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At extremely Iugh electric ﬁcids (F = 0.55 MV/cm) and high temperatures (300 < T < 450 K),

- full deactivation of the electron drift mobility in amorphous hydrogenated silicon (a-Si:H) is obtained
- and therefore the shallow trappmg is substantially reduced. New data clearly demonstrate that the
free electron (band) moblhty in-a-Si:H decreases when the electric field increases, contrary to other

disordered materials (e.g., amorphous selenium).

In this sense the free carrier transport in a-Si:H is

similar to the hot carriers in crystals when phonon scattering prevails.

PACS numbers: 71.55.Jv, 72. 10.i, 72. 20t

In many dlserdered solids the existence of the disorder*
induced localized band tail states leads to the fact that
the observed (drift) mobility (x) is smaller than the free
carrier (band) mobility (uo) and often to a dispersive
charge transport. The quantity wo is of fundamental
importance, the direct measurement of which is, however,
extremely difficult.

On the basis of scaling theory [1], it is generally pre-
dicted (and proved for amorphous Se [2]) that in dis-
ordered structures the free carrier mobility continuously
increases with the energy (E) above the mobility edge (E,) ¢)-

Although amorphous hydrogenated silicon (a-Si:H) is
the most studied amorphous semiconductor, there are still
a lot of open questions such as the following.

What is the precise value and the temperature (T) de-
pendence of the electron free carrier mobility in extended
states [3]? Does u really increase with increasing kinetic
energy E as predicted by scaling theory? Why is trap-
ping of the carriers into the (tail) states, which controls
the drift mobility, not observed in the optically detected
picosecond time-of-flight (TOF) transients [4]? Why is
‘high electric field (F) induced impact ionization not ob-
served in ¢-Si:H, in contrast to a-Se [5,6], although from
the results of the quantum efficiency investigation it is
known that in ¢-Si:H the free carrier thermalization dis-
tance is longer [7], the mobility is higher, and the energy
gap is smaller than in a-Se [2]?

Significant achievements in the study of the free carrier
“behavior in a @-Si:H have been obtained by femtosecond
pump and probe laser techniques: very fast charge carrier
“thermalization (=1 eV/ps) [8], very short scattering time
(~0.5 fs) [8.9], and, correspondingly, very small mean
free path A [approximately equal to the interatomic
distance (a;)] have been obtained. These results indicate
very small free carrier mobility (,wo 10 cm?/Vs). A
similar uo value has been estimated from the high
temperature saturation tendency of the u(7) dependence
[3] and from the high F subnanosecond u(F) dependence
{4 }G} : :
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The aim of this paper is to use the TOF technique to
investigate the transport properties of the free electrons
in a-Si:H, while eliminating the influence of the localized
tail states by measuring at the highest possible electric
fields and at high temperatures.

For our TOF studies high quality reverse biased p-i-n
structures, specially designed to allow the application of
the highest possible electric fields, were used. These
sandwich samples (with thickness d) were placed into
a coaxial waveguide matched with a real-time 6 GHz
oscilloscope which allowed us to measure the drift current
transients. down to subananosecond times [10]. The
charge carriers were generated by a laser pulse (hy =
2.3 eV and half-width z, = 17 ps) suitably delayed after

‘the application of the voltage pulse. The delay time was

varied in order to check the absence of intrinsic electric
field redistribution especially at high temperatures and at
high electric fields. From the experimentally measured
transit time 7., the value of the drift mobility u = d/t,F
was obtained. To exclude effective thickness problems
[11] we used the “small signal” mode.

There are three temperature regions of a-Si:H with
characteristic transport properties. In the low temperature
region (¢ < 100 K) the electron transport is dispersive:
the drift mobility is a function of the electric field, time,

and interelectrode distance. The dispersion parameter is

independent of temperature, but clearly depends on the
electric field. These results have been interpreted as field
enhanced band-tail hopping [12].

In the medium temperature range (100-270 K) the
electron transport is also dispersive, but the disper-
sion parameter increases with temperature and is only
a weak function of the electric field. In this tempera-
wure region multiple trapping into almost exponentially
distributed band-tail states is assumed. At high elec-
tric fields (F > 10° V/cm) an additional term [u ~

“expleaF /kT) with @ = 1 nm} [10,13] of a nondispersive

nature has been observed, the origin of which is still not
fully clear.

- © 1995 The American Physical Society
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For T > 270 K the electron drift mobility is thﬂrmaﬂy3

activated and nondispersive, and transport is controlled by

equilibrated muitipie trapping [3]. The value of o (7 <

o < 13 cm?/Vs) has been estimated from the u(T)
saturation tendency at high temperatures [3] and from the
u(F) dependence in a high electric field [4,10].

