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Fermi-level effect on steady-state and transient photoconductivity in microcrystalline silicon
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We show that steady-state and transient photoconductivity in microcrystalline silicon deposited by hot-wire
chemical-vapor deposition depend strongly on the position of the Fermi level. The steady-state mobility-
lifetime product increases significantly by shifting the Fermi level from around midgap towards the conduction
or valence band. This increase corresponds to a slower decay in the transient photocurrent after pulsed exci-
tation compared to the case with the Fermi level at midgap. We thus attribute the enhancement of the mobility-
lifetime product to the increase of the lifetime of the majority carriers due to a change in the thermal occupa-
tion of defect centers by the shift in the Fermi level. The mobility-lifetime product information, often used as
an indicator for material quality, should be complemented by the value of the dark conductivity, which
monitors the Fermi level, in order to allow comparison between different samples. From our transient photo-
response data we deduce a ratio of 10:1 for the mobility of electrons to the mobility of holes.
[S0163-18208)50124-5

I. INTRODUCTION tion based on the Fermi-level dependent decay kinetics that
we correlate with the steady-state results. From our experi-
While nanometer grain-sized microcrystalline gictSi), ments we deduce that the commonly giyen product as an
which may thus also be called nanocrystallingr@i-Sj, has  indicator for the photoelectronic quality of the material
been known for about 30 yeatshe advent of very high- should be complemented by the value of the dark conductiv-
frequency(VHF) plasma-enhanced chemical-vapor deposiity as the value of the latter reflects the strong influence of
tion (PECVD) and catalytic or hot-wire assisted chemical the Fermi energy on thg 7 product.
vapor depositiofHW-CVD) has instigated new interest in
this kind of semigonductor_in order to_understand and com- Il. EXPERIMENT
pare the electronic and optical properties as well as the struc-
ture and growth and the correlation between these. In The series of samples was deposited at the Institut fu
HW-CVD,? ®the catalytical decomposition of silane and hy- Physikalische Elektronik, Universit&tuttgart, by HW-CVD
drogen gas mixtures allows one to grow thin films on inex-at 400 °C with a growth rate of 10 A/s and typical thick-
pensive substrates such as glass. A transition from microiesses around Jum. The hydrogen dilution ratio, defined as
crystalline to amorphous growth can be controlled by variathe sum of silane plus doping gas flow rate to hydrogen gas
tion of the silane to hydrogen dilutidhDoping by adding flow rate, was fixed to 1:30. More details on the deposition
phosphine or diborane to the gas flow was achieved and vaparameters and the crystallinity of the samples monitored by
ies the dark conductivity between 10Q ' cm ! and 16  ellipsometry and Raman experiments are given in Refs. 7, 8,
Q=% em L7 with the improvements in film qualityxc-Si  and 12. Coplanar Al electrodes were deposited for the sec-
from HW-CVD has become a candidate for electronic andondary photoconductivity measurements.
photovoltaic applications such as thin-film transistors and so- A HeNe laser at 632.8 nm provided the monochromatic
lar cells®® Its prospects are thus similar tac-Si from  steady state illumination conditions. Ther products were
VHF-PECVD!%! Both materials are being studied for the calculated fromo,/(eG) where o, is the photoconductiv-
above-mentioned applicatiohs. ity, e is the elementary charge, a@ the photogeneration
We report a study of secondary steady-state photoconducate for which we assumed a quantum efficiencef unity.
tivity (SSPQ and secondary transient photoconductivity —We recorded transient photocurrents after pulsed excita-
(TPCO) of HW-CVD uc-Si in a series consisting of boron- tion with a N-pumped dye laser with 4 ns pulse width at a
and phosphorous doped, as well as undoped, samples in owavelength of 640 nm. The experimental setup for sampling
der to gain insight into the photoconductive properties, inthe photocurrent decay from about 10 ns over many orders of
particular, with respect to the position of the Fermi level inmagnitude in both time and current is the same as described
the band gap. The SSPC results were evaluated in terms of Refs. 13 and 14. For comparison, we normalize the cur-
mobility-lifetime (w7) products, which reflect the properties rents with the factoe NgEA,*® whereN, is the initial excess
of the majority carriers. In addition, TPC, which in our ex- carrier density, determined with a fast photodiode apd
periments means the study of the secondary transient phote=1, E the electric field and\ the conduction cross section,
current after pulsed excitation, provided additional informa-in order to represent the physical properties for the different
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FIG. 1. Steady-statg.~ products for B and P doping. The ab-
scissa defines the doping gas ftdtio and BHg ratio as[ PH;]/ FIG. 3. Photocurrent decay rate rafo=1,y(5 ns)lpn(1 us)
([PHs] + [SiH,]) (%) and[B,Hs]/ ([BoHs] + [SiH,]) (%), which  for the different doping gas ratios matches inversely with the shape
is used in the other figures as a parameter for identifying theof the steady-state results in Fig. 1.
samples.
Q"1 ecm™?) for a gas flow ratio of 0.1%0.5% for the two
Fermi levels independent of the particular sample geometr{-doped samples. The decay curve in Fig. 2 for the lowest
and applied voltagéwhich had to be varied due to the large B-doping level shows a steep decay whereas the samples
differences in the dark conductivityp). The scaling is the With largerur andop exhibit a slower decay independent of
same as employed for TPC in amorphous semiconductorghether the majority carriers are expected to be electrons
and results in a transient drift mobilitwy(t)***° that de-  (holes for n-type (p-type) doping. The magnitude of the
scribes the transport when there is only a fraction of excesgurrents, which also differs for the samples, reflects the pro-
carriers in the band. portion of excess carriers that are free and contribute to the
current.
The TPC decays are nonexponential so that in order to
display a measure of the rates of the decay we calculate the

