PHYSICAL REVIEW B 71, 115209(2005

Nonexponential distributions of tail states in hydrogenated amorphous silicon
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The analysis of the time-of-flighiiTOF) photocurrent transients that leads to the identification of exponential
band tails in hydrogenated amorphous sili¢asSi:H), also predicts an electric-field dependence of the carrier
drift mobilities. To account fo-Si:H samples, prepared in different ways and deposition rates, that do not
show this field dependence of the drift mobility, general analytic expressions for the trap-limited-band-
transport TOF signals were examined with nonexponential tail-state distributions. It is found that the use of a
Gaussian tail-state component makes it possible to match the experimental curves when a field-independent
mobility is measured. For samples that are prepared at, or close to, the conditions used for the plasma-enhanced
chemical vapor deposition of standard “device-qualiy3i:H, a purely exponential distribution does afford a
good description of the experimental data. However, for samples prepared at high deposition rates in an
expanding thermal plasma, or for polymorphous silicon, a significant Gaussian component is resolved in the
tail-state distribution. These components can be linked to the presence in the amorphous matrix of nanoscopic
more ordered silicon regions.
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[. INTRODUCTION tailed information can be obtained about the structure of par-
ticular a-Si:H samples. Specifically, evidence for nanoscale
While an exponential distribution of tail states has beenstructure in polymorphous Si and in high-deposition-rate ma-
widely acceptetlas offering a good description of the den- terial prepared in an expanding thermal plagi&&P) can be
sity of localized states near the mobility edge of both valenceleduced from the field independence of the drift mobility,
and conduction bands in hydrogenated amorphous silicobut a more general index of material homogeneity may be
(a-Si:H), discrepancies between experimental data and thavailable.
theoretical model have always been observed. But given the While Marshallet al. used Monte Carlo simulation tech-
fact that comparisons are generally based on approximateiques to generate the transient current traces, the analytical
solutions of the multiple-trappindMT) transport model, expressions that are available in Refs. 2 and 4 offer a com-
those discrepancies were mostly thought to be related to therehensive alternative for studying the influence of different
simplified approach and hence not further investigated. Howtail-state distributions on the transport parameters and to
ever, the use of such simplifications is not inevitable sincecompare them systematically with experimental TOF data.
detailed formulations of MT transport are available. In thisBelow, we will first discuss those aspects of TOF spectros-
paper we will employ the analytical MT expressions devel-copy that do play a role in the analysis of the DO%iBi:H
oped by Rudenko and Arkhipéto examinea-Si:H tail-state  band tails. Next, the essentials of the analytical multiple-
distributions. trapping transport model will be recapitulated with respect to
The main experimental evidence for exponential tail-stateheir application in the modeling of experimental TOF cur-
distributions has been derived from time-of-flightOF) rent transients. Finally, we will present our analysis of the
transient photoconductivity measuremehiie current tran-  density of tail states in a number afSi:H samples that have
sients that are observed in that experiment show power-lalween prepared in different ways, and that show remarkably
behavior,lphoct‘ﬁ, with different values foiB before and af-  different characteristics.
ter the timet; that marks the transit of a carrier packet gen-
erated att=0. MT theory predicts that for an exponential
density of statesDOS), g(E) «exp(—E/E,), whereE is the
energy of a localized state aiig represents the width of the
distribution, the parametes will take the values 1=« and For time-of-flight transient photoconductivity experiments
1+« for pre- and post-transit slopes, witt=kT/Eg,k being  on a-Si:H, the layer to be examined is sandwiched between
the Boltzmann constant affdthe temperature. However, ac- metallic contacts that form Schottky barriers at the interface,
tual experimental values mostly reveal &rand 1+a,, with  or between doped-Si:H layers in ap-i-n geometry. At least
a, # ay. It was shown by Marshalet al® how other than one of the contacts is made semitransparent to allow free-
exponential distributions would be able to account for thecarrier generation in the sample by means of a short pulse of
measured slopes, but no attempt was made to fit experimestrongly absorbed light. Shortly before the light pulse is trig-
tal data. Yet, as is demonstrated by the present study, byered, an electric field is applied across the sample such
extracting a more detailed image of the tail-state distributiorthat—depending on the polarity of the field or the orientation
than just the best exponential approximation to it and byof the p-i-n cell—photogenerated electrons or holes will drift
focusing on more than just the current slopes, valuable dehrough the sample. A primary photocurrent will be mea-

II. TIME-OF-FLIGHT TRANSIENT
PHOTOCONDUCTIVITY
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10*F ' ' ' ' i mostly quoted when TOF results are reported. In ordegfpr
E v 3 to be a meaningful quantity, the fiell should be constant
[ ] across the sample and remain so during the carrier transit.
10°F These conditions require that the time between the applica-
- i ] tion of the field and the observation of the carrier transit has
§104 L ] to be small with respect to the dielectric relaxation time of
3 a-Si:H (on the order of 1 ms and that the photoinjected
 Temperature (°C) ] chargeQ, be much less tha@V, the charge maintained on
107F 24 the sample capacitanc& by the applied voltagev. For
: 153 ] a-Si:H, theQy< CV requirement results in a photogenerated
10°F -30 | carrier density that is much smaller than the total density of
E . . . . ] localized stated\;, which means that trap filling need not be
107 10°  10° 10" 10° taken into account in the description of the MT transport.

