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The temperature and electric-field dependence of the forward bias current and the electroluminescence {T31.)

in hydrogenated amorphous silicon (¢-Si:H) p-i-n and n-i-p diodes have been studied. Both the current and

the EL efficiency temperature dependence show three regions depending on cither hopping-controlled or

multiple-trapping or ballistic transport mechanisms. Comparing the thermalization-controlled geminate recom-
bination processes of phototuminescence to the features ot EL, the differences can be explained by transport-
controlled nongeminate recombination in trap-rich matcrials. [SO163-1829(97)03624-2]

I. INTRODUCTION

Photoluminescence (PL) has been well studied 1o explore
the recombination processes and clectronic properties of fo-
calized  states  in hydrogenated  amorphous
(¢-SizH)." 7 Al of the features of PL such as the temperature
dependence of the efficiency, the spectrum-peak-cnergy po-
stion and its temperature dependence, and the time depen-
dence of PL, reflect the carrier distribution in the large den-
sity of localized tail states. A thermalization model'>* with
an exponential band-tail density of swtes (exp[—E/kT,]) has
been used to explain the features of the PL. At T<(50 K the
PL eflficiency is near unily because there is no carrier ther-
malization, while at high excitation intensities a slight de-
crease with decreasing temperature was observed and ex-
plained by Auger recombination.'* A broad featureless PL
energy spectrum due to tail-to-tail radiative tunneling peaked
at 1.3—1.4 eV was universally observed in device-quality
a-Si:H samples. The PL efficiency is thermally quenched
above 50 K. Generally, at room temperature, the PL effi-
ciency is reduced by about four orders of magnitude and is
hardly detectable. The temperature dependence of the PL
efficiency is described by

stlicon

yerL= yoexp(—E; /kTy) = ypexp , (1)

.
- 7l

where Ep=kT In(yy7,) is the demarcation energy,
=10"? 57! is the attempt-to-escape frequency for excitation
out of the trapping site, & is the Boltzmann constant, and
T, is the carrier radiative-recombination lifetime. Carriers
which are trapped into states deeper than £ will have a high
probability of radiative recombination, whereas carriers
trapped into shallower states will be thermally excited to the
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mobility edge, and will cither find other traps or diffuse away
(o a nonradiative  center. The measured  slope T,
=Ty /in(ry7,) was found to be 20-25 K, by using an average
lifetime 10* s. One obtained T,=450-500 K, i.e., a correct
magnitude for the valence-band tail slope in a-SkH. A
widely distributed radiative-recombination lifetime peaked
between [0 * and 10 * s has been found by transient PL
studies at low temperalures.2 The carrier lifetime reduced to
10 °~10 7 s and appears to be controlled by nonradiative
recombination at room temperature. Furthermore, the PL en-
ergy peak position PL.,(T) shifts from 1.4 eV to 1.1 eV
when the temperature increases from 50 to 250 K:* and the
transient PL peak energy PL;. (1) decreases from 1.45 to
1.3 eV when the measuring time changes from 1078 to
1072 5.'?® The temperature- and time-dependent shift of the
PL peak energy can be described by the thermalization
madel as well as

Pprk(_ T)= PLpearl M —kT In(vy7,), (2a)
and

PLpeak( 1) = PLpeak(O) =kT In{vpt). (2b)

Under photoexcitation both PL and photoconductivity
(PC) can be measured concomitantly. An anticorrelation of
the temperature dependence of PC intensity and PL effi-
cieney has been universally observed.™® In addition, high
clectric fields are found to quench the PL and enhance the
PC.> Thus, it appears as if the PL would arise from recom-
bination of geminale ¢-A pairs, whereas the carriers that es-
cape geminate recombination could contribute to PC.

Alternatively, electroluminescence (EL) has been used to
study localized states and recombination processes of the in-
trinsic layer in a-Si:H p-i-n structures.”™'® EL arises from
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recombination of nongeminate e-h pairs because the electron
and hole are injected from opposite sides of the diode. In
earlier EL studies,'” ™' other authors argued that the PL and
EL were identical except for the low EL efficiency and the
lower EL peak energy position. The latter was explained by
optical interference effect.' The same researchers' sug-
gested that the low EL efficiency is due to the fact that the
recombination only takes place near the p-i interface. Except
for the geminate process in PL," ¥ one would expect similar
recombination processes in both EL and PL, i.e., regardless
of the generation methods. However, significant differences
in the features of EL. and PL in the same p-i-n or n-i-p
structures have been observed. The goal of this review paper
is to present a model to explain the features of EL based on
systematic experimental study.

We have explained10 that the EL efficiency is as high as
the PL efficiency, and that the recombination takes place
within the whole i layer because the carriers’ lifetime is
much longer than the transit time in conventional a-Si:H
p-i-n and n-i-p diodes. in this work, we study the tempera-
ture and electric-field dependence, as well as the light-
soaking effect on both forward current and EL comparing to
PL in @-Si:H p-i-n and n-i-p structures. We explain the
unique EL results by employing the concept of dispersive-
transport-controlled nongeminate recombination in trap-rich
semiconductors.'®

I SAMPLE AND EXPERIMENTAL CONDITIONS

Device quality «-SitH p-i-n diodes were made on
ransparcnt-conducting-oxide (TCO) coated-glass and n-i-p
on TCO coated-stainless-steel  substrates by plasma-
enhanced chemical vapor deposition (PECVD), and p-i-n
diodes by photoenhanced CVD techmigues. The TCO was

textured to avoid interference fringes, except for one pair of

1.0-pm-thick identical samples deposited on both textured
and smooth surfaces that were used to ensure that the struc-
ture of the EL spectrum is not due to optical interference
effect. The top contacts were Ag, Al, or ZnQ, the area was
0.1-0.3 cm?®. The i-layer thicknesses L were 0.2. 0.3, 0.4,
0.5, 0.53, 0.55, 1.0, 1.1, 2.0, and 10.0 gm. Samples with L
=.0.55 g are called thin samples while L= 1 pm are called
thick samples. Among them, the high performance «-Si:H
p-i-n solar cells were made by a de glow discharge at
Solarex.'' The 0.5-um intrinsic layers were made of either
hydrogen-diluted silane or pure silanc, denoted as p-ig-n
and p-i-n, respectively. The sample preparation conditions
and cell performance furnished by the fabricating laborato-
ries are given elsewhere.” ”

States A and B denote the initial and the photodegraded
state of the p-i-n diode, respectively. The photodegraded
stale  was reuched by cxposuring the sample o a
200-mW/cm® white light with a infrared-cutoft filter. From
eight to one thousand hours light soaking through the glass
side of the sample was used 0 reach state B.

