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Photoinjection of holes and electrons into sulfur single crystals
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In this work we have made a systematic study of steady-state charge injection into sulfur single crystals by using
both uv strongly absorbed light (il = 350 nm) and internal-photoemission techniques. The mechanism of charge
injection was determined from analysis of the I-V characteristics and their dependence on light intensity. We
considered (a) uv hole photoinjection, (b) internal photoemission of holes from an Hgs contact, (c) uv electron
photoinjection, and (d) internal photoemission of electrons from a Te contact. The results are interpreted using the
Mott-Gurney theory. The crystals used had a low density of traps, which allowed us to distinctly observe the
transition from the space-charge-limited-current regime to the neutral-contact regime in every case.

I. INTRODUCTION

'The study of current injection in solids is a
useful tool for the understanding of electronic-
transport properties in insulators and it has been
used as a standard technique in the characteriza-
tion of a variety of materials. ' For sulfur single
crystals, the analysis of transient injected cur-
rents has been used in the determination of hole
and electron mobilities using the following tech-
niques: trans ient space-charge-limited currents, '
transient space-charge-perturbed currents, ' and
drift-mobility techniques using light and electron-
beam pulses' ' and x-ray pulses. ' Measurements
of hole and electron photoinjected currents gen-
erated by an internal-photoemission (IP) process
have given additional information on the electron
transport' and on the valence-band structure"
of sulfur single crystals. It is accepted that hole
drift mobility in sulfur is controlled by traps.
Information about traps in t»s material has been
obtained from thermally stimulated conducti-
vity, """by dark injection, ' and by steady-state
photoinj ection. '

In this work we have made a systematic study of
steady-state charge injection into sulfur single
crystals by using both uv strongly absorbed light
(X.= 350 nm) and internal-photoemission technitlues.
The mechanism of charge injection was deter-
mined from analysis of the I-V characteristics
and their dependence on light intensity. We con-
sidered (a) uv hole photoinjection (UVHP), (b)
internal photoemission of holes (IPH) from an
HgS contact, (c) uv electron photoinjection
(UVEP), and(d) internal photoemission of elec-
trons (IPE) from a Te contact. The results are
interpreted using the Mott-Gurney theory. The
S crystal used had a low density of traps, which
allowed us to distinctly observe the transition
from the space-charge-limited-current (SC LC)

regime to the neutral-contact regime in every
case.

II. EXPERIMENTAL

Sulfur single crystals were grown by slow evap-
oration of a saturated solution of sulfur in CS, .
'The evaporation was made at room temperature in
the dark during a period of about six weeks.
Some of the crystals obtained as explained above
were dissolved again in CS, and the evaporation
process was repeated. Samples produced during
the first and second crystallizations are named
T1 and T2, respectively. Platelets about 1 mm
thick and 0.5 cm' in area were polished with fine
abrasive and lightly etched with benzene. 'The

pol. ished crystals used in all the experiments had
a thickness L=0.1 cm and an area A=0.5 cm'.
For those experiments in which IPH was induced,
the crystals were supplied with one black HgS
contact prepared as reported in Ref. 10. A Te
contact was prepared by vacuum evaporation on
those samples used in IPE experiments. The
samples were held by a gentle pressure between
two conductive quartz plates. All measurements
were made at room temperature in an He atmos-
phere. A 1000-W Xe-Hg lamp with a water filter
and a bandpass G-774-3550 Qriel filter was used
as a source of uv light or with a water filter and
a Balzers interference filter (B-40-495 nm) as
a source of visible light. Different light intensi-
ties were obtained using various Qr ie l neutral den-
sity filters. Photon fluxes were measured using a
thermopile calibrated by NBS. Currents were
measured with a 610C Keithley electrometer driv-
ing a pen recorder.

Photoinjection of carriers into sulfur was ob-
ta, ined using uv light (X= 350 nm) which is strongly
absorbed within a few p.m from the illuminated
surface of the crystals creating electrons and
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holes in that region. The carriers can be pulled
selectively from the illuminated surface into the
dark region of the crystal using an appropriate
bias voltage. We denote by P„' and I",' the hole
and electron uv-induced photocurrents, respec-
tively.