Figure 1 shows the = products of the sample series for a Fatio R of the transient photocurrent,,, defined byR
photon flux®=1.4x 1018 cm~2 571, exhibiting a strong in- = !pn(5 NS)Apn(1 ws). As shown in Fig. 3, the samples
crease in magnitude for the higher doping ratios for both BTom Fig. 2 with higher doping have a smaller and about
and P doping together with a deep minimum for slight Be_qual value folR, i.e., a smaller decay rate, compared to the
doping. These values for ther products are intimately lightly B-doped sample.
linked to measured, i.e., the sample with the lowesty
has the lowesf. 7 product and the increase jnr scales with IV. DISCUSSION
the increase irp .8 _ _

Figure 2 displays the TPC decays of three samples of the. 1N€ large increase in the steady-state products upon
series with different doping and with significant differenceshigher doping is related to the shift of the Fermi level to-

in 7. The dark conductivity is X 1072 Q=L cm™* for the wards the valencéconduction band for p-type (n-type
P-doped sample and 7A0°® Q lcm ! (1.4x10°2 doping. That a Fermi-level shift does take place with doping

is reflected by the large increase in the dark conductivity
upon addition of B and P, and also by the observed decrease
i in the dark conductivity activation energy. The thermal oc-
[ cupation of any distribution of recombination centers in the
i band gap will thus change when the Fermi level shifts and
107 _ ] the density of centers that capture majority carriers is greatly
i reduced by the change in thermal occupation. For example, if
the Fermi level is close to the conduction band most defects
I will be thermally occupied by electrons and inaccessible for
107 ¢ P 0.125 E excess electrons, thus leading to a large electron lifetime and
I ‘ the largew 7 product in Fig. 1. On the other hand, a Fermi-
10°F —=—BO0.5 E level position around the middle of the band gap makes more

Ill. RESULTS
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of o BO-1I . . . centers available for electron capture. Similar arguments
1010.9 10° 107 10° 10° 10° 10° hold for shifting the Fermi level towards the valence band.
time (s) We support this interpretation by our TPC results in Fig.

2. The transient photocurrent response is determined by cap-
FIG. 2. Normalized TPC decays for three differently dopedture into the recombination centers but also, for example, in
samples from Fig. 1. The legend gives the doping gas ratio, definedmorphous semiconductors, by the capture and reemission
in Fig. 1, together with the type of doping. from shallower states leading to the typical nonexponential
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decay in these semiconductdfsOur material consists of material?® Although we deal with HW-CVDuc-Si here we
nanometer-size crystallites with grain sizes between 6 and 10ote that the grain size for the differently doped samples
nm that are embedded into larger columnar structures witistudied varies only between 6 nm and 10 frt supporting
negligible overall amorphous fractidnFor the lowestur  the view that it is the lifetime change that leads to the in-
product with the very small value of a few times crease inur with higher doping.