An Ar-ion laser with output power of 0.25-3 W/em? at
514.5 nm was used for PL excitation. The corresponding
absorption depth is 800 A in an undoped a-Si:H. For EL
measurements. the applied voliage was obtained from a pro-
grammable pulse generator. The 10-Hz repetition rate with a
10-ms pulse width were typically used. We varied the (or-
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ward bias current density between 107% and 10> mA/cm?.
The contribution of thermal radiation to the signal was less
than 2% of the total signal.'’ The EL efficiency temperature
dependence was measured under a constant voltage condi-
tion. The sample temperature range was 30-350 K. The
emitted photons were dispersed in a monochromator and de-
tected by a liquid-nitrogen-cooled Ge detector through the
glass side of the samples. A lock-in technique was vsed to
collect the PL or EL luminescence signal. The response
curve of the detector and the system optics were calibrated
with a linear response detector.

1. RESULTS

A. The critical energies of carrier transport and recombination
in trap-rich materials

In amerphous semiconductors, the continually distributed
localized states affect the recombination processes as well as
the transport. It is commonly accepted that the carrier trans-
port in disordered materials is trap limited and it can be
described by the so-called multiple-trapping (MT)
model,'**% in which the carriers are frequently trapped in tail
states and released by thermal excitation. In the MT model
the carrier transport is considered to be taken place at the
mobility band edge, and at certain times, the average trap
energy of the carriers is given by the demarcation level
Ly,

E;=kT In(vyr), when T<T,, (3)

F}, is defined as the energy at which the thermalization rate
vg is equal to the reciprocal of the observation time ¢ in the
carrier transport measurement.'””” The deepest energy posi-
tion of the demarcation energy Ej, is the bottom of the tail
states, which is about 0.3-0.35 ¢V above E, and 0.1-0.15
¢V below E,. for the holes and clectrons, respectively. The
phonon-assisted  trangition rate  (thermalization rate) v,
~ 10" " is greater than both the radiative- and
nonradiative-recombination rate, 10° - 10* and
10°-107 « ' The luminescence therefore occurs only after
the majority of carriers have thermalized to a sufficiently low
density of states that further phonon-assisied transitions are
suppressed by the weak overlap to neighboring sites. The
tail-Lo-tail luminescence peak energy reflects the carrier dis-
tribution in the tail states and is expected to have a time and
temperature shift of the peak energy as shown in Eq. (2). The
thermalization model is also used to explain the temperature
dependence of the PL cfficiency and to deduce the valence-
band tail width by using the carrier’s average lifetime T,
instead of the observation time ¢ as shown in Eq. (1).

In the case of EL, we found that both the energy peak
position EL,,.., and its temperature dependence do not follow
the thermalization model, especially at low temperatures. We
suggest that carrier transport has to be considered as an de-
termining factor. The MT model provides a good description
of the transport phenomena for temperature greater than
- 200 K. At lower temperatures, the hopping transport in the
exponential band tail {or through potential fluctuations) must
be considered. The carrier transport then is no longer near
the band edge £, (£,) but at transport level E, that has been
introduced by Monroe.”!
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E,=kTyIn(8/27R*Ny) — 3k Toln( Ty /T). {4)

The first term is an energy which is estimated to be close to
the mobility edge, so that the second term represent the shift
of the transport path below E, (above E, for holes). Both
hepping-up and hopping-down processes are permitted
within band tails at about 7200 K, below this temperature
only hopping transition to states of lower energy occur.”® At
about 72200 K the second term in Eq. (4) becomes very
small, thus E,~E,. (=E, for holes) and the MT model is
valid. When the band-tail distribution is broad {a greater
Ty) and at low temperatures such that T<T, the electron-
transport level shift below £, (above E, for holes) is most
significant. Furthermore, in the dispersive regime (7
<200 K for electrons, T<-350 K for holes), it has been
found that the carrier drift mobility increases as the field
increases, in the same manner as it increases with increasing
temperature.”> In other words, the carriers transport level
shifts towards the band edge with increasing of the electric
field in that temperature range.