Carriers were also photoinjected by IPH from
HgS or IPK from Te into sulfur single crystals
illuminating the contact with visible light (A. = 495
nm) through the sample. When the HgS contact
was polarized with a positive voltage the photo-
current I' was larger than I obtained with a neg-
ative bias. The hole photocurrent I„was obtained
by subtracting I from I'." Conversely, when the
Te contact was polarized with a negative voltage
the photocurrent I was larger than the I' obtained
with a positive bias. The electron photocurrent
I, was obtained subtracting I' from I .'

All the currents I"„', I",', I', and I reach a peak
value after the onset of light and decrease as a
function of time to a steady-state value within
10-120 sec, depending on the applied voltage.
'The time decay of the currents is associated with
the filling of traps in the volume of the sample.

The transit time of electrons was measured
using pulsed IPE or pulsed UVEP. A mobility p,,
= 6x 10 ' cm'Vsec was obtained in all samples.
The transit time of the holes could not be deter-
mined because it was shorter than the duration of
the available flash (r & 10 psec). Throughout this
work we used a, hole mobility p„= 1 cm'/V sec,"
and a dielectric constant for sulfur & = 3.54 x 10 "
Fcm '

III. THEORY

and the equation for the current

dN8j= (ep 8N+ e pn)E —eD
dx (2)

where N(x) is the density of injected carriers. 8
is the ratio between the free and trapped injected
charge in thermodynamical equilibrium in the bulk
of the insulator. When the trapping is dominated

We assume that the uv light or the internal-pho-
toemission process generates a steady-state car-
rier concentration N, at the surface of the sulfur
sample which is independent of the applied voltage
V. We are not concerned with the surface-tran-
sient processes leading to the final carrier con-
centration N p.

The basic equations which describe the I-V
characteristics in the insulator are Poisson's
equation

dE Ne
dx

and.

E(x)dx = V, —V~ = V,
0

(4)

where & is the dielectric constant of the insulator,
j is the current density, D is the carrier diffusion
constant, L is the thickness of the sample, and V,
the applied voltage. V~ is a polarization voltage
due to residual trapped charge Q, in the bulk of
the insulator that cannot be neutralized; thus V

is the effective voltage acting on the insulator.
The effect of the charge Q, can also be taken into
account by adding Q, in Poisson's equation instead
of introducing V~ in Eq. (4). Both procedures lead
to almost the same numerical results; the former,
however, is simpler. " In our case the diffusion
current eD(dN8/dx) in Eq. (2) can be disregarded,
since it is negligible compared with the conduc-
tion current for V~ 0.025 V."

The system of Eqs. (1)-(4), for n= 0, with and
without diffusion current was solved exactly in
Ref. 16. However, we are interested in keeping
n finite, and we find an approximate solution for
this case, neglecting the diffusion current. Equa-
tions (1) and (2) lead to

dE j —e p,nE
dx p, E HE

which can be integrated to give

j j -ep.nE 't~ enE-E + ln . X,
ep.n j —ep,nEp) E8

where, from Eqs. (2) and (5),

E,=j/ep(n+N, 8) .
Since E~ E, and j ~ epnE (the equality holds

when the current is due only to the thermally
generated carriers), we have

0& (j —epnE)/(j —epnE, ) = 1 —6 & 1 .
Using Eq. (7),

0~ &=epn(E E,)/ep8NP, &-1. ,

Keeping terms up to order b', Eq. (6) can be
written as

j
~

2ge'(n+N„e)'x)"*
pe(n+ N, 8)' ' c 8j

(10)
giving an explicit form for E(x). Equation (4) can
be integrated using Eq. (10) to give

by a single level in the gap 9 is independent of the
electric field E. n is the uniform density of ther-
mally generated free carriers in the bulk.