t(s) TOF studies of thea-Si:H tail-state distribution have
_ made use of either the field and/or temperature dependence
FIG. 1. Example of TOF hole transients measured at severgjy the uq values, or the observed current slopgsa,. Most
temperatures as indicated, with 10 V applied across aus.éhick frequently, the experimental data were examined only in
ETP sample grown at 0.85 nm/s deposition rate, 250 °C substialgy s of the expected exponential distribution of states,
temperature, and sandwiched between Mo contacts. g(E)=g(0)exp(~E/Ey,). Such distribution should result in a

) o ] _unique value for the slope&=a;=a,=KT/E,, and in a field
sured in an external circuit due to the charge displacement igependence of the drift mobility according to

the sample, but secondary photocurrents will be blocked by

the potential barriers at the interfaces. pa o (LIF)Y e, (2
Except well below room temperature, carrier motion in

a-Si:H will take place at the mobility edge, but with carriers

being repeatedly trapped in and released from the localize

states in the-Si:H band gap(A brief outline of the relevant

elements of this MT transport mode will be given in the nextT is poorly obeyed: Analysis of 1 data sets as a function

section) While carrier trgpping _invaria_bly OCcurs on a time of temperature or applied field has led to other proposed
scale that may be considered immediate on the scale of ﬂ'lﬁstributions&lo‘m but they generally covered only a small

; 112 8 i -
TOF experimen(~10~"“s vs 10° s and longex carrier re art of the tail-state energy range or accounted for changes in

lease depends on the depth of individual traps since it iﬁ] . S

- : . st one of the experimental parameters. One intriguing re-
gover_ned by a probability proportional to G(.XFE‘/ KT), with . _sult was obtainedpfor the vaﬁ)ence band tail a}tSi:I—(lJ byg
E; being the trap depth. Consequently, since the Iocallzg arshallet al,;** from an analysis of the field and tempera-

states are distributed in energy, the photogenerated carrign o dependence qfi, they deduced a Gaussian tail-state
packet will spread out during its transit through the sampledistribution '

making the_ defining of a transit time for the pats:ket a matter However, analysis of the TOF results need not be re-
of cc_)nvenuor). .E.’Ut’ as shown by Seynhaeteal,” all €oN-— stricted to just the current slope or the drift mobility. Since
v_entlonal def|n|t|on§ correspond more or Iess to the time degood analytic descriptions of the TOF experiment are
fined by the theoretical concept of the time it would take theavailable%“ they can be used to model the actual current

mean of the carrier d|st_r|_bu_t|(_)n to tr"?“’e' the_ Iengl_h)_f_the .. transients in the time domain over the range of experimental

actual sa.mple Ina seml-_lnf|n|te medium. This definition will fields and temperatures. It amounts to using the full informa-

be used in the r!ext sgctlon. . ... _ tion contained in the TOF transients rather than just part of it.
Charge trapping will also contribute to a nonequilibrium As will become evident below from our application of this

transport regime and decreasing currents of the type Sho‘"’é’}:)proach to experimental TOF photocurrents, details of the

in Fig. 1. Those transient currents can be app_ro>_<|mated bYail-state distribution in the region that lies too close to the
different power laws on either side of the transit time: transport path for direct time-resolved observation, can be
1) < tr, probed through such modeling.
Iph(t) *

This analysis remains valid as long as<1, i.e., for tem-
eratures less thay/k. In practice, the unique value afis
ever obtained from the two slopes at more than one

temperaturé; € and the direct proportionality betweenand

t—(1+a2), t>ty, D

he i . fth | . I1l. THEORETICAL MULTIPLE-TRAPPING TRANSPORT
and the intersection of those power laws is often used as an CONSIDERATIONS

experimental definition of;. It is the definition that was used
in the present study. Current shapes of the type shown in Fig. Depending on the density of localized states and the tem-
1 testify to the anomalously dispersive nature of the carrieperature, electronic transport in disordered semiconductors
transport. In the equilibrium transport regime, the pretransitvill be dominated by either trap-limited band transport or
current will be constant in time, i.eq;=1 will be found. hopping between localized states. Both processes have been
The measured TOF transit timtg forms the basis for the extensively described in the literature in the pa$tsuch
calculation of the carrier drift mobilitywg=L/t;F, whereF  that we may give here just a brief recapitulation of those
represents the applied electric field; is the quantity that is  specific aspects that will be called on in our analysis of the
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TOF transients ira-Si:H. In fact, since our experimental data localized states into shallow and deep ones. The attempt-to-