First we discuss the role of the critical energies £,,(T)
and £(T) in the forward bias current. The steady-stale (or-
ward current in ¢-Si:H p-i-n and a-i-p diode is a rccombi-
nation limited current.™** We discuss the applicd-ficld range
of (2= 10)> 10" V/em in which both the recombination-rate
and the current spatial distribution are uniform through the
i layer according to a numerical calcutation.™ Hence, one
can obtain the properties of the { layer from (he measure-
ments. The dominant factor that deteriines the forward cur-
rent behavior is the conduction-band tail because the clee-
trons move much faster than the holes. Thus, the forward
current density is Jp=J/, = u, 7.7 One can oblain the
electron-transport parameter, the mobility-lifetime product
M, T, (T), from the J(T) curves. Figure 1{a) shows the cal-
culated £,(T) and £,(T) positions as a function of tempera-
ture for electron according to Eqs. (2) and (3) by using
vy7,=10° (with a nonradiative-recombination lifetime T,
=107 s) and Ty =300 K. The transport level £ (T) repre-
sents the batance of hopping and thermal excitation to
E(T); it shifts to the band edge as there is an increasing of
temperature. The demarcation level Fp(T). on the other
hand, represents the balance of thermal cxcitation to the band
edge and retrapping into the tail states; it shifts away from
the band edge as there is an increasing of temperature. Con-
sidering the increase of the electric field in the same manner
as an increase of temperature,” we calculated the transport
levels, E(T), at electric field equal (o 2, 4, and 6,
X 10" V/em. For a better fit to the experimental results of
both the current and the luminescence, we consider the ther-
malization processes beginning at 80 K in the calculation.
There are two transition temperatures, 75, and T, in the
figure. When 7<<T,,, the transport energy level E, is deeper
than the thermalization energy E,. and clectrons move
along at E,. The cross points of E(7T) and E(T), T,
=110, 120, and 125 K, indicale the temperature where the
carrier transport mechanism changes from u hopping-
controlled to the MT regime where the electrons move stitl
along E,.”" The other transition temperature T,.7~ 180, 190,
and 200 K, indicates the temperature where the (ransport
energy level has reached the conduction-band edge E..
Meanwhile, at a temperature of about T, the electron de-
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FIG. 1. (a) Calculated E(T) and E,,(T) positions as a function
ol temperature for clectrons. £ and K, indicate the conduction-
band edge and the bottom of the conduction-band tail, respectively.
The solid line corresponds to Ep=—kT In(yy1,), and the dashed
lines correspond W E,= —3kT,In(T,/T), by using vo7,=10°, T,
=300 K. The dashed lines &, b, and ¢ correspond to the electric
ficld 2, 4. and 6 X 10* V/cm, respectively. (b) Calculated E,(T) and
E,(T) positions for holes as a function of temperature, £, and
E 5 indicate the valence-band edge and the bottom of the valence-
band tail. respectively. The solid line corresponds to Fp
=kT In(yy7,), and the dashed lines correspond to E,
=3kTyIn(Ty/T) by vsing vy7,=10°% T,=4350 K. The open circles
indicate the tunneling transition energy for ELpeak- The cross point
of £,T) and E,(T) indicate the temperature, T, ., where the car-
rier transport mechanism changes. T, indicates the temperature
where the demarcation level has reached the bottom of the tail. The
dashed 'ines a, b, and ¢ correspond to the electric field 2, 4, and
6> 10" Viem.

marcation level £, has reached the bottom of the conduction
tail E,. When 7T>7,,, the carriers move along the
conduction-band edge; then the carrier transport can be de-
scribed by ballistic model (free carriers drifting to a center)
in steady-stale mcasurcments® while dispersive behaviors
still can be seen in transient processes.'”#5%8

We now discuss the role of the critical energies Ep(7T)
and E,(T) in the EL. Because the valence-band tail is much
broader than the conduction-band tail, the features of the EL
is dominated by valence-band-tail states. According to Egs.
(2) and (3) by using vy7,= 10% (with a radiative recombina-
tion lifetime 7.= 10" s) and T, =450 K for holes, Fig. 1(b)
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shows the calculated demarcation energy and transport en-
ergy positions as a function of temperature and electric field
for holes. At temperatures T<<T,,, the hopping-controlled
regime determines the carriers transport. The transport level
is deeper in the tail. If the EL, ., is controlled by the trans-
port level E,(T), rather than E,(T), the peak energy posi-
tion of EL will be lower. E{T) crosses Ep(T) at tempera-
ture, Ty,~= 115, 135, and 155 K, where T,, decreases with
increasing electric field. The demarcation energy is deeper
than the transport level in this regime, so the radiative tun-
neling occurs from Ep with high probability and the EL
energy peak position will be controlled by the demarcation
energy. At T,=190, 250, and 310 K the transport level
reaches the valence-band edge Ey, causing the free carriers
to be captured by deep states more efficiently.”> Thus, re-
combination via defects will dominate.'® Meanwhile, at a
temperature of about 7', the hole demarcation level E, has
reached the bottom of the valence tail E5. This implies that
the tail states are in thermal equilibrium with the band edge,
thus the probability of the tail-to-tail radiative transition is
very low. Consequently, one observes dominating defect EL.
for T>T,,. We will see that the features of both the forward
current and the EL temperature and electric-field dependence
as well as the EL energy spectrum in p-i-n structures can be
explained by using the temperature dependence of the char-
acteristic energy curves in Figs. 1(a) and 1(b).

B. Forward bias current-temperature dependence

We show the lorward current density J, temperature de-
pendence data from the thin and thick «-St:H p-i-n and
a-i-p samples in their initial states A. Figures 2(a), 2(b), and
2(c) show the J,- vs I/T curves for a 0.5-pm p-iy-n diode
under a 2-, 3-, and 4-V bias, for a 0.5-pm #a-i-p diode at a
1.6-, 2.4, and 4-V bias, and for a 2.0-pm p-i-n diode under
a 2—-12-V bias, respectively. The clectric field across the §
layeris V,/L=(V,— V,;)/L. where V,, is the applied voltage
and V,;=0.8 V is the built-in potential. The general picture
of the current-temperature dependence shows three regions
corresponding to the three regions in Fig. 1{a):

(a) T<CT5,, the low-temperature hopping transport re-
gime: the injected carriers move along the transport level
I, that is deep down to the tail states as shown in Fig. 1{a).
The weak temperature dependence of the current i1s due to a
small activation energy of wu,7, which is about 0.01 eV,
which is reasonable for the hopping activation energy.