The boundary conditions are

dE Npe
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j &O'N„j
1

2 pe', (n+N„H)'L '~'
ge(n+N, H)' 3e'p, (n+ NOH)' e Hj

It is interesting to analyze the limiting cases
of Eq. (11). When n«N, H, then for A= 2pe'HN', L/
aj»1 we obtain

and

K = 3n/2 HN0 . (18)

j= 9pE HV~/8L' (12)

which describes a space-charge-limited current"
independent of 9'0 and proportional to V'. For
A«1, we obtain

Equation (15) has been used to describe the
mechanism of photoinduced discharge in sulfur
single crystals, "where the conditions K= 1 pre-
vail. The conditions of the present experiment
correspond to K«1. Thus we set K=O and

j= a pHNOV , /I (13) Z = &j /2 pe'HNO'L, (19)

which is linear in V and corresponds to a neutral
contact. "

On the other hand, for N, «&n we obtain

j = (eon V/L)(1+ HN, /n}' (14)

v =If'Z+Z'[(1+ 1/Z)'~' —1], (15)

which corresponds to an Ohmic current.
For fitting purposes, it is convenient to shorten

Eq. (11}and to write

and Eq. (15) reduces to Eq. (27) of Ref. 16.
We now describe the case of deep trapping in

the absence of thermally generated carriers.
Equations (1), (3), and (4) remain the same and

Eq. (2) now takes the form

j=ep, vE, (20)

where v is the density of free carriers, which in
the case of deep trapping is related to N by an
expression of the form"

where

v = (3e/4eNOL')V,

Z = e Hj /2 pe'L (n+ H,N,)',

(16)

(17)

p =3,N
Here 8, and m are adjustable parameters.

Equations (1) and (20) can be integrated with
the boundary conditions (3) and (4) to give

(21}

4~ 8 ~ » "(~y 1 (N e/f)~~ ~ ~+~v'l~+~~

V —V~= L Na x—0

2m+1 '~ ( 2m x

with

(23)x=j /2peB N,'L(e/E)' ~.
For m= 1 and n= 0, Eq. (22) coincides with Eq. (15). For [(m+ 1)/2mx](N, e/a) '» 1 we obtain the limit of
SCLC,

2m + 1 2m 2nt tn 1

j = 2eLpB ' e 4m m+1
(24)

and for [(m+ 1)/2mx](N, e/E) '«1 we obtain the
limit of a neutral contact

j = e p B,N, V /I . (25)

IV. RESULTS AND DISCUSSION

A. UVHP

The I-V characteristic of I"„' in sample T1 at
four light intensities 0.1ED, 0.3E„EO, and 3.5E,
are shown in Fig. 1. Here, E,= 2.2 x 10"photons
cm ' sec '. 'The dependence of P„' on the light in-

tensity at 100 V is shown in Fig. 2.
The full lines in Fig. 1 correspond to the fitting

of I"„'-V using Eq. (15). The fitting yields the
values n = 0, 8 = 1.05 x 10 ', N, = 4.9 x 10"F/E,
cm ', and V~= 50 V. Notice that N, is proportional
to E within the range of light intensities used.

The above parameters were used to calculate
the theoretical I vs E curve shown in Fig. 2 (full
line}. p„may vary up to a factor of order 5 from
sample to sample'; however, the formulas depend
only on the product Hp, „, so that the fitting would
not be affected; only the value of 8 would be
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FIG. 3. Current due to internal photoemission of holes
(I„)from HgS into S versus applied voltage for two dif-
ferent light intensities. I' p= 2 4x &0' photons cm-~sec-&.
The full lines correspond to the theoretical model pro-
posed in Sec. IV.

acteristic is apparent at high light intensities
(3.5E,). No Ohmic region at low voltages is ob-
served (n= 0). V~ was identified with the applied
voltage for which the current changes sign.

B. IPH

Measurements of J„by IPH were made on the

Y(volt)

FIG. l. uv hole photocurrent Ih" versus applied voltage
for four different light intensities. I 0

——2.2 x 10 photons
cm sec . The full lines correspond to the theoretical
model proposed in Sec. 1V.

changed by the reciprocal of that factor.
At low light intensities (0.1E,) the linear I-V

characteristic corresponds to a neutral contact;
the SCLC region cannot be observed within our
experimental resolution. 'The transition from an
SC LC characteristic to a neutral-contact char-

50—

40

30
O

l.o Fp

0.5 Fp

0.3Fp

20

)2 ——Theoretlcai

IO

6

0
)
M

IOO V

10

t I I I I I I I I I

O. I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Fo

LIGHT INTENSITY (relative units )