were all obtained at temperatures above 120 K where hopescape frequency corresponds ttN./ 7oN;. Carriers that are

ping becomes unimportatt,we just have to consider the localized in shallow states with<OE < E4 will be in thermal

trap-limited band transport, commonly referred to asequilibrium with the free-carrier density, as a result of the

multiple-trapping transport. multiple trapping and release events they have undergone.
The MT transport modéf’18 predicts that, after excita- The solution of Eq(4) may then, for those carriers, be writ-

tion of the sample, an initial, nonequilibrium dispersive ten as

transport mode will occur that will terminate when the equi-

IibriurFr)1 distribution of localized carriers is established gnd p(xt,E) = (v70)[9(E)/NJexp(E/KT)ng(x,1),

equilibrium transport takes hold. The transition between the 0=<E =< E4t). (8)

two regimes will occur sooner in a narrow or steeply de- , . .

creasing DOS than in a broadly distributed one, and will inFrom the region of deep traps wilh> E4(t), no carriers are

fact never take place in an unlimited exponential distribution '¢/eased by the time such that only the trapping term of Eq.
A description of charge carrier transport in amorphous(4) heeds be considered in that energy range:

materials will be based on the continuity equation and an t

equation that relates the carrier density to the ongoing carrier  p(x,t,E) = (1/70Nt)g(E)f dt'ng(x,t’), E>Eg4t). (9)

trapping and release processes: 0

edn(x,t)/at + 9j (x,t)/ox=0, (3) After the initial photogeneration step of the TOF experi-

ment, nonequilibrium conditions prevail with most carriers

ap(x,t,E)at = (1IN, 70)g(E)ng(x,t) — (N 7oNy) having _been trapped_be_loﬁq. Under those _circumstances
and until the whole distribution has thermalized, an expres-
xexp(— E/kT)p(x,t,E). (4)  sion for the free-carrier density can be obtained by introduc-

In the above equation is the elementary charge the N9 the expression fop(x,t,E) from Eq. (9) into Eq. (5):

spatial coordinatet, the time,j. the conduction current den- no(x,1) = (e[ 7(On(x,1)], (10)
sity, n the total carrier densityn, the free-carrier density,

g(E)dE the density of localized states with energies betweenvhere the functiont) is defined as

E and E+dE, and p(E)dE the density of carriers in these

statesN; is the total density of localized statd$, the effec- t) = 7-0{(1/Nt)
tive density of states at the mobility ed@ee., the transport

path, and 1, the free-carrier lifetime. The total carrier den-
sity can be written as

[

-1
g(E)dE] ; (11)

Eq(t)

and where use is made of the fact thmt<n. It will be
noticed from Eq.(10) that the free-carrier densitgiy(x,t)
* dependdifferentially on the total carrier density under the
dE p(x,t,E) Ef dEp(x,t.E), (5  strongly nonequilibrium conditions of dispersive transport.
0 The combination of Eqs(5)—(10) makes it possible to cal-
where the approximate expression is appropriate for the exeulate the shape of the TOF current transients for a known
perimentally accessible time domain of standard TOF experitor surmised distribution of stategy(E) and specific values
ments in amorphous semiconductors since the large majorityf the parameterd\,, r,, and uo. These calculated current
of carriers will be trapped at any given moment. In the MT transients can then be compared directly with experimental
model only free carriers contribute to the current, such thabnes. The TOF transit timig is defined implicitly in the MT

[

n(x,t) = ny(x,t) + f

0

the TOF current can be written as model by way of the expression for the spatial mean of the

L carrier packet
j () = (euoF/L) J dx ny(x,1), (6) e / @

0 (x)(tT)zf dx xn(x,t) f dx n(x,t)

where u is the free-carrier mobility. 0 0 =ty

The thin layer of free carriers that is photogenerated at the = poFr(ty) = L. (12
time t=0 at the front electrode in a TOF experiment corre- )
sponds to the following initial conditions: Since the functiorr(t), and therefore als¢x)(t), depend non-
linearly on time, the transit timg must be a nonlinear func-
n(x,0) =ny(x,00 =Né(x), p(x,0,E)=0, () tion of the ratioL/F and, therefore, the dispersive carrier

where \ is the surface carrier density. Solving the abovedrift mobility wq=(L/F)/t will depend upon the field and
equations, it is possible to obtain general expressions for thgample  thickness. For an exponential DOSY(E)
carrier density and transient curréftHowever, those exact *€Xp(~E/Eo), this functional dependence takes the form
analytic expressions are complex and not convenient for _ 1-1/a