(b) 1), <<T<T,,. the M1 regime: the transport level [, 1s
above the demarcation level I, . The carriers are still mov-
ing along at £, which is very close to £,. The current is
thermalty activated with an activation energy which gives
the activation energy of u, 7,. In Fig. 2(a) one obtains the
transition temperature 7, at 110-120 K which is consistent
with the calculated curves in Fig. 1(a). For electric field 2. 4,
and 6 X 10! V/em in the 0.5-um p-i-n diode, the activation
energy is .08, 0.095, and 0.13 eV which agrees well with
the results from electron drift mobility measurements.®' In
Fig. 2(b) the solid lines are from the n-i-p diode while the
dashed lines are from the same p-i-n cell as in Fig. 2{(a).
One can see clearly that the transition temperatures of T,,
and T, shift to a higher temperature, which we believe is
due to an injection limitation of the contact of the n-i-p
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FIG. 2. Forward current density J - as a function of temperature
from (a)y 0.5 pm p-iy-a diode under 2.0-, 3.0-, and 4.0-V bias; (b)
0.5-gm n-i-p diode under 1.6, 2.4, and 4.0 V. the dashed lines
from p-i-n diode in (1); and (¢) 2.0-pm p-i-n diode under a 2-, 3-,
6-, 10-, and 12-V bias. 'T'wo transition temperatures 7, and T'5, are
indicated.

diode. A smaller activation energy 0.07-0.08 eV is obtained
from the 0.5-pgm #n-i-p than that from the 0.5-pm p-i-n
diode. An activation cnergy =0.07-0.15 eV was observed
for the thin p-i-n and n-i-p diodes. The variation of the
activation energy is due to the field dependence of the drift
mobility. In Fig. 2(c), a larger activation energy of 0.2 eV is
obtained for the 2.0-um p-i-n diode; perhaps, this thick
sample made at an earlier time was not the best. The thick-



ness dependence of the drift mobility in this dispersive-
transport regime may also play a role."?’

{c) T>T,,, the transport level E, has already reached the
conduction-band edge E,.. The carrier transport is assumed
to be of ballistic type,” thus the current is no longer ther-
mally activated. However, the dispersive behavior still can
be seen in transient measurements.'*>® The calculated
T\, is about 200 K in agreement with the experimental T,
in Figs. 2(a) and 2(b).

These three regions of forward current-temperature de-
pendence are not always observed simultaneously in one
curve. Under a low injection condition such as the 2.0-um
p-i-n sample at 2—4-V bias shown in Fig. 2{c), one only
observes a rapidly activated current range. This is due to the
diffusion current increase with increasing temperature when
the J,— V curves are in the diode region where the current
increases exponentially with increasing bias voltage. At such
low field the recombination rate profile in the i layer is not
uniform,™ so one cannot deduce the i-layer propertics from
the J, vs T curves. In contrast, for thin samples at a high
applied ficld, one may only observe a weuk temperature de-
pendence of the current.™ When the high ficld pushes 7,
down (o lower temperature close to 75,0 one would not ob-
serve the thermal activated regime of 1, <XF<21 .

C. EL efficiency temperature dependence

The PL. temperature  dependence from the p-i-n or
a-1-p structures follows the thermalization model described
in g, (1) as the same as that from intrinsic films. However,
catrier transport could play a role in the temperature depen-
dence of EL. To measure the temperature dependence ol the
luminescence efficiency the generation rate should be kept
constant, The generation rate of PL is simply proportional to
the incident photon flux, but the generation rate ol EL is
more complicated. In early work,'" ™' the injected electron
density J, /¢L has been used as the generation rate. Conse-
quently, constant current conditions were used to measure
the EL clficicney temperature dependence in early EL work.
We have suggested” ' the use a constant voltage instead con-
stant current condition for the EL efficiency temperature-
dependence measurements. Our previous studies™? have ex-
plained that the generation rate of EL in a-SitH diodes
should be written as

g=Jplel)xX(r/tp)=tple(pu,7,E}, (5)
or

g=Jplel, when (1,./t5)=1,

where J is the density of forward bias current, i, 7, i8 the
electron mobility-lifetime product, L is the thickness of the
i layer, and f; is the carrier transit time across the @ layer.
HaT,E=L, (drifti-length) should be used instead of the
i-layer thickness L in the expression of Jz/el. The limita-
tion for using Jp/el as the EL generation rate is (7,/1;)
=1, or I,/1.221, The carrier transit time is fo=L*/p,V,.
The electron transit time is about 2.5X 10 '° s with a band-
edge mobility w,=10 cm?V s across a 0.5-um-thick i layer,
under forward bias 1 V. The gain factor 7, /fy then is as large
as 10°—10° when the electron recombination lifetime is
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10 ®~10 7 s. This explains that the early EL work found a
10°-10° times smaller EL efficiency than the PL efficiency,
ignoring the gain factor 7,/t, in the generation rate expres-
sion, g=Jg/eL(7,/ty). The hole lifetime is also longer than
it’s transit time if both the hole lifetime and the hole mobility
are one order of magnetite lower than the electron’s. There-
fore, the injected electrons and holes must circulate through
the diode before they find each other and recombine. The
electrons circulate 10 times more than the holes because of
the higher mobility and the longer lifetime. So the carrier
recombination take place through the whole i layer indeed.
The above argument about the gain tactor will be valid in the
temperature range 7>>T,, where the MT model is valid; in
other words, when the carrier transport takes place near the
mobility edges. The carrier’s mobility will decrease rapidly
in the hopping transport regime when 7T, ,%' and then the
gain factors tend to be one.

The EL efficiency can be written as the total emission
intensity per generation rate per unit area A,

yeL = e A= U Hp) X ep, 7,(V /L), (6)

The total emission from the sample is [y . the forward cur-
rent is fo=AJ, . Assuming that a small thermal activation
cnergy of wu, 7, product can be taken inlo account later, the
factor w, 7,(V, /L) does not change with temperature under
constant voltage. Thus, Iy /1, is the effective EL efticiency
in temperature-dependence measurements under a constunt
voltage condition. In other words, a constant voltage {not a
constant current) with a modification of the activation energy
ol g, 7, means a constant generation rate in the EL effi-
ciency temperature-dependence measurements.

