RAPID COMMUNICATIONS

PHYSICAL REVIEW B 87, 081301(R) (2013)

Electron transfer in hydrogenated nanocrystalline silicon observed by
time-resolved terahertz spectroscopy

Matthew R. Bergren,"* Brian J. Simonds,' Baojie Yan,> Guozhen Yue,? Richard Ahrenkiel,>* Thomas E. Furtak,'
Reuben T. Collins,' P. Craig Taylor,' and Matthew C. Beard*
' Department of Physics, Colorado School of Mines, Golden, Colorado 80401, USA
2United Solar Ovonic, Auburn Hills, Michigan 48326, USA
3Metallurgical and Materials Engineering Department, Colorado School of Mines, Golden, Colorado 80401, USA
4National Renewable Energy Laboratory, Golden, Colorado 80401, USA
(Received 5 November 2012; revised manuscript received 17 December 2012; published 4 February 2013)

We report on the ultrafast carrier dynamics in hydrogenated nanocrystalline silicon (nc-Si:H) using time-
resolved terahertz spectroscopy. Photoexcitation at 407 nm primarily produces charge carriers in the a-Si phase,
but they undergo a rapid electron transfer to the ¢-Si phase prior to complete thermalization into the band-tail
states of a-Si. We studied the carrier dynamics on a range of nc-Si:H samples with varying crystalline volume
fractions (X.) and mapped out the carrier dynamics with sub-ps resolution. Our measurements are consistent with
a model in which electrons are first trapped at interface states at the a-Si—c-Si boundary prior to being thermally
emitted into the c-Si phase. Wavelength and temperature dependent measurements are consistent with our model.
The phenomena observed here have implications toward solar cell structures that utilize an amorphous material
as an absorber layer, previously thought to have a mobility value too low to attain effective charge transport in a

device.
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Hydrogenated nanocrystalline silicon (nc-Si:H) is an
emerging thin-film photovoltaic material?> that combines
advantages of silicon (c-Si), like high carrier mobility, with less
expensive production methods of amorphous silicon (a-Si).
One major advantage is the reduction of light-induced degra-
dation prevalent in a-Si.> The nc-Si:H films studied here
differ from microcrystalline silicon (uc-Si) and are comprised
of monodisperse and nonaggregated prolate spheroid-shaped
silicon nanocrystals (NCs), with a 20 nm long axis and a
6-nm diameter, embedded in an a-Si matrix.®’ Recently,
photoluminescence (PL) quenching and light induced electron
spin resonance (LESR) experiments suggest that charge
carriers photoexcited into a-Si undergo rapid electron transfer
(ET) to the NCs prior to thermalization into the band-tail
states of a-Si.® In this report, we employ ultrafast time-
resolved terahertz spectroscopy (TRTS) to directly monitor
these dynamics.

A schematic of the proposed kinetics is shown in Fig. 1.
Incident photons with energy greater than ~1.7 eV excite
electrons primarily in a-Si (1-a), with a smaller fraction
excited directly in the NCs (1-c). A large fraction of those
carriers produced in a-Si are rapidly trapped at c¢-Si—a-Si
interfaces (2a) prior to thermalization (2a’). Carriers trapped
at interfaces are thermally injected into the conduction band
(CB) of ¢-Si (3) and establish a dynamic equilibrium, as
carriers undergo many trapping and detrapping events prior
to eventual recombination (4). In device applications, carriers
undergo percolative transport, and the trapping and detrapping
events lead to dispersive transport behavior.” Evidence for the
proposed model is obtained with PL and LESR experiments,®
which are low-temperature, steady-state measurements. They
show that as the X. increases above 0.2 the PL from a-Si is
increasingly quenched and replaced by an interface defect PL
band at lower energies, where at X, = 0.75 all PL results from
interface defects. Since carriers thermalize to band-tail states
in ~1 ps,lo‘12 hot-carrier transfer must be faster.
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In this paper, TRTS is employed to directly observe the
ultrafast carrier dynamics and probe the ET kinetics discussed
above. TRTS has sub-ps to ns resolution and is most sensitive
to mobile charge carriers, such as carriers in the extended
states of amorphous semiconductors, whose absorption cross
sections at THz frequencies are directly proportional to the
carrier mobility. Any carriers that have been trapped in the
material will not contribute to the THz signal.

