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Temperature-dependent electron mobility and large polaron interpretation in Bi12SiO20
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The electron band mobility in Bi12SiO20 is determined down to 100 K by the holographic time of flight
method. Data are presented for different crystals of different origins in the temperature range between 100 and
500 K. The observed mobility rises from;1.7 cm2 V21 s21 at 500 K to;10 cm2 V21 s21 at 190 K, and
decreases again at lower temperature. We show that the data correspond to an intrinsic band mobility between
190 and 500 K. The temperature dependence of the mobility can be reproduced in this temperature range with
a large polaron model that derives all its parameters from the experimental phonon spectrum of the material. A
deviation from the large polaron prediction that takes place between 250 and 190 K, depending on the sample,
can be ascribed to the influence of defects or impurities.

DOI: 10.1103/PhysRevB.67.165108 PACS number~s!: 72.20.Jv, 71.38.Fp, 63.20.Kr, 42.70.Nq
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I. INTRODUCTION

The intrinsic mobility of an electron moving in the con
duction band of a crystal is normally limited by the ba
structure itself and by lattice vibrations~phonons!. But in
crystals with some ionic character the magnitude of the m
bility can be severely reduced because the charge of the
tron moving in the conduction band can polarize the latt
around it. The lattice polarization has a response time c
acterized by the frequency of longitudinal optical phono
and it gives rise to a Coulomb force that hinders the mo
ment of a drifting electron. The combination of the electr
with the associated lattice polarization has been called a ‘
laron.’’

Cubic Bi12SiO20 ~BSO! is an ionic crystal that shows
relatively strong linear electro-optic effect. It is an insulat
with conduction and valence band separated by an energ
;3.2 eV where charge carriers can be photoexcited fr
impurities with energy levels inside the band gap. Its pho
refractive properties have been used in spatial light mod
tors and optical correlators, and for dynamic holography a
wave mixing applications.

The mobility of photoexcited electrons in BSO is a cent
parameter for its use in applications, and it reflects inter
ing fundamental properties of the BSO lattice. Previous m
surements in the relatively small temperature interval
tween room temperature and 200 °C found that the mob
decreases with increasing temperature, changing from
60.5 cm2 V21 s21 at room temperature to about half of th
value at 200 °C.1 The small magnitude of the intrinsic mo
bility and its temperature dependence have been expla
by arguing that the electrons form large polarons2 and by
adapting previous large polaron theories, which assumed
presence of only one optical phonon mode,3–6 to the case of
the multimode phonon spectrum of BSO.2

In this work we extend the previous mobility measur
ments in BSO by exploring the temperature dependence
low room temperature and by studying the influence of d
ferent crystal growth conditions. This allows one to bet
judge the effectiveness of the model presented in R
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2—which predicts that the mobility continues to increa
towards lower temperatures—and provides additional d
on the electron mobility and the effects that limit its magn
tude in different BSO crystals. Besides the direct value
providing a better characterization of a useful material, th
results are interesting for fundamental research about ch
transport processes in solids, and about the theoretical m
els that can be used to understand them.

In order to study the electron mobility in an insulator su
as BSO it is necessary to inject enough electrons in the c
duction band and to observe how fast they move under
influence of an applied field or by diffusion. In a bulk samp
electrons can be injected in the conduction band by photo
citation from donor centers with energy levels in the g
between valence and conduction bands. Even nominally
doped BSO crystals have enough such centers to allow p
toexcitation of a useful electron density, but the presence
defects also leads to a relatively high density of trap lev
that limits the free carrier lifetime to a few nanosecond7

and can lead to the determination of an average mob
value that is limited by trapping and thermal excitation fro
shallow traps.12,13 To measure the free carrier mobility it i
therefore necessary to observe the electrons in the first
nanoseconds after they were photoexcited. In this work
use the Holographic Time of Flight~HTOF! method in dif-
fusion mode.1 In this technique both photoexcitation of ele
trons and the detection of their movement are done us
short laser pulses on a subnanosecond time scale, whic
lows a contactless all-optical determination of the elect
mobility.

Because of its role in our measurements, and becaus
the importance of a careful selection of the experimental
rameters for an accurate determination of the intrinsic e
tron mobility, we start by giving a brief outline of the HTO
method and its principles in the next section. Then we d
cuss the realization of the temperature dependent HT
measurements in the case of BSO, and finally we present
discuss the experimental results for the intrinsic elect
mobility and its temperature dependence in various B
crystals.
©2003 The American Physical Society08-1
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Holographic time of flight

The holographic time of flight method for the investig
tion of charge transport in insulators and semiconductor
based on the controlled photoexcitation of a spatially mo
lated free charge carrier distribution and on the contact
optical detection of its evolution. A light-pattern created
two-beam interference provides the inhomogeneous phot
citation mechanism, while the electro-optic~Pockels! effect
present in noncentrosymmetric materials allows for a se
tive detection of charge-displacement by transforming a
space-charge electric field into a refractive index modulati
A number of techniques related to these principles have b
demonstrated over the years.1,7–12,14–20HTOF ~Refs. 1 and
9! distinguishes itself because it is based on short-pulse p
toexcitation, which allows one to separate the photoexc
tion from the charge-transport process temporally. The b
assumptions that enable a simple analysis of an HTOF
periment and of the data it produces are the following

~1! The photoexcitation pulses are so short that no cha
transport takes place during the pulse duration.
~2! Only one type of mobile carrier is excited by photoio
ization of impurity centers with energies in the gap betwe
valence and conduction band. Photoexcitation takes plac
the bulk of the material.
~3! The density of photoexcited carriers is so small that th
are no saturation effects during photoexcitation and that
space-charge field that is built up by subsequent charge tr
port has a negligible influence on the transport dynam
itself.
~4! The average lifetimet of the photoexcited carriers is
constant~i.e., the distribution of any trapping centers can
assumed to be homogenous!.

The first requirement implies the selection of an approp
ate laser source with short enough pulses.

The second requirement can be fulfilled by choosing
appropriate photoexcitation wavelength that maximizes
probability for the photoexcitation of one particular carrie
and also by targeted doping of the material. Note that
quirement~2! does not forbid simultaneous photoexcitati
of electrons and holes as long as there is a large eno
difference between their respective mobilities, and only
contribution of one carrier is observed on a given time-sc

The third requirement~3! of a small density of photoex
cited carriers is met by reducing the energy in the photo
citation pulse. This can be easily done because the dete
of charge displacement by the electro-optic effect allow
much greater sensitivity than other kinds of optical detect
that rely on the change of optical properties introduced
the free-carrier density itself.

The fourth requirement~4! is met in the presence of
spatially homogeneous distribution of traps in addition to
donor centers providing the photoexcited carriers. Furthe
retrapping in the original donors was a significant contrib
tion to the free carrier lifetimet, one can help satisfying
requirement~4! by reducing the contrast