We show the experimental results of LL effective effi-
ciency, Iy /1. as a function of temperature for p-iy-n and
n-i-p samples with varied thickness in initial state A in Fig.
3(a) for a 0.5-pum p-i-a diode, in Fig. 3(b} for 0.3 and
0.5-pm k-i-p diodes, and Fig. 3(c) for a 2.0-um p-i-n di-
ode. Practically, as temperature increases the rapid increase
of current density could breakdown the thin film diode, so
we have only measured EL efficiency temperature depen-
dence at temperatures near T», (where the maximum effi-
ciency i8) for the 2.0-um sample. Similar features of the
Ig /1y vs T curves have been found from all the samples
being measured. Interestingly, as temperature increases
above () K there are three regimes in the /g /1 vs T curves:
temperature and depends on the applied voltage. The EL
efficiency shows a maximum vajue at a transition tempera-
ture. 75, and the maximum efficiency vary with applied volt-
age and higher fields correspond to a lower 7, and higher
efticiency.

(b} T=>T,,, the efficiency Ig /I, decreases with tem-
perature and does not depend on the applied voltage. It is
reasonable that the [y // vs T curves do not depend on
voltage for 7> 7T,,, if the luminescence efficiency depends
on the generation rate linearly.

(c) When T is near room temperature, fg; /I does not
change much with temperature due to the defect EL,; domi-
nation. It ts shown more clearly in Fig. 3(a) at T>250 K.
The enhancement of defect luminescence in EL comparing
te PL will be discussed in Secs. [l E and V B.
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FIG. 3. EL effective efficiency Iy, /1 as a function of tempera-
ture for (a} 0.5-pum p-i,-n diode at a 2.0-, 3.0-, and 4.0-V bias; the
transition temperatures 75, are indicated; (b) 0.3- and 0.5-um
n-i-p diodes at a 1.6-, 2.4-, and 4-V bias; and (¢) 2.0-um p-i-n
diode at 2—19-V bias; the dashed line indicates T, (see text).

We have mentioned above that the hole distribution in the
valence-band tail is the dominant factor for the luminescence
signal, and the tail-to-tail transitions dominate the integral
EL efficiency at low temperatures. Thus, we explain the ex-
perimental results in Figs. 3(a), 3(b), and 3(c) by the calcu-
lated curves in Fig. I(b) for holes. First, for 7<T,, one
expects the transport to be hopping controlled.>!?2 Ag the
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FIG. 4. T,, as a function of the electric field across the i layer
for 0.2-, 0.3-, 0.5-, and 2.0-um p-i-n and n-i-p samples.

temperature decreases, the deeper is the transport level the
less the wave functions overlap, hence the tunneling rate p
for the radiative recombination decreases exponentially ac-
cording to p=wvyexp(—2R/Ry), where R is the average
electron-hole separation and R, is the elfective Bohr
radius."® It is worth mentioning here that this field-
enhanced transition can only be seen in the case of nongemi-
nate recombination.?? An opposite situation occurs in gemi-
nate recombination processes such as the field quenching in
PL.>® It has been found that the carrier drift mobility in-
creases as the field increases in the same manner as it in-
creases with temperature.22 In other words, the carriers move
faster as the field increases. So one would predict that under
a higher field the carrier transport would change to a MT
regime at lower temperature. The EL efficiency temperature-
dependence curves suggest that 75, = 125, 135, and 150 K
tor applied voltage 2, 3, and 4 V. respectively, for the
0.5-pm p-iy-n diode of Fig. 3(a). In addition, as predicted
by the calculated data in Figs. 1(a) and 1(b), for the same
diode the transition temperatures for holes, T, and T,, are
both higher than T, and T,, for electrons because of the
much wider valence-band tail than conduction-band tail.
This can be seen clearly in Figs. 2(a) and 3{(a) for the same
0.5-pem p-iy-n diode. for instance, T, and T,, at 2 V are
both 150 and 250 K higher than 7|, and T, at about 120
and 220 K.

When T>T,,, the EL effective efficiency Iy /Iy de-
creases with temperature similar to the PL efficiency that
follows the thermalization model shown in Eq. (1). More
details will be discussed in the following section.

It is clear that the transition temperature 7>, depends on
the applied field. In Fig. 4, we plot the T, as a function of
the electric field trom a group of ¢-Si:H p-i-n diodes includ-
ing the data in Figs. 3(a), 3(b), and 3(c). One can see that the
data show the reciprocal of the T, proportional to the field,
in good agreement with the field effect on the carrier disper-
sive transport. %!

D. Temperature and electric-ficld dependence
of the EL energy peak position
It has been a puzzlie why the EL peak energy has always
been observed o be lower than PL peak energy of the same
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FIG. 5. EL spectrum temperature dependence from a (a) 0.2-um
and (b) 2.0-um a-Si:H p-i-n diode.

sample.” "7 We show the temperature dependence of the EL
spectra at initial state A from both thin and thick p-i-n
samples. In order to compare the spectrum line shape, the
spectra were normalized to the same integral EL intensity.
Figure 5(a) shows EL spectra from a 0.2-um-thick p-i-n
diodes, at a 2.5-V applied voltage. Both the main and the
defect band can be seen clearly at 7>>200 K in thin samples.
Figure 5(b) shows EL spectra from 2.0-um-thick p-i-n di-
odes at a 20-V applied voltage. It is more like the PL spectra,
the EL defect band is very weak in thick p-i-n samples. We
notice that at low temperature in both thin and thick samples
the EL. main-band peak energy EL, is about 1.2 ¢V. The
EL spectrum temperature dependence was measured for sev-
eral p-i-n diodes with varied i-layer thickness of 0.2, 0.4,
0.5, 0.53, 055, 1.0, LI, 2.0, and 10 pm at (1-2)
% 10* V/em electric field. The features were similar, but the
main band was relatively strong in thick samples with L
<:1 um, but the defect band was relatively strong in thin
samples with L=0.55 wm. This results in a thickness depen-
dence of the EL spectrum line shape which contains both a
main and defect band.'’