The nc-Si:H films were deposited by a plasma-enhanced
chemical vapor deposition process, in which silane was diluted
with hydrogen to encourage NC nucleation. In contrast to pic-
Si deposition, the hydrogen dilution was dynamically varied
to attain monodisperse NCs throughout the film.” The X, was
varied by changing the hydrogen-silane ratio and confirmed
with Raman spectroscopy.!® All films were approximately
1-pm thick, deposited on glass (Corning 7059).

TRTS is a pump-probe experiment that measures the
photomodulated differential THz electric field, AE/E =
(Eon — Eof) / Eofr, Where Eqpjofr is the transmitted THz field
with the 407-nm (3.05-eV) excitation pulses on (unblocked)
and off (blocked). Our TRTS experimental apparatus is
described elsewhere,'* and reviews of TRTS experiments for
measuring carrier dynamics can be found in the literature.'>-!°
For small values of AE/E (<0.1), the effective photocon-
ductivity for a thin-film semiconductor can be obtained
through!”-18

—AE(z, Acus(T,) - .
()| _ Aoei(tp)-z ez (Xura(z))ita
E (1 + ny)cey (1 + ny)cey
+Xcne(Tp)ieels (1)

where n; is the refractive index of substrate at THz frequencies
(ny = 1.95), ¢ is the speed of light, 7, is the time delay
between the pump and probe pulses, and gy is the free-
space permittivity. The effective photoconductivity Ao is
expressed as the weighted sum of the conductivities in
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FIG. 1. (Color online) Schematic of the ET process. In steps 1-a
and 1-c, light produces carriers in a-Si or ¢-Si. Hot carriers in a-Si
are trapped at the a-Si—c-Si interface (2a) or cool into the band-tail
states (2a’). Trapped electrons establish a thermal equilibrium with
carriers in the CB of the nanocrystals. Finally, electrons eventually
recombine (4).

a-Si and c-Si, where e is the charge of an electron; n,,n.
are the electron densities in each phase; w,,u. are their
respective mobilities; and X., X, are their respective volume
fractions. Since TRTS is proportional to the charge-carrier
mobility, trapped carriers, with low mobility, do not contribute.
Similarly, carriers that reach the band-tail states of a-Si do not
contribute appreciably. The photoexcited path length z is the
optical absorption depth (1/cefr), Where a.s is the effective
absorption coefficient and is assumed to be a weighted linear
summation: oer = X o + (1 — X.)a,. Literature values for
o, and o, at 407 nm were taken from Refs. 19 and 20 to
be @7 = 9.52 x 10* cm~! and o*7 = 5.24 x 10° cm~!. For
these studies, z varies between 0.08 and 0.15 um (at 407 nm),
such that incident light is either reflected or absorbed.

Implicit in Eq. (1) is the assumption that electrons are the
dominant charge carriers contributing to the TRTS response.
For carriers in the a-Si region, this is validated by the large
difference between electron and hole mobilities of ~3 orders
of magnitude.21 However, in bulk ¢-Si, the ratio of the two
mobilities is ~2.5,22 which we consider a lower bound for the
NCs. The scattering length in bulk c-Si is much larger than
the dimensions of the NC, such that carriers in the crystallite
interact with surfaces. The localized valence-band-tail (VBT)
states are associated with bonding states that are more strongly
affected by variations in bond lengths and angles than the
conduction-band-tail (CBT) states. This pushes the VBT states
deeper into the band gap than the CBT states, resulting in
more localized hole wave functions.?® Since these band tails
exponentially decrease into the band gap, this localization
further reduces the hole mobility from the bulk c-Si value.
Therefore, we neglect contributions to the carrier dynamics
from the hole.