- Figure 1 shows the temperature dependence of the

electron drift mobility measured by TOF on a 10 um

thick a-Si:H p-i-n diode at low field (0.05 MV /cm) and
at high field (0.5 MV/cm). The high F results indicate
almost zero activation energy of the drift mobility (E ,L)
As illustrated in Fig. 2 full deactivation (E, = 0) is
achieved at F = 0.55 MV /cm. The surprising finding is
that the value of the high F deactivated mobility (/.b =~
2.5 cm?/V's), which should approach o, is smaller than
the estimated low field uo (about 7 cm?/Vs; see below).

This indicates that uo decreases with high electric
fields. This seems to be supported by the small decrease
of the drift mobility observed at the highest fields for
T = 450 K in Fig. 3. Although this decrease is rather
small, it was clearly confirmed also on other samples. At
high T and medium field a field independent u has been
observed also in Ref. [4]; see X in Fig. 3.

There is a tight relation between the drift mobility
and the density of the tail states {N(E)], and so before
detailed analysis of the data shown in Figs. 1-3 we have
to summarize what we know about N(E).

An exponential conduction band tail state distribution
N(E) = Nyexp(—E/kTy) with Ty in the range 250~
300 K is commonly used for a a-Si:H. In Ref. [14]
N(E) was evaluated from the drift mobility activation
energy field dependence E,(F), and it was concluded
that the exponential N(E) changes to a linear one near

3.0

F(MV/om)-o 5

15 20 25 30 35
1000 (1/K)

- 0.0

FIG. 1. Temperature dependence of the electron drift mobility
at different electric fields for 10 pm thick ¢-Si:H p-i-n struc-
wre. Points—experiment, full curves—caleulated according
to Eqgs. (3) and (5). Meaning of the full and dashed line for
F = 0.05 MV /cm—see text. Note linear vertical scale.

Hewever ;f we mMam N(E
according to the same method and take into account

the mobii:ty edgc

experimentally observed [10,13] factor cxp(eFa/kT)' in
the electric field dependent drift momhty, we have found L
that the exponemaal N(E) distribution with Tp = 270K
extends up to the electron mobility. edge [15]. For such, yioky
single exponential distribution and the case of equilibrium
‘multiple trapping (T > Tp) the electron drift mobility in

the low electric field limit is, accordmg 10 {36] S
b= .uemﬁ = TfT)i D

This equauon can be used for the dexemmnaﬂon of !;he
1ofT) dependence at low electric fields (see also [4]).

The experimental data in Fig. 1 can be fitted by
two sets of pa.rameters ~a temperature indepen-
dent pp = 6.5cm*>/Vs and T =267 K (dashed
line) or by a physlcally more reahstw expression.
1o(T) = 7.5\/300/T cm?/Vs and To =270K (full
line). Both of these uo values coincide with other results
[3,8,10] and confirm the diffusion model of transport
of free electrons. Therefore at high temperature and
high electric field the meaaured temperdmre and field
mdependent value g = 2.5 cm?>/Vs is smaller than

o = 7 cm?/V's (Fig. 3). This may be explained only if
the free carrier mobility uo decreases when the eiectric
field increases. This is evident also from the fact that

. u(1/T) dependences for dnfferent F cross at 1 /T # Ofk

(see Fig. 1).

So the exp(eFa/kT) factor (observed in Refs. {10,13]
and evident also from the 295 K data in Fig. 3), increas-
ing with increasing F, cannot be related 1o ug which de-
creases with increasing field and that is the reason why
we attribute the origin of this factor to the field depen-
dence of the band-tail trapping-retrapping process. As the
simplest phenomenological description we have assumed
field assisted thermal release from traps within the mul-
tiple trapping model. For the concentration of trapped
carriers (n,) at energy E below the mobility edge (£ = 0)

100r

E v (meV)
3

= : o
00 02 04
F (MVicm)