In order to compare the main-band peak energies between
EL and PL, the EL spectra were decomposed intc two
Components.30 Unlike the two-component EL spectrum, one
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FIG. 6. Comparison of the luminescence peak cnergy as a func-
tion of temperature between PL ., and EL ., from 0.2-, 0.4-, and
2.0-pm p-i-n diodes.
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can only observe the main-band PI. from these high-quality
intrinsic «-Si:H layers. In Fig. 6, we plot the main-band lu-
minescence peak energy as a function of temperature for
both PL,.« and EL, . from 0.2, 0.4, and 2.0-pum p-i-n di-
odes. One can see that the PL ., (T) follows the thermaliza-
tion model as described in Eq. (1), while the EL,,, (T) does
not. The PL spectra were measured by 0.1-W/em? 514.5-nm
laser excitation, and the EL spectra were measured under a
2% 10" Viem applied field. It is clearly shown that the
ELpew(T) temperature dependence is very weak in a wide
temperature range of 50 1o 300 K.

We have shown that the carrier transport plays a role in
the features of the EL temperature dependence. The EL peak
energy position also can be discussed according to the char-
acteristic energies shown in Fig. 1(b). Since the carrier’s
hopping rate is much faster than the recombination rate, the
carriers tirst hop down to their transport energy level and
circle many times through the device then recombine from
their transport levels. Therefore, when T<<T},,, the EL ., is
controlled by the transport level £,(T) which is about 0.2 eV
deeper than the energy position of Epn(T) at low tempera-
tures. As temperature increases, when T>T,, the energy
position of Ep(T) is lower than E,(T), the transition then
occurs between the Ep(T) with a higher probability. Thus
ELpca will follow the thermalization model similar to that in
PL. The open circles in Fig. 1{b) indicate the possible favor-
able transition cnergy for ELpe,. 1t shows a much weaker
temperature dependence than that of Ep(T). Therefore,
ElL,..(7) has weaker temperature dependence than
PL,. (7). This is the case in Eq. (6). So both the lower EL
peak energy position and its weaker temperature dependence
are explained by dispersive-transport-controiled recombina-
tion.

More evidence of the dispersive-transport-controlled re-
combination is seen in the EL,.y field dependence. At low
temperature the EL,, shifts to a higher energy as the elec-
trical ficld increases, as shown in Fig. 7 for a group of
p-i-n samples at 100 K. A similar shift was observed at 90
and 140 K. However, we have not observed a shift of the
EL,.y with increasing electrical field at 7>200 K. Again,
the results agree with the field dependence of the carrier
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FIG. 7. EL ., as a function of the electrical field for 0.2-, 0.5-,
0.53-, 0.55-, and 2.0-pm p-i-n samples at 100 K.

dispersive transport.” That is, the higher the field the closer
the transport level is to the mobility edge, so the higher the
transition energy for the EL peak position in the dispersive-
transport regime.

E. Defect EL in a-Si:H p-i-n structures

We have seen in Fig. 5(a) that the defect luminescence
intensity is relatively strong in thin p-i-n diodes. Now we
discuss in more detail the defect tuminescence in the MT
rcgime. In Fig. 8 the El. efficiency, EL/J,. vs T data are
plotted in comparison with the PL vs 7" data for a group of
p-i-n samples. The PL etficiency does not depend on the
sample thickness but the EL does.'’ We found that the ther
mal quenching behavior of the EL efticiency, I, /1,-, in the
p-i-n diodes can be divided into two groups depeading on
the i-fayer thickness. For sample thicknesses greater than 1.0
pm, the lower group of curves in Fig. 8 shows a thermal
quenching behavior of the EL efficiency which is stmilar to
that of PL as described in Eq. (1); while the upper group of
curves shows much less temperature dependence for sample
thicknesses between 0.4 and (.55 pm, which are typical for
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FIG. 8. EL effective EL efficiency, EL/J;, vs temperature at
T>7T,, in comparison with the PL efficiency thermalization curve
for a group of p-i-n samples.
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solid and open triangles are the measured dara from the 0.5-um
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functions expressed under the figure.

high-performance solar cells. Unfortunately, we do not have
the samples with a thickness of 0.6-0.9 gm. One would
expect that the data from such samples may fall into the
region between these two groups.

In Fig. 9 we replot the data at T>>T,, (rom Fig. 8 for the
0.5-um sample. The EL photon energy spectra have been
decomposed into two Gaussian bands at 140, 200, and 250
K: the 1.2-eV main band (EL,,}, and the (.85-0.9-cV defect
band (EL,)."" The open circles and squares indicate the
measured data of EL cfficiecncy from a 0.5-um p-i-n
sample, and the solid circles, and triangles are the decom-
pused data for the main band EL, , and the defect band
EL,. The defect band EL, shows a much weaker tempera-
ture dependence. The lines connecting EL,, and PL are best
fits according to Ey. (1) with slopes of 29 K for the main-
band EL,, : The slope 7 is found to be a sensitive parameter
Lo characterize the quality of the 7 layer in a p-i-n structure.
For instance. in a 0.5-um p-iy-n sample made with hydro-
gen dilution, we found 7, =29 K compared to 37 K for the
non-H-diluted p-i-n sampie shown in Fig. 8.'2 We obtain
the slope in a range of 20<< 7', <39 K? of Iy /1, vs T curves,
but 20<2 7, <223 K? for fp; vs T curves in the same group of
p-i-n samples. It is reasonable that the slope Ty of Ig /1 vs
7' 1s larger than that of [y vs 7', because an activation energy
of w7, product should be taken into account in the EL
efficiency temperature-dependence measurements as shown
in Eq. (7). The value of the activation energy can be obtained
from the corresponding J vs T curves as shown in Fig. 2, It
15 1n the range of 0.07-0.15 eV, depending on the field and
sample thickness.