comparison with experimental data. Fortunately, a relatively #a= ot (UF) pomo] ™, <1, (13
simple approximate solution of the problem can be obtainede., the dependency that is frequently looked for in experi-
by making use of the demarcation energy concept whereby mental data sets, as pointed out already in the previous sec-
time-dependent demarcation levej(t)=kTIn(zt) divides tion.
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The use of the total density of localized states in the IV. EXPERIMENTAL RESULTS
above expressions implies that the same energy-independent
capture coefficient1/7N,) is assumed for all states. This  Very striking examples of the possibilities of the analyti-
assumption will be acceptable as long as trapping into taif@l modeling are provided by the analysis of the TOF data
states dominates the MT process, given that major differobtained ora-Si:H samples prepared at high deposition rates
ences in capture probability should only be expected beby the expanding-thermal-plasma technique developed at the
tween tail and gap states, the former being disorder induceBindhoven Technical Universityand by polymorphous sili-
while the latter relate to lattice defects and/or impurities.con samples from the Ecole Polytechnique in Palais@éu.
Since all TOF studies ai-Si:H to date concur that the transit Poth cases, strong deviations from a presumed exponential
time occurs with the demarcation energy still located in thePOS are required to account for the experimental data.
band tail, the constant capture probability of the model isVhile the presence of nanocrystalline Si particles in the
appropriate. polymorphous material is well docu.ment@ds|m|lar inclu-

Different behavior will be observed in the TOF experi- Sions are apparently to be found in the structure of ETP
ment when material properties are such that an equilibriun@-Si:H as well. Results froma-Si:H samples prepared by
distribution of trapped carriers can be established within théneans of the standard plasma-enhanced chemical vapor
experimental time frame. Such could be the case, for indeposition(PECVD) technique will be presented for com-
stance, with a Gaussian distribution of localized tail statesParison. In the latter case, a simple exponential tail does
Experimental data should then be compared to expressiorﬁBUCh better in accounting for the observed current traces.
relying more on Eq(8) for the thermalized carrier density
rather than on Eq(9). When carrier equilibration is com- . .
pleted, the entire operative part of the DOS distribution be- A. TOF instrumentation
longs to the zone of shallow traps. The relation between the
total and free-carrier densities can then be written on th
basis of Eq.(8) as

Experimental TOF data were obtained with the standard
%onfiguration consisting of a HP214B pulse generator for the
applied field, a dye cell generating a 540 nm optical pulse of

o -1 ~5 ns duration when triggered by a pulsed nitrogen laser
No= nwo{f dE[g(E)/NJexpE/KT) | = (T)n. (LSI 337), and an Iwatsu-8123 digital storage oscilloscope.
0 Successive current transients with and without the laser be-

(14) ing triggered are always measured and subsequently sub-
tracted from each other to obtain the transient photocurrent.
Equation(14) shows that in the equilibrium regime; andn ~ Measurement sequences are computer controlled. Samples
are directly proportional to each other, unlike the nonequilib-were mounted in a vacuum chamber on a metal support, the
rium differential relationship found in Eq10). Substituting temperature of which was regulated to better than 1 °C by a
no=3T)n in the equilibrium conduction current density = combination of liquid nitrogen cooling and electrical heating.
=eugFng, and definingu(T)=wed(T), one obtains

jc=eu(TFn, (15 B. ETP samples

whereby the equilibrium trap-controlled mobilig(T) is in- The ETPa-Si:H samples used in this study were prepared
dependent of time and the electric figéldThe observation of using SiH, and an expanding Ar-Hplasma'® Sandwich
a field- and thickness-independent TOF drift mobility is Cells with either Cr or Mo Schottky barriers were deposited
therefore generally taken as an important indication of equiat Eindhoven University of Technology at rates of 6 to
librium carrier transport. 7 nm/s, and substrate temperatures going from 250 to
As mentioned above, a Gaussian distribution of localized#50 °C. TOF samples with p-i-n structure were grown at
states offers favorable conditions for the observation of equiDelft University of Technology, at rates of 0.85 and 2 nm/s
librium transport within the time frame of a TOF experiment, for substrate temperatures of 250 and 400 °C. The thickness
but also a linearly decreasing DOS or any other distributiorPf the intrinsica-Si:H layer was several micrometers for all
with a sufficiently steep decrease of the gap state density wikamples.
allow equilibrium conditions to be realized. The presence of Figure 2a shows—in a double-logarithmic plot—hole

a dominant Gaussian DOS component of the type drift mobility values as a function of the ratib/F, from
samples deposited at the lower deposition rate of 0.85 nm/s
N; -E? at 250 °C and measured at several temperatures. The expo-
9(E) = U\rEeXp[ﬁ]’ (16)  nhent(1-1/a) of L/F seen in Eqs(2) and (13) can be de-

duced from these data, and the valuenoéxtracted at each
where o is the width of the distribution, can be recognized temperature. Plotting those values versus temperature, as
from the temperature dependence of the field-independerit Fig. 2b), a linear dependence aof on T emerges, but not
drift mobility «(T). It will show a Gaussian temperature pro- the direct proportionality that would follow from an expo-
file: nential tail-state distribution. From the slope of the dashed
line in the figure a “best approximating” exponential with
w(T) = povroexd — o2/2k?T2]. (17)  characteristic temperatur@,=430 K (E,=37 me\V) may
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FIG. 2. (a) TOF hole drift mobility versusL/F ratio at the

indicated measurement temperatures for samples deposited at FIG. 3. Measured(full lines) and calculated(dashed lines