The THz response normalized by the absorbed fluence
represents a weighted sum of mobilities,”* and Eq. (1))
can be written as [-AE(t,)/E|- (1 +nyg)-c-so/(e - Jas) =
AO-eff(l'p) ~z/(e - Japs) = fa(rp)ﬂa + fc(‘cp),uc’ where fa,c is
the fraction of the total number of carriers in the a-Si or ¢-Si
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phases at delay time 7,, and Jys = (1 — R) - Jo, where R
is the reflection coefficient (R = 0.47). Room-temperature
TRTS data, plotted as Aoes (r,,) -z/ (e - Japs), are shown in
Figs. 2(a)-2(c) for X, values of 0.7, 0.5, 0.3, 0.2, and a-Si.
The 407-nm excitation pulse had an input fluence J, of
3.4 x 10" photons/cm? for 0.5 and 0.3, while J, = 5 x
104 photons/crn2 for the 0.7, 0.2 samples, and a-Si. The
initial rise is governed by the convolution of the system
response function (SRF) and the optical absorption, which
partitions carriers into the a-Si—c-Si regions. At the peak of
the initial THz response, 7, =0, Aces(t, = 0) - z/(e - Japs) =
fa 0) g + fe (0) e, where f. (0) = X . /cesr, i the fraction
of light absorbed in ¢-Si, and f, (0) =1 — f,.(0). The fast
decay of the signal from 0-5 ps results from carriers initially
excited into the @-Si phase and either thermalized to the
band tail or underwent ET to interface states (see 2a and
2a’ in Fig. 1). To quantify the intrinsic decay time within
a-Si, we modeled the THz response of a-Si (black circles
and line) as a single exponential decay convoluted with a
Gaussian SRF (full width at half maximum ~0.5 ps), and
we find that 7,_g; = 2.1 ps, consistent with previous TRTS?
and transient absorption measurements.'®!? At 7, =5 ps, all
carriers initially excited into a-Si no longer contribute and
Aoei (T, = 5ps) - z/ (e - Japs) = fc (0) pte. From the response
at 7, = 0 and 5 ps, we can determine both , and p,
and find u, = 3.0, 1.8, and 2.5 cm? V! 57!, while u, =
21, 44, and 33 cm? V~! s7! for 0.7, 0.5, and 0.3 samples,
respectively. The variations in u, and w. across the three
samples likely occur from differences in NC size, a-Si quality,
and defect density. The a-Si mobility values are reasonable
when compared with the value of ~4.5 cm?> V~! s~! reported
by Lui and Hegmann.”> The THz measurement probes the
mobility of carriers in a-Si prior to their thermalization and
is higher than typically reported values measured with a dc
probe, because carriers in the dc case interact with shallow
defect states on longer time scales.” In contrast, /. is more
than an order of magnitude lower than typical values for bulk
silicon, with ,bLElTu?’\’ 1300 cm?V—!'s~!. Smaller mobilities
found here can be understood by considering the mean-free
path [, of carriers in bulk Si compared to the NC dimensions.
[ is on the order of ~160 nm, eight times larger than the
NC dimensions. We estimate the effect of grain boundaries
on . by calculating a modified mean-free path, 1/l =
1/1y 4+ 1/a, where a denotes the NC dimensions (taken here
to be 20 nm). Therefore, the mobility should be reduced to
60-100 cm? V! s7! due to this effect. The values reported
here are lower than this, indicating that other things such as
defects and variations in NC geometry could be affecting the
transport properties of ¢-Si in these films.