Because the defect luminescence signal is much stronger
under double injection than under photoexcitation near room
lemperatures, one can use the EL spectrum to study the en-
ergy profile of the deep states in real p-i-n diodes. By com-
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paring the EL defect spectra to the density of defect states
deduced by transient-photocurrent measurements from the
same group of samples, we were able to confirm that the
defect lumincscence band is due to radiative transition be-
tween defect and valence-band tail states.'” We also have
studied the photodegradation mechanism in p-i-n solar cells
by using the defect EL spectroscopy. '

F. Light-induced metastable effects

We have seen that the information of localized states,
including both tail states and defect states, in the i-layer of
the p-i-a or n-i-p diodes were obtained from the above
forward current and EL temperature-dependence studies. In
the above sections, we present the data of the original state
A. The same measurements were done after light soaking.
One of the light-induced changes in ¢-Si:H sample is the
increase ol the density ol silicon dangling bonds (DB’s) that
reduces the carrier’s recombination lifetime. DB’s act as
both radiative and nonradiative recombination centers. The
delect band dominates the EL spectrum at room temperature.
Light-induced metastable changes of the defect EL spectra
reflect the metastable changes of the deep states.'™'* As we
have scen in Figs. S(a) and 9, the defect electroluminescence
intensity Ll is relatively strong in thin p 7-n diodes. There-
fore, the light-induced degradation effect has been studied by
defect L spectroscopy. as reported previously.'” Here we
report the hight-induced effects on the localized tail states as
well as the dominating effects on carrier transport.

Figures 10(a} and 10(h) show the forward current density
Jotemperature dependence for 0.5-pm p-iy-n and p-i-n
cells at state £ after a 30-h light soaking. The dashed lines
indicate the data from the same samples at initial state A.
The light-induced ettects are as follows:

(a) an increase of the current density at low-temperature
hopping transport regime T<<T,, ;

(b} an increase of the activation energy at T,,<T<T,,,
which reflects an increase of the separation between £ and
the bottom of the conduction-band tail £ ;

(¢) no obvious change in the temperature range 7>7,.,
where the carrier transport in steady-state is nondispersive.

The light-soaking effect on EL effective efficiency for the
same group of cells before and after light soaking is shown
in Figs. 11(a) and 11(b). Interestingly, there are no obvious
changes of the EL effective etficiency upon light soaking in
both the H-diluted and nondiluted samples when 7>T,,.
This can be understood as the light-induced metastable
change is contained in the transport parameter, wu,7,, but
does not show in the radiative-recombination processes. In
previous work'® we have shown that if the w, 7, product is
included. ie. w,7,(A)=10"" cm®V at state A, and
W, To(B)==10"% cm?/V at state B, the EL efficiency shown
in Eq. (6), p, 7,05 /T, does decrease roughly an order of
magnitude upon light soaking. The factor of w,7, is ex-
cluded in the EL effective efficiency /g /15, so the light-
induced effect cannot be seen in the temperature dependence
in Fig. 11. When T<T,,, the lower EL cffective efficiency
after light soaking could be related to the lower position of
the transport level. This will be discussed more in the fol-
lowing.
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The dashed lines correspond to the data at state A. Two transition
temperatures T, and 7’5, at state A are indicated in (a).

The main-band luminescence due to tail-to-tail transition
dominates the EL spectrum at low temperatures. We ob-
served a slight shift of the main-band peak energy position
and a more pronounced low-cnergy shoulder after light soak-
ing as shown in Fig. 12, The explanation {or the lower EL
peak energy position is that il the valence-bund tail 7
changes from 450-500 K, it will result as about 0.012 eV
lower than the EL peak energy position according to the
transport level as shown in Eq. (4). It is not too surprising
that the valence-band tail is broadened upon light soaking il
the conduction-band tail has also been broadened as shown
from the current thermal activation curves in Figs. 10(a) and
10(b). In fact. in previous works®'*? we have observed a
light-induced increase of the Urbach tail width in intrinsic
a-Si:H films by both a constant photoconductivity method
and PL spectrum technique.

1IV. SUMMARY AND DISCUSSIONS
A. Comparing EL to PL in «-Si:H

Temperature and clectric-ficld dependence of a4 forward
bias current and clectroluminescence efficiency as well as
their light-soaking effects in device-qualily hydrogenated
amorphous silicon p-i-n and n-i-p diodes have been stud-
icd. Both the current and the EL efficiency show three re-



15 628
10*
= 10k
ol
=
10t
v—nu' 1
2 10! -
—
100 -
10'1 | i | | |
50 100 150 200 250 300 350
10*
.:-:\ 101_
=]
=
s
s 10 -
'_‘u-
:lﬂ 101 -
: —e— 4V
100 | 1 | L L

50 100 150 200 250 300 350

Temperature (K)

FIG. 11. Light-souking effcct on Ig /I vs I/T curves from
0.5-um {(a) p-iy-n and (b) p-i-n cell at 2.0-, 3.0-, and 4.0-V bhias.
The dashed lines correspond to the data at state A.

gions according to the transport mechanisms of either hop-
ping controlled or multiple trapping, or ballistic
(nondispersive}. Comparcd (o PL, significant difterences in
the features of EL were observed: (1) the EL main-band
energy peak, Fl,, ~12¢cV, is always 0.1-0.2 eV lower
than the PL,; (2) the PL peak cnergy decreases with an
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FIG. 12. EL spectra before and after light soaking from the
same 0.5-um p-i-n cell as that in Figs. 10(b) and 11(b) at a 90-K.
4.0-V applied voltage.
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increase of temperature, whereas the EL main-band peak en-
ergy hardly changes with temperature but changes with ap-
plied voliage; (3) at low temperatures, the PL intensity /p is
quenched but the Iy, is enhanced by electric field; (4) the PL
efficiency decreases with increasing temperature when T
=>50 K, but the EL effective efficiency [ /I, increases rap-
idly with temperature and shows a maximum at a higher
temperature T, {100-200 K); finally; (5) the defect-band
intensily is four orders of magnitude weaker than the main-
band intensity in the case of PL at low temperatures whereas
it is less than two orders of magnitude weaker in thin
p-i-n structures in the case of EL.