0.85 nm/s onto substrates held at 250 °C. Solid symbols refer to #symbol3 TOF current transients corresponding to 24 °C measure-

3.5um-thick p-i-n sample; open symbols relate to a fué-thick ment temperature and applied voltages as indicated. The data are

sandwich cell with Mo Schottky barrieréh) Values of the disper- taken in the sample mentioned in Fig.(& The exponential DOS

sion parameterr extracted from the data ife) according to Eq. Was used for calculations, witRge=10?* cm™, Eq=0.037 eV, to-

(13). gether with the valueguu=6.8x1072cn?/V's, 7,=101s, and
N.=10?2 cm™3. (b) The DOS of Eq(18) was used for calculations,
with  Nig=5x10cm3, Ng=10"1cm3, E,=0.04eV, Eg

be deduced for the valence band tail. Although such approxi=0-02 eV, c=0.09 eV, together —with the  values uo

mations have been used in the past to support the notion 61°-6° cnt/V's, =10""s, andNe=1.3x 10°* cm™.

an exponential tail-state distribution, a direct comparison of

TOF transients calculated on the basis of just a 430 K expo- E) = Nie p(—_E . Nig -(E- EG)Z)

nential and the actual experimental curves—as shown in Fig. 9B = Eo ex Eo 0(277)1/26)( 252 '

3—reveals the deficiencies of that approximation. In Fig. (19)

3(a) the full lines show the experimental data while the

dashed lines trace the results of the calculations. Modeling 5 culations with this DOS and the parameter values listed
parameters were chosen to obtain close agreement with the the figure caption are shown in Fig(t8. While the rms
highest-field curve, and then left unchanged for calculationgjifference between measured and calculatedlogalues

at lower fields, except for small adjustments of the currenjecreased from 4.5% to 3.5% for the 30 V curves and from
amplitude that reflect similar small fluctuations of the laser1.50% to 1.1% for the 5 V curves upon the addition of the
intensity between individual measurements. It is clear fromGaussian component, very similar values for the redyged
Fig. 3(@ that the field dependence of the actual transientsalues indicate that these differences are not statistically sig-
varies from the one that would follow from a purely expo- nificant. It need not surprise, of course, that better agreement
nential tail. It is especially difficult to match pre- and post- can be obtained with more fitting parameters, but it does
transit slopes equally well, but for the sample at hand nalemonstrate that the band tail is more structured than a
significant errors in the determination tgfwould ensue. The single exponential can describe. Nevertheless, the fitting pa-
agreement between experiment and calculation can be immrameters show that the exponential function is the dominant
proved when a Gaussian component is added to the exponeore for the ETP deposition at moderate rate 0.85 nm/s and
tial one, and the values of the first parameter set are adjuste&2b0 °C. When comparing measured and calculated curves, it
accordingly. The DOS then takes the form should be taken into consideration that discrepancies at the
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FIG. 4. Hole drift mobility, measured at the indicated tempera- b 6.4
tures, as a function df/F in an ETP sample deposited at 6.2 nm/s 107 E 3.8
and 425 °C(open symbolsand in one deposited at 2 nm/s and i 1.7
400 °C (closed symbols Lines of constant mobility are given as 107 bl
guide to the eye.
-5
short-time end of the traces are due to B@ time constant 10
of the electronic circuit and—at the lower voltage—the con- < .
tact potential at the barriers, neither of which is present in the - 10
simulations. i
An entirely different behavior is observed for the field 107k
dependence of the drift mobility in samples deposited at sub- ]
strate temperatures of 400 to 450 °C and deposition rates 10°

around 6 nm/s. These samples consistently show a hole drift
mobility that exceeds the one routinely measured in standard
PECVD materiaf?23and the drift mobilities for either elec-
trons or holes show little or no dependence on the applied FIG. 5. Measured(full lines) and calculated(dashed lines
electric field. Hole drift mobility values from two samples +symbolg TOF current transients at indicated temperatures and ap-
are shown in Fig. 4 to illustrate this insensitivity to the field. plied voltages from a 2.4m-thick ETPa-Si:H sample, deposited at
As pointed out above, a fie'd_independent drift m0b|||ty is 450 °C and 5.6 nm/s, and measured with Cr SChOttky .barriers. The
generally associated with equilibrium transport, but the conPOS of Eq. (18) was used for the calculations, withie=5
stant pretransit current that is expected in that case fails to b& 10*° cm™®, Ng=6x 10" cm™, Eo=0.04 eV,Ec=0.06 eV, o
observed for these ETP samples. Indeed, as shown by tﬁé)'OT e\_/3,u0=0.10 cnt/V's, 0=10"s, and Ne=2
current traces displayed in Fig. 5, the general behavior of the 10 e,