FIG. 2. II", as a function of light intensity. The ap-
plied voltage is V, = 100 V. The full line corresponds to
the theoretical model proposed in Sec. IV.
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FIG. 4. uv electron photocurrent Ie vs V for three
light intensities 0.3EO, 0.5', and I'0. Here Eo-—7.7 x 10~~

photons cm sec . The full lines were calculated using
the model proposed in Sec. IV.
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same sample used in the UVHP experiments. The
characteristic I„-V using steady-state values of
I„at the two light intensities F, and 0.1E„where
E,= 2.4 x 10". photons cm ' sec ', is shown in Fig.
3. The full lines correspond to the fitting of I„
vs V using Eg. (15); the fitting yields the values
n=0, 8=1.05x10', N, =2.0x10"F/F, cm', and

V, = 50 V.
At low light intensities (0.1F,) the linear I V-

characteristic corresponds to a neutral contact;
the SCLC region cannot be observed within the
voltage range. The transition from an SCLC
characteristic to a neutral-contact characteristic
is apparent at high light intensities (F,). Mea-
surements of I„vs E at constant voltage were also
in agreement with Eq. (15) with the above para-
meters.

C. UVEP

The characteristic I", -V in sample T1 at three
light intensities 0 3Ep 0 5Ep and Ep, where Ep
= 7.7 x 10"photons cm ' sec ', are shown in Fig. 4.
The full lines correspond to the fitting of I",' vs V

using Eq. (15). The fitting yields the values n= 0,
8=4x10', N, =9.6x 10"F/F, em', and V'=50V.

Within the range of electric fields used here
(E & 8000 V/cm) and for F& 0.5F„ the I Vcharac--
teristics are independent of E corresponding to

SCLC. For E= 0.3E, the transition from SCLC to
neutral contact is apparent.

D. IPE

I, was measured in sample T2 and the charac-
teristics I,-V at five light intensities 0.05Ep,
0.1Ep, 0.3E„0.5E„and E,= 2.4 x 10"photons
cm ' sec ' are shown in Fig. 5. 'The graph also
shows a characteristic I","-V corresponding to the
same sample for a uv light intensity of 7.7x 10"
photons cm 'sec '. Figure 6 shows I, as a function
of E at 300 V. For sample T2 the SCLC charac-
teristic behaves like I,~ V", which indicates
the presence of an exponential distribution of traps
in the bulk.

It is not possible to obtain an overall fitting of the
data for I, vs V using Eq. (22) with N, independent
of V. Discrepancies up to a factor of 2 are seen
for low light intensities (F ~ 0.1F,) above 300 V.
In view of this we used the experimental data to-
gether with Eq. (22) to determine N, as a function
of voltage and light intensity. The fitting now

yieldsn=0, m=3.1, 8,=2.45x102'(cm)
and V~=50 V. N, as a function of V and E is plotted
in Fig. 7. 'The full lines in Fig. 5 represent the
theoretical I-V curves. At low voltages Np is in-
dependent of V and proportional to E as in the
previous cases ~ However, for high voltages N,
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FIG. 5. Current due to internal photoemission of electrons (I,) from Te into S~ versus applied voltage for five light
intensities &0=2.4 &10 photons cm- sec- . Here are also shown results of injection of electrons using uv light"Ie~, "
in this case E=7,7 &&10 7 photons cm sec . The full-lines were calculated with the theoretical model of Sec. p7.
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increases as if a voltage-dependent injection
process begins to dominate the internal photo-
emission from the Te. This effect is negligible at
high levels of illumination. We speculate that
this effect is related to charge photoinjection
from surface traps. "

V. CONCLUSIONS

We have shown that both photocurrents and
internal-photoemission currents in sulfur single
crystals with a low concentration of traps can be
understood in terms of the Mott-Gurney' theory.
'The. fitting of the experimental values yields the
density of carriers at the injecting contacts, the
bulk density of deep traps, and the ratio between
free and trapped charge in thermodynamical
eq, uilibr ium.

Since photocurrents and internal-photoemission
currents are responsible for the photodischarge of
insulators, the results presented here allow a

FIG. 7. N& as a function of the applied voltage. These
data were obtained by fitting the experimental points of
Fig. 5 using Eq. (22). Note the change of scale above
16 &&10~~ cm

detailed description of the photodischarge of
sulfur single crystals with low density of traps. "
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