In amorphous semiconductors the localized state distribu-
tion affects both the recombination processes and the trans-
port. The main difference of the EL main band from PL is
that the carrier transport is involved under a double injection.
In the case of PL, the recombination is a thermalization-
controlled geminate process whereas in the case of EL, the
recombination is a dispersive-transport-controlled nongemi-
nate process. However, when the demarcation energy is
deeper than the transport level at T>>T,,, both the thermal-
ization of the carriers in the valence-band-tail states and the
transport processes are involved in EL. The origin of the
temperature dependence of the transport parameter
wnT,(T) can be attributed to the thermalization of the elec-
trons in the conduction-band-tail states. Therefore the fea-
tures of both PL and EL intensity temperature dependence,
Py /. and Ip vs T are similar as discussed in Fig. 9. If the
temperature  dependence of the transport parameter
W, 7, (T) is taken into account, the width of the valence-
band-tail 47, can be deduced from (fg /)X b, 7,(T) vs
T curve according to Eq. (1).

By employing the forward current and EL temperature-
dependence studies information of both the localized tail
states and the deep defect states in real solar cell structures
were obtained concomitantly, which is crucial for the device
performance. In thin p-i-n diodes the defect LL intensity is
two orders of magnitude stronger than that in the case of PL,
so the room-temperature EL spectroscopy has been used to
study photodegradation kinetics in solar cells.!” One of the
advantages of these studies, as compared to PL., is that the
properties of the entire i layer are obtained, because the re-
combination takes place through the whole i layer in EL., but
the PL signal is limited by the absorption depth of about
400 800 A. The other advantages is that the low EL main-
band peak energy due to dispersive-transport-controlled re-
combination allows us to explore the deeper tail statcs. In a
previous studies'” of the EL defect spectra in p-i-n cells, we
have reported that both the defect-state and tail-state cnergy
distribution in the ¢ layer have been modified by hydrogen-
dilution treatment. In this work, we show more cvidence of
the light-induced metastable increase of the w, 7, activation
energy and the changes of the FI. main-hand spectrum line
shape, that indicate a light-induced band-tail broaden, espe-
cially the deeper part of the tail states.

B. Potential fluctuations

Another way of modeling the transport phenomena is to
invoke long-range potential fluctuations.™ In this picture, at
low-temperature carriers can move in extended states, but
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cannot always follow the electric field because of the poten-
tial fluctuations. At higher temperatures, the effective maobil-
ity becomes activated. In this picture too, one will find a shift
of the transport path as discussed above as a function of
electric field and free carrier density. Mobility measurements
have directly shown such a field dependence of the mobility
at room temperature.™ The advantage of such a model is that
one does not have to invoke limited temperature regimes for
which a certain transport model will apply. Rather, the trans-
port phenomena change gradually and continually, as the
“‘randomness’” with which the carriers can follow the ap-
plied electric field decreases with increasing temperature and
ficld (movement of the cffective transport level towards the
band edge). However, o date no analytical description for
such transport phenomena has been developed. At low tem-
peratures, hopping models should be applicable, even though
the carriers move through extended states, but are conlined
to “valleys™ determined by the potential Auctuations.

C. Defect EL

The threcfold coordinated silicon DB 1s a defect in a
fourfold-coordinated amorphous-silicen network, and is re-
sponsible for clectronic states within the energy gap. These
defect states are commonly assumed to play an essential role
in determining transport and optoelectronic propertics.’ De-
spite both theoretical and experimental etforts, the nature of
the DB still remains as one of the more controversiat aspects
of a-Si:H. One widely uccepted model is that the DB's have
a broad encrgy distribution i the gap, and they can be sepa-
rated by their charge states into three classes: neutral, nega-
tively charged, and positively charged deteets, DY, D and
DY, respectively. There are four possible transitions lor a
defect with two gap slates separated by a positive correlation
encrgy U us e+ DD e+t D' DY it D DY, and
h+DY D" We have clarified that the defect-to-valence
band-tail transitions are responsible for the defect lumines-
cence based on comparison studies of post-time-of-tlight and
EL spectroscopy.'”

We now discuss the possible mechanism of the enhanced
defect clectroluminescence efficiency in thin p-i-a diodes.
In a thin diode the whole 7 layer is depleted, thus the dan-
gling bonds are charged as D and D' near the n-i side and
the p-i side. If the I and D" have a high probability for
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radiative transition, one will obtain enhanced defect EL sig-
nals in thin p-i-n cclls. We obtained that the defect EL,
band dominates the EL spectrum under a low applied voht-
age, such as 0.8 V for the 0.4-0.5-um p-i-n cells. As the
applied voltage increases, most ol the injected carriers are
trapped in the tail states and there is a built-up positive space
charge near the p-i side, and a negative space charge near
the s~ side while the DB’y are still in charged states. Since
the A+ D~ =D transition is radiative, more portions of
charged dangling-bond states in the thin ¢/ layer will enhance
the radiative transition. Following a radiative transition A
+ 1 — DY the DY can transfer back to D~ by a charge
depletion process, D'“— D™ (electron diffuses from r layer
to i layer) before the injected electron is captured by the
nonradiative center D", So the charge depietion not only
enhances the radiative transition h+ 52~ > DY but also de-
presses the nonradiative transition e+D" D~ On the
other hand, for the thick 2—-10-um p-i-r samples, a great
part of the i layer is not depleted, and the defect recombina-
tion is dominated by nonradiative recombination via DY, The
charge depletion also does not oceur in the PL process under
photoexcitation. Therefore, there is no enhancement of the
defect radiative transitions in both EL from thick samples or
in PL. Consequently, the efficiency temperature dependence
of the total EL from thick samples is similar o the PL as
shown in Fig, 8.
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