transients is decidedly dispersive. An exponential distribupetween calculation and experiment become unacceptably
tion of tail states cannot reconcile these two characteristics;arge at other fields and temperaturésn example appears
Consequently, in an effort to match the field-independenin the next section.Consequently, for judging the appropri-
drift mobility with the dispersive character of the transient ateness of the utilized DOS, it is necessary to examine both
signals of the ETP material, the analytical expressions for théhe field dependence and the temperature dependence of the
TOF transients were used to calculate currents generated laplculated curves, as is done in the case of Fig. 5. Discrep-
multiple trapping in a DOS with partly exponential and ancies at the short-time end of the traces are again due to the
partly Gaussian character. For a sample similar to the oneéRC time constant of the electronic circuit at the shortest
used for Fig. 4(sample RS604 from Ref. 22, deposited attimes and—at the lower voltage—the contact potential at the
5.6 nm/s and 450 °C good agreement between measuredSchottky barrier, neither of which is taken into account in the
and calculated curves was obtained with the DOS of(E§).  simulations.
and the parameterdl=6x10®cm3, E;=0.04 eV,N,g The transit times as well as the pre- and post-transit slopes
=5x10°cm3, ¢=0.087 eV, andEg=0.06 eV. In contrast measured with the high-deposition-rate samples are repro-
to the previous exampléFig. 3), it is now the Gaussian duced satisfactorily in the calculations, and the transit time is
component that dominates the DOS in that part of the banébund to be independent of the applied field in the calcula-
tail that determines the TOF transit time. Examples of thetions just as it is in the experiment. Given that this field
calculated current traces have been ad@ghed lines and independence means that the Gaussian component of the
symbolg to the actually measured onésll lines) in Fig. 5. DOS is dominant around the transit time, the temperature
It remains possible to get a comparable fit to an individualdependence of the mobility should agree with the Gaussian
experimental trace with just an exponential tdfle 6.4 V, form of Eq. (17). That experimental drift mobility curves
-38 °C trace of Fig. 5 was usgdbut then the deviations from ETP samples that were deposited at high substrate tem-
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——TTTTT FIG. 7. Electron drift mobility plotted versuk/F for various
10k 9 temperatures as indicated. The measurements are performed in a
8 ] 3.74um-thick polymorphous silicon sample deposited at 175 °C sub-
strate temperature and 232 Pa total pressure in the reactor. Data are
— from Ref. 23; lines of constant mobility are given as guide to the
o 107 3 eye.
‘\'.> q
E reported in Ref. 24. Replotting the electron mobility data of
v 10°F i the sample deposited under 232 Pa as a function of the ap-
E plied field (Fig. 7), it is clear that the measured mobilities are
(b) 3 1 essentially field independent. The equilibrium transport
T mode that is suggested by this result is also in accordance
106 28 30 32 32 356 58 40 42 44 with the constant pretransit current levels that are seen for
1000/T(K") the experimental datéull lines) in Fig. 8. The dashed lines

in Fig. 8 are theoretical calculations of the TOF transients on

FIG. 6. Comparison of measured hole drift mobility plotted asthe basis of an exponential DOS with characteristic tempera-
logio(mg) Versus (1/T)2 and (1/T). The essentially field- ture To=250 K (E,=21.5 meV, i.e., the most widely ac-
independent data were obtained with a pnd-thick ETPa-Si:H  cepted conduction band tail value farSi:H,! and further
sample prepared at 6.1 nm/s and 425 °C, and with Cr contact laysgrameters as shown in the figure caption. Those parameters,
ers. The lines are guides to the eye. Correlation coefficients for @xcept for the actual sample length, were chosen to optimize
straight-line fit to the data ar@=0.997 04 for(a) andR=0.99566  he agreement between the calculated and measured curve at
for (b). -97 °C with 8 V applied across the sample. The other curves

were then calculated with the same parameter values, and

peratures and/or high deposition rates do indeed fit amnly the temperature and applied voltage reset to the values
exp(T~2) law somewhat better than the traditional €kf) is  used in the experiment. Neither the changes due to a varia-
demonstrated for one such sample by Fig. 6. However, whetion of the applied field nor those due to temperature varia-
taking into account that our comparison assumes that thégons are reproduced to an acceptable degree. Using other
parameters of Eq(17) are not temperature dependent, thevalues forT, did not lead to better results.
differences between Figs(é& and &b) are too small to be By again introducing a Gaussian component to the DOS,
significant. as in Eq.(18), much better agreement with the experimental