10 cn? V~Yin Fig. 1, the typical drift length.y=Eu 7 is Any possible increase in the density of defects upon dop-
below 10 nm, depending on the typical experimental field ing, which again we cannot rule out, is effectively counter-
of 500 to 2<10® V/cm. For this low w7 product the drift  balanced by the reduction of the effective density of defects
length is smaller than the size of the crystallites. In thethat become unavailable for majority-carrier capture through
samples with the largepur products any charge carrier their thermal occupation. Additional experiments for a dop-
passes many crystallites before eventual recombination. limg series like electron-spin resonan&SR and a deconvo-
our uc-Si the recombination centers may be located at théution of the spectra recorded by the constant photocurrent
boundaries of the columnar structures as suggested fromethod (CPM) will help to further consolidate the under-
spin-resonance experimerfsut more work is needed for a standing about the nature and location of the defects in hot-
clear identification. wire pc-Si.

In our qualitative account we cannot expect that the TPC- There are two more conclusions to be drawn. The fact that
decay rates or decay times match the steady-gtatgaria- HW-CVD wn.c-Si can be efficiently doped indicates a density
tion exactly. The shape of the TPC-decay rate variation irof localized states low enough for the Fermi level to shift
Fig. 3, which follows the shape of ther data for the dif- across the distribution, i.e., the Fermi level is not pinned,
ferent doping levels intriguingly closely, is encouraging for leading to the large majority-carrier lifetime. From the TPC
our interpretation. The decay for the lightly doped sample igesults we deduce that there are localized states in the band
thus fastest because the low steady-stateproduct can be gap with which the free carriers interact. These are large
translated into a large density of available deeper states. lenough in density so as to reduce the drift mobility to the
contrast, for higher doping and larget, where the Fermi values observed. The nature of the states needs to be further
level shifted from midgap, the decay rates, as given by thelarified, for which the experimental methods applied here in
largest values of the photocurrent rafty are smallest as combination with the above-mentioned ESR or CPM are im-
most defects are already thermally occupied. The situation iportant means.
similar to the photoresponse of hydrogenated amorphous sili-

con. The majority parriepr in.this. sem!conductor also in- V. CONCLUSIONS
creases upon dopifigin combination with a slower decay
after pulsed excitatiof’ Our results reveal a large increase in the steady-gtate

We note that the rate of decay for the two samples withproduct and in the lifetime of the majority carriers in our
higher doping is the same but their absolute values of theelated experiments of steady-state and transient photocon-
normalized currents or transient drift mobilities in Fig. 2 areductivity in hot-wire depositeg.c-Si. We attribute these in-
different. We attribute this to the difference in mobility of creased values for both B and P doping to the change in
the majority carriers, suggesting a ten times higher mobilitthermal occupation of the recombination centers induced by
for the electrons in thaer-type sample as compared to the the Fermi-level shift. From the similar rates of decay for the
holes in thep-type sample. majority electrons and holes for the more highly doped

Noting that the normalized currents are scaled to transiersamples we deduce an approximately ten times larger mobil-
drift mobilities uq(t) we find values around ity for electrons than for holes. In view of the observed varia-
1071 cnm? V-1 s7! at about 1 ns. This value takes into ac- tion, we suggest that the+ product be complemented by
count interaction with traps leading to multiple-trapping values for the dark conductivity or Fermi level if given as an
transport. Performing the transient photoconductivity experiindicator for material quality, noting that undopegc-Si
ment in sandwich configuration for primary photocurrents assamples also show different dark conductivity values.
in time-of-flight and thus with transport in parallel to the = We expect the steady-state and transient photoconductiv-
growth direction will allow a direct comparison for studying ity to become strong tools for revealing more about the na-
any anisotropy of transport in this semiconductor. ture of defects inuc-Si and the related problems of recom-

Two other factors will also influence the change in thebination, especially when they are to be complemented by
photoelectronic properties with doping as discussed above. Additional experimental techniques like electron-spin reso-
change in mobility and a change in the density of defectsiance.
may occur upon doping with either B or P. The different
TPC-decay behavior clearly indicates that the lifetime is the
most important factor for the increase jirv. Available Hall
mobility data, from the B-doped samples only, show values The authors acknowledge funding from the DAAD and
around 3crAV~! s7! with no systematic increase upon British Council via the ARC collaboration, and thank H. N.
doping?! From the related VHF-PECVIx.c-Si, Backhausen Wanka for providing the samples, |. Zfitak for standard
et al?? show Hall mobility changes of only less than a factor sample characterization, and S. Reynolds for experimental
of 3 for different doping levels. Cariust al. report that the assistance. A critical reading of the manuscript by U. Rau is
Hall mobility changes with grain size in VHF-PECVD gratefully acknowledged.
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