 1 + {3T 2) over a wide tempera­
ture range, and so we identify ao with the conductivity at 0 K 
of the theory. 

In our samples with grain sizes around 500 nm and high 
doping level, we expected LND>NT and therefore n = n. 
This last statement has been experimentally verified, as n 
measured by Hall effect differs from N D less than the N D 

experimental error (and in the grain bulk n must be equal to 
N D)' This allows us to identify n with n in Eq. (1) and with N D 

in Eqs. (7) and (14). 

By introducing Eq. (1) in Eqs. (7) and (14), and these in 
the expression of ao Eq. (18), and taking m* = 0.16 m

e
- ,20 

we obtain an equation with NT as the only unknown param­
eter. In Table I the obtained values of NT are summarized. 

2. The temperature dependence of the conductivity 

The conductivity as a function of temperature is only 
dependent on n and NT' Since NT has been determined from 
a 0' we make use of the other experimen tal parameter {3 in the 
verification of the theoretical results that, calculated from n 
andNr , are summarized in Table I: tPB [Eq. (8)],EF [Eq. (1)], 
..:is [Eq. (7)], ¢ [Eq. (14)], F (Eq. (13)], and a l at 300 K [Eq. 
( 15)]. 

The thermionic conductivity is only appreciable at the 
highest temperatures and lowest doping levels (cf. a l at 300 
K in Table I), so the calculated total conductivity is practi­
cally the conductivity associated with the tunnel effect, ex­
cept at the highest temperature ranges. 

With regard to the tunneling conductivity, a2 can be 
expressed as a2 = ao(l + F2 T2/6) if F T is smal1 enough. 
With the calculated values of Fwe can take this expression as 
valid, at least over the low temperature ranges (the error is 
lower than 20% at 150 K for sample 25-1 and lower than 1 % 
at 300 K for sample 18-1). Therefore, Fand (6(3)1/2 should 
coincide. In Table I the values of these parameters are sum­
marized. 

V. DiSCUSSION 

The obtained values of nand N r, and therefore, those of 
tP B and E F' are consistent with the hypothesis that LN D >N T 
and with the applicability conditions of the theory E F > 3kT, 
tPB -EF>3kT, and ¢>kT (obviously, ¢>qV, since 
qV<kT). 

Also, in aU the samples, EF <0.5 tPB and so the WKB 
method is a suitable approximation in this case. 

We have assumed that the mobility is limited by the 
intergrain barriers. Surface scattering is expected to be insig­
nificant for degenerate films with thicknesses around 1.5 
fl-m,3.21 so the electrical properties ofthe film are controlled 
by the bulk. We have neglected the contribution of the grain 
bulk to the resistivity. We believe that this is a valid approxi­
mation in our case for two reasons: first, the mobility tem­
perature dependence is similar to that reported by other 
authors on CdS films, whose mobilities are limited by the 
barriers; second, our measured mobilities are much lower 
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FIG. 4. Experimental values of(olO'o) - 1 plotted against T2 for samples 25-
3,23-1, and 12-1 in Table I. The linear relationship is observed in a tempera­
ture range that increases with the doping level. 

than the reported ones22-24 on monocrystalline CdS, that are 
around 300 cm 2 Y - 1 S - 1 at 300 K and higher at lower tem­
peratures. 

There is agreement between the values of NT deter­
mined from the tunneling conductivity and the reported 
ones determined by considering .thermionic emission in the 
transport in polycrystalline semiconductors. The NT values 
agree also with the reported value Nss for the surface states 
density in CdS-metal junctions (in Ref. 25, N .. = 1.6X 1013 
cm-2ey-I). 

/ 

FIG. 5. Trap-states density NT against doping level ND • Our results are 
represented as D, the results of Orton et al. are represented as 0 
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FIG. 6. ~arrier width at Fermi level.ds and mean barrier height above Fer­
mi level", as a function of carrier concentration, 

The reasonable values of NT detemlined from (To in­
volve high and narrow barriers for the doping levels here 
considered. From these values of NT the theoretical results 
are that the contribution of the thermionic emission is small 
and, at least in the low temperature range, the conductivity is 
only the tunneling conductivity and it is a linear function of 
T 2. The agreement between these results and the experimen­
tal data is encouraging, since the (T- T quadratic function is 
observed experimentally in a temperature range that coin­
cides approximately with the theoretical one (defined by the 
Fvalue) and the values of Fand (6/3 )112 coincide in order of 
magnitude for all the samples. Nevertheless, since F and 
(6 p )1/2 are not equal, there is no one value of NT that can fit 

~1~~~ ______ ~ __ -L __ -L~ __ ~~-L~~ 
8 10' 2 4 6 8 101 

n (cm-3 ) 

FIG. 7, Solid line is the calculated conductivity at 0 K. Experimental data is 
represented as 0. 

1742 J. Appl. Phys" Vol. 56, No, 6, 15 September 1984 

(To and/3 simultaneously. In theory, the density of filled trap 
states has been considered temperature independent. Actu­
ally, NT determined from (To is its zero temperature limit. 
Therefore, perhaps a more accurate analysis could be ob­
tained by considering that the density of filled trap states can 
be temperature dependent. On the other hand, for the two 
most lightly doped samples, the (T- T quadratic function is 
observed experimentally in a temperature range larger than 
that consistent with Eq. (18) for the/3 value. 

NT increases when the doping level increases. Figure 4 
shows NT plotted against N D together with the results ob­
tained by Orton et al.4 on undoped polycrystaUine CdS films. 
A dose correlation can be observed in spite of the different 
doping level. Regarding the dependence of NT on N D we can 
consider two cases lO,II.26: (a) A monoenergetic density N ... 
(units of area - I) of trap states. At zero temperature limit the 
density of filled states NT will beN ... (b) A continuous ener­
gy distribution of states with a mean density Nos (units of 
area-IXenergy-I). When the doping level is increased, 
EF - t/lB decreases, according to Table L Therefore, in any 
case if NT increases it would be considered that it is because 
the density of trap states N 58 increases when the doping level 
increases. 

From the empirical relationship shown in Fig. 4, we 
have calculated as a function of n the values .ds, ¢> (Fig. 5), 
and (To (Fig. 6). We see that the mean barrier height ¢> in­
creases when the carrier concentration increases; simulta­
neously, the barrier width.ds decreases. This effect is domi­
nant, therefore (To increases, F decreases, and the 
conductivity is more weakly dependent on temperature for 
the highest carrier concentrations. 

VI. CONCLUSION 

The grain-boundary trapping theory is applicable to the 
heavily-doped polycrystalline CdS films if the tunneling cur­
rent through the potential barrier is considered. 

The conductivity ofthe films is a linear function of T2 at 
the low temperature range. This behavior appears because 
tunneling is the predominant transport mechanism at the 
low temperature range. 

The trap-states density and the 0 K conductivity in­
crease when the doping level increases. The temperature 
variation of the tunneling conductivity and the contribution 
of the thermionic conductivity decrease; therefore, for the 
highest carrier concentrations, grain-to-grain transport at 
room temperature takes place mainly by tunnel effect, and (T 

at 300 K tends to (T at 0 K. 
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