Nevertheless, the combined evidence of experimental dat@data can be achieved. The results are shown in Fig. 9. As
and analytical calculations suggests that the DOS of ETRbove, optimization of the parameters was carried out for the
a-Si:H does contain both exponential and Gaussian compo-97 °C, 8 V curve and the parameters were subsequently left
nents. While the Gaussian component dominates the TO&nchanged for the other calculations. From the fitting param-
transients from material that is prepared at either high temeters shown in the figure caption it can be seen that the
peratures or high deposition rates, its presence can still bemplitude of the Gaussian componéeXy, is relatively more
discerned in samples deposited at modest rates and lowenportant here than the strengiig, of the exponential part,
substrate temperatures. in contrast to the ETP example of Fig. 3 whédg > Ng is
required for reasonable agreement. For the ETP sample of
Fig. 5 that does show field-independent drift mobility, the
N;c > Nie relationship is observed that is also found for poly-

A series of polymorphous silicop-i-n samples, deposited morphous silicon.
from a 2% SiH and 98% H mixture at varying total pres-
sures from 133 to 232 Pa and 175 °C substrate temperature, D. PECVD a-Si:H
was prepared at Ecole Polytechnique, Palaiseau. The result- As a test for the fitting procedure, we also examined TOF
ing TOF drift mobilities of electrons and holes have beentransients obtained with aa-SiH p-i-n cell deposited at

C. Polymorphous silicon
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FIG. 8. Measured(full lines) and calculated(dashed lines FIG. 9. Measured (full lines) and calculated (dashed

+symbolg electron current transients in the sample referred to in,. . R
; . - . + - -
Fig. 7 at two temperatures and various applied voltages as |nd||-IneS symbols electron transients at temperatures ~28 and -97 °C

cated. The exponential DOS was used for calculations, wNgre gnd _applied voltages as indicated, for the sample mentioned
=10%'cm 3, E;=0.022 eV, together with the valuesy, in Fig. 7. The DOS_ of OEZE} (1% Wai used Ozfg)r (_:?Icula-
=4 cnPIV's, 7=10"2s, andN,=10% cnr®. tions, where  Nig=5X10""cm 2, Njg=2.5X 1' cm >, Ey
=0.026 eV,Eg=0.06 eV,0=0.04 eV, together with the values

uo=1.1cnt/Vs, 15=9x 1012 s, andN,=7.2x 10%* cm 3,
United Solar by means of standard plasma-enhanced chemi-
cal vapor deposition. Electron current transients measured af)|e through the Gaussian addition, but rather from the fun-
two temperatures and several applied voltages are displayeghmentally different impact of exponential and Gaussian dis-
in Fig. 10, together with calculated traces on the basis of jussiputions on carrier transport in disordered systéhis. the
an exponential tail with characteristic temperatufg  |atter distribution carriers can equilibrate while occupying
=230 K. The agreement between the two sets of curves igtates above the Fermi level, something that is not possible in
very good. In this case there is clearly not much to be gained, exponential tail. It is not surprising, therefore, that for
from the introduction of a further DOS component. Or, ex-samples like the high-deposition-rate E&fSi:H where the
pressed in a different way, for good-quality PECEBI:H,  grift mobility exhibits equilibrium characteristics, an impor-
an exponential tail-state distribution does fit the experimentajznt Gaussian component is needed to describe the TOF tran-
data well, and there are no indications for any inhomogeneitgjents. One aspect of the tail-state distribution that cannot be
that vv_ould require the addition of a Gaussian component Qinned down by the TOF modeling is the absolute density:
the tail. The capture coefficientl/7,N,) that is used in the calcula-
tions remains a free parameter in the model.

An important remaining question then concerns the physi-
cal origin of the Gaussian contribution to the density of tail

It will have become clear from the preceding sections thastates. It may be true that the physical origin of the accepted
a single-exponential distribution of tail states does not, inexponential tail-state distribution of “standaraSi:H is not
general, account for the various aspects of TOF transit sigexactly clear either, but that is beyond the scope of this dis-
nals in a-Si:H. For some samples, it even proves entirelycussion. Consequently we will accept that device-quality
unsatisfactory. It also has been demonstrated that the addi-Si:H has tail-state distributions that are essentially expo-
tion of a Gaussian component in the tail region of the DOSnentially distributed. As a corollary it may then be assumed
improves the agreement between experimental data and thivat the exponential DOS component of E8) originates
oretical model. This last phenomenon does not just followwith a good-quality amorphous silicon background lattice in
from the fact that more adjustable parameters become avaigither the ETRa-Si:H or the polymorphous silicon, and that

V. DISCUSSION
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F 1 ] samples, two each from Eindhoven and Delft, spanning the range of
examined deposition rates and temperatures, upon excitation with
107 —~ —~ an Ar ion laser(2.41 eV.
N R ST
10 107 10° 10°° 10 modeling of phototransport properties in hydrogenated mi-
t(s) crocrystalline silicon a Gaussian distribution of the valence
band tail states was required to obtain acceptable results.
FIG. 10. Measurec(fu” ”nes) and CalCulated(daShed lines As an expe“mental probe for the presence of nanoscop|C,