FIG. 2. The electron dnft mohslny acuvamm energy (E.),
measured below 300 K, as a function of the electric field (7"'}
for 10 um thick ¢-Si:H p-i-n structure. Sohd ime xs szmpiy a
guide for the eye. ,

s
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FIG. 3. Electron drift mobility (u) as a function of the
electric ‘field (F) at different temperatures for 10 pm thick
a-Si:H p-i-n structure. Points—experiment, full curves—
calculated according ‘to Egs. (3) and (5).  Bold line—free
electron mobility o calculated for T = 300 K according to
Eq. (5)- Arrow indicates the field at which the drift velocity
~ is equal to the velocity of sound. X —recalculated from the
optical measurements of the drift velocity according to Ref. [4]
(d=2 ,um}

we can write a kinetic equation
dn,(E) = ynNyex { E }
dt YnYoexP kTy ;
E — eF.
— yn(E)NokT exp(—-~f,;;—‘—’), @

where y is the trapping (and emission) coefficient and
NokT the effective conduction band edge density. Then
in thermal equilibrium (7 > T) dn,(E)/ dt = 0 and the
drift mobility is :

' n
# “O[n +‘f§an)dE]
_ o exp(—eFa/kT) }_]
Mo(F,T)[l + TITe = 1 3)
It is evident from Egq. (3) that for high T, and/or
high F, u has to approach wo. For low F we obtain
Eq. (1). For medium temperatures (I < Tp) the drift
mobility is controlled just by the energies E in the interval
0 < E < E*(t) = eFa + kT In(v1), from which carriers
can be emitted (by field or temperature) during the time 7.
This leads to dispersive transport, and in Eq. (3) to the
substitution of infinity in the integral upper hmn by E*(r)
and in analogy with [16] to

F\D/T-1 (eFa) «

as has been experimentally observed [10,13].
~Since in our experiment at high electric field the drift
velocity exceeds sound velocity (v, = 8.5 X 10° cm/s
“[17}), we attribute the decrease of the free carrier mobility
to the emission of acoustic phonons when uoF > vy,

2086

tal - results

according to the classical Shockley formula for crystallme

‘semiconductors [18]:

(E) _ pd0) _ 1 |
e (1+\/1+{C/.L0(0)F/v5]2) )

where (E) is the mean kinetic energy of hot carriers.

Note that this expression has been successfully used also
for organic molecular crystals (C = /37/8 [19]) and
gases (C = 1.32 [20]) with a similarly small value of
mobility and with the mean free path also compa.rable to
the interatomic distance (A = q;).

The fit of Egs.(3) and (5) to the expenmen—
is shown in Fig.3 for T, = 270 K,
o = 7.5/300/T cm?/V's, a = 1.4 nm, C = 1.58, and
v, = 8.5 X 10° cm/s. The uo(F) dependence calcu-
lated according to Eq. (5) for 300 K is shown (see bold
line in Fig. 3) for comparison. In this simplified descrip-
tion we have used typical parameters, and they fit the
experimental results very well. Moreover, on the basis
of the above model some puzzling experimental facts are
easily explained. First of all, it becomes clear that for
F = 0.2—0.3MV/cm, used in optical transient experi-
ments [4], uo is already decreased by the electric field,
the difference between u and wuo is much smaller than
usually assumed, and so it is difficult to observe mo-
bility time dependence [4]. Second, the fact that wuo
decreases with increasing field allows us to understand
why band-to-band impact ionization does not occur even
for extremely high F and thick samples. The impact
ionization efficiency B, which is very sensitive to sample
thickness (d), is expressed as [5]

= ""‘p{ <2> e"p( ?ﬁﬂ ©

where AE is the impact ionization energy equal to the en-
ergy gap (1.8 eV) in materials with a low mean free path
(in which the momentum need not be conserved). The
experimental quantum efficiency results in an extremely
thick a-Si:H p-i-n structure (50 um) demonstrate no
charge multiplication (see Fig. 4). From the experimen-
tally estimated value 8 < 1.05 for F = 0.5 MV/cm and

%% 01 0z 03 04 o5
F (MV/cm)
FIG. 4. Charge collection coefficient (Q/Q) as a function of

the electric field measured at room temperature on 50 gm thick
a-Si:H p-i-n structure. ’
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Eq (6) it follows that (E) < 0.14 eV. The (E) deduced

* from Eq. (5)is 0.1 eV at 0.5 MV/cm. So {E) is still not

sufficient to achieve impact ionization.

On the basis of the above experimental facts we can
draw the following conclusions. :

(1) The small value of the mlcroscopxc moblhty (o =
6—8 cm?/V s) of the free electrons confirms the diffusion
model of transport in a-Si:H. (2) When the drift speed is
higher than the sound velocity, the free carrier mobility of

hot electrons decreases with increasing electric field (and

consequently with increasing kinetic energy). This ex-
plains the lag of the impact ionization (up to 0.5 MV /cm
even for d = 50 um) and the small difference between
the drift and free electron mobility at high electric fields
and high temperature.
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