The THz signal partially recovers in ~200 ps for the 0.3,
0.5, and 0.7 samples as carriers trapped at interface states are
released into c-Si, while no recovery is observed in the a-Si or
0.2 case. The recovery of the signal provides direct evidence
that some fraction of the carriers that originated in the a-Si
reach the interface states rather than thermally relaxing to the
a-Si band-tail states. This observation is consistent with PL
quenching and LESR experiments.® No appreciable recovery
is observed for the 0.2 sample, suggesting that carriers excited
into a-Si thermalize prior to reaching the NC boundary in that
case.
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FIG. 2. (Color online) (a) 300 K TRTS transient data for X, varying from 0 (a-Si) to 0.7. (b) TRTS data at early delay times. Solid lines
represent a linear least-squares best fit of our model (see text) to the data. (c) The fraction of carriers in each state in our model as a function of
delay. Inset: early time behavior. (d) The fraction of the total carriers remaining in a-Si calculated from this study (black circles) and PL data
from Ref. 8. Red triangles represent the fraction of total photons absorbed in a-Si.

To model the TRTS data, we consider the time-dependent
population of three states: the a-Si extended state f,, the
interface trap state f;, and the c-Si extended state f.. The
dynamics are parameterized by four time constants, represent-
ing the initial transfer of excited electrons to the interface
traps, 71 (2a); the thermal emission of trapped carriers to the
¢-Si, 1 (3); the trapping of carriers from the c-Si, 73 (3); and a
recombination rate, 4 (4). In our model, we don’t differentiate
between recombination from interface or extended states, and
both are probably occurring in these films. The thermalization
time 7,_s; (2a’) in a-Si is fixed at the value determined above.
The rate equations governing the populations of carriers in
these states are

dfa _ fa@)  fa(®)

dt Taosi
ﬁzfa(t)_ﬁ(t)Jrfc(t)_fz(t)’ @
dt 71 1%) 73 T4

dfe _ i) £:©

dt - T 73 ’

This system of equations was solved numerically for f,, f;,and
fe, with the following initial conditions: f, (0) = X o, /Xetfs
f:(0) =0,and f, (0) = X0 /oesr. We assumed that at 407 nm
excitation the carriers were absorbed in crystalline and
amorphous phases according to o, and «,, their respective
absorption coefficients. f.(t) and f, (¢) were convolved with

the SRF described above G (¢ — 1y). The data were modeled
by G(t —t9) @ [a fu(t) + e fo(t)], where ® represents a
convolution. We performed a global linear least-squares fit
to the 0.7, 0.5, and 0.3 data, allowing 7, to vary for each trace,
while 15, 73, and t4 were global variables. The values of i, 4,
and 1,_g; are held fixed at the values determined above. The
results for the best-fit parameters are summarized in Table I.
Figure 2(c) shows the dynamics for each state. At early
times, carriers reside in either a-Si or ¢-Si. Carriers in a-Si
quickly transfer to interface states and then emit into the c-Si
phase. The fraction of initial carriers excited into a-Si phase
that reach the a-Si—c-Si boundary is greatest for the 0.7 sample,
can be determined by 7, ' /(z; " 4+ 7)), and is 0.9, 0.4, and
0.2 for the 0.7, 0.5, and 0.3 samples, respectively. In Fig. 2(d)
we compare the fraction of carriers remaining in the a-Si phase
as a function of X, determined in this study (closed circles)
with that determined via PL quenching experiments (open
circles). The fraction of photons that are directly absorbed
into the a-Si phase is shown with red triangles. The difference
between the red triangles and the closed circles (shown by the
red arrow) represents carriers that undergo fast injection into
the interface states. This difference increases with X..
Excitation at 815 nm (1.52 eV) preferentially excites
carriers into the c¢-Si phase (by a factor of ~20), whereas
407 nm (3.05-eV) excitation preferentially excites into a-Si
[see Fig. 3(a)]. However, «, is two orders of magnitude smaller
(@7 =9.52 x 10* cm™!, &3 =274 cm™!), resulting in a
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TABLE I. Best-fit parameters for data in Fig. 2.

Xe 71 (ps) Ta-si (PS) 72 (ps) 73 (ps) 74 (ps) Ha (cm? V717l pe (em? V=1 s7h
0.7 0.14 (0.05) 2.5 33
0.5 3.0 (0.4) 218 361 (2) 211 (19) 2202 (244) 1.8 44
0.3 8.1(0.7) 3.0° 21

#Parameters were held constant during fitting, with one standard deviation error in parentheses. Values in the shaded box represent global

variables.

lower overall J,,s such that not all of the photons are absorbed
in the 1-um thick film. To compensate, Jy was increased to
3.7 x 10" photons/cm? so that the total number of photons
absorbed in the c-Si phase is approximately equal to that at
Aex =407 nm. Thus Aoes(t,) - z/(€ - Jans) at ~5 ps in the
407-nm data is equal to the 815-nm data peak, because this
represents carriers directly absorbed by c-Si. The data from
the 815-nm excitation reveal an additional complexity. Even
though the numbers of carriers absorbed by the two phases are
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FIG. 3. (Color online) (a) Wavelength dependence of the carrier
dynamics at 300 K for the X, = 0.5 sample for 407 and 8§15 nm
excitation. Inset: PDS measurements of the absorption coefficient of
a-Si:H, X. = 0.5 nc-Si:H, and literature data for ¢-Si.'° (b) 300 and
77 K data for the X, = 0.7 and 0.5 samples and their linear squares
best fits (solid, 0.7; dashed, 0.5).

approximately equal, the number of carriers per NC in c-Si
varies by an order of magnitude because photons are absorbed
within 0.1 xm at 407 nm but absorbed in 1 um at 815 nm. We
also verified that the dynamics are insensitive to Jy for both
815-nm and 407-nm excitation over one order of magnitude
(data not shown). Photothermal deflection spectroscopy (PDS)
was used to measure the total absorption coefficient o of the
0.5 film, and it shows that linearly adding o, and ¢, at 815 nm
underestimates o [see inset in Figs. 3(a)]. In fact, oy is
higher in the 0.5 film than either o, or «,. This indicates that
states not associated with either a-Si or ¢-Si absorb ~50% of
the total absorbed light. We speculate that this is caused by
interface states that are directly excited by the pump beam.
The model was, therefore, adjusted, by changing the initial
conditions above to be f, (0) = (1 — f.), f; (0) = f.- f',and
fe )= f.-(1 — f’), where f’ is the fraction of photons
directly absorbed into interface states with 815-nm excitation.
Our final global linear least-squares fit included the 815-nm
data set and converged on a value of 0.57 for f’. At 407 nm,
excitation into the defect states is minimal compared to the
absorption by a-Si and c-Si.

In Fig. 3(b) we compare the 407-nm dynamics for the
X. = 0.7 and 0.5 films at 300 and 77 K. Unlike at 300 K, the
77-K data show little to no signal recovery after the carriers
in a-Si are trapped. The recovery is absent at low temperature
because the trap emission process is thermally activated, and
the number of electrons that can participate decreases with
temperature. We preformed a linear least-squares fit of our
model to the 77-K data, where most parameters were set equal
to those used in the analysis of the 300-K data. Only the
lifetimes 7,,74 were allowed to vary. The values of n/’% and
! extracted for the X, = 0.5 and 0.7 samples were 4.8 and
81 cm? V-! s7! and 8.6 and 51 cm? V! s7!, respectively. At
77K, 1]® increased slightly, while 1]"¥ remained the same or
decreased. The best-fit values for 7, increased to 447 ps for the
0.7 sample and 501 ps for the 0.5 sample, while 74 decreased
by ~1 ns. This supports the hypothesis that fewer electrons
participate in thermal emission into the extended states of c-Si
at low temperature.

In conclusion, we have directly observed electron transfer in
nc-Si:H films using time-resolved terahertz spectroscopy and
have proposed a trap-mediated model that accurately describes
the data. The model shows that a fraction of electrons excited in
a-Sibecome trapped at the a-Si—c-Si interface before they can
thermalize to the a-Si band-tail states and then thermally inject
into the nanocrystal. These results demonstrate that charge
transfer out of amorphous materials can be achieved, which
suggests the use of solar cells where photons can be absorbed in
the amorphous phase and charges can be transported by a more
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conductive material. It also has implications toward using an
amorphous matrix in hot-carrier solar cells, since the electron
transfer could occur faster than the thermalization process.
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