+symbolg TOF current transients for electrons at temperaturesstrycturally diverse inclusions in ET®Si:H, the photolumi-
—144 and -119 “insey and applied voltages as indicated, in a nescence spectra of several samples were studied. It is
5.0-;1m-t_h|ck PECVD sample. The exponential DOS was _used forknown that the presence of microcrystalline inclust®rar
calculations, wheréhe=10°" ij’ Eo=0.02 eV, together with the 433 iy a-SizH lowers the luminescence energy from the
valuesuc=5.5 cnf/V's, 7=10"'"s, andNe=1C" cn™. value near 1.4 eV that is normally observed for the homoge-

the Gaussian component finds its origin in random disturneous material to values in the 1.2 to 1.3 eV range. The
bances of the amorphous lattice. While it has been showhminescence spectra shown in Fig. 11 exhibit these lower
that the polymorphous material does indeed contain smaliadiative energies, thus suggesting the presence of similar
paracrystalline inclusion®, we assume that the same holds inhomogeneities in the samples.
for the ETPa-Si:H. In fact, a slight narrowing of the x-ray The presence in ETRB-Si:H of nanoscopic inclusions of
diffraction lines with increasing substrate temperature hashe type discussed above could conceivably also play a role
been interpreted that wa§.In addition, in the plasma that is in the, so far, unpredictable nature of the electron drift mo-
used to grow the ETR-Si:H layers, hydrogen-poor cationic bility activation in the ETP TOF samples that were examined
silicon clusters were detect€dhat may play the same role in this study. As pointed out already in an earlier regért,
as the incipient powder formation in the polymorphous sili-hole mobility values vary in a very regular way with sample
con. The optical band gap of crystalline silicon is well below preparation conditions, but the electron drift mobility shows
the 1.75 eV usually taken fa-Si:H, but quantum confine- erratic variations of its activation energy at lower tempera-
ment in the small paracrystalline grains will result in a wid- tures that do not relate in any obvious way to sample prepa-
ening of that crystalline gap. In addition, the natural spreadation or prehistory. The differences do not persist above 250
of grain sizes will result in a normal distribution of these K. As an example, Fig. 12 shows the low-temperature elec-
enlarged crystalline gaps. tron drift mobility measured in two samples deposited in
To assess the influence that such a distribution of gapequivalent circumstances. In one of the samples the electron
would have on the overall DOS in the gap of the EFBi:H  drift mobility is more or less temperature activated as ex-
films, the band offsets between amorphous and crystallinpected if transport takes place through multiple trapping in a
phases have to be considered. Literature values for the valistribution of tail states, while in the other the electron drift
lence band offset range from 0.4 to 0.6 &% and values in  mobility is almost temperature independent, suggesting an-
the neighborhood of 0.1 eV have been used for the condu@ther transport mechanism. It was mentioned above that
tion band offsef® Given that the band offset between amor-band offsets between amorphous and more ordered phases
phous and microcrystalline silicon is considerably larger aiare expected to be minimal at the conduction band side of the
the valence band side than at the conduction band side, sorgep. Small sample-to-sample variations could then result in
gap widening due to the quantum confinement may roughlgither positive or negative band offsets, leading to significant
align the conduction band edges, but would still position thechanges in the transport mechanism for electronic conduc-
valence band edges of the crystalline inclusions inside th&on between individual samples. At the valence band side,
amorphous gap. Their normally distributed onsets can, therevhere the band offset is larger, equally strong sample-to-
fore, be seen as the likely source of the Gaussian componesample variations would represent only relatively minor
in the tail-state distribution of the ET&Si:H valence band. changes to the offset, and hence have only marginal influ-
It may be worth mentioning in this context that for recentence on the hole conduction.
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3 v v v . . .

102} ] 4 From comparisons between measured time-of-flight tran-
~ 2 1 . sient photocurrents and theoretical curves calculated on the
< Volagev) AV basis of trap-limited band transport it emerges that an expo-
& o3 . . L.
= 07 o nential density of states offers a good description for the
CA 0k e 4 | band tails of device-quality PECVR-Si:H. For material
= . e v prepared at high deposition rates in an expanding thermal

L o plasma, and for polymorphous silicon, an exponential DOS
R - S by itself fails to adequately describe the currents, but addi-
45 50 5'?036%(%‘5) 70 7.5 tion of a Gaussian component to the tail-state distribution

remedies the problem. Evidence is given that the Gaussian

FIG. 12. Low-temperature behavior of the electron drift mobil- component is linked to sample mhomogene!t_y, mqst ""?'y
ity measured at the indicated voltages in twd-n ETP samples, _the presence of nan_oscopl_c more ordered silicon mclysmns
both of them grown at 0.85 nm/s deposition rate and 250 °C sub!—n the amorphous-Si:H Iatthe. It follows that the relative .
strate temperature to a nominal thickness of 516 importance of the exponential and Gaussian components in
the tail-state distribution can be used as a measure of mate-
rial homogeneity.

Following from the observation that, for all ETP samples
studied, a purely exponential DOS is not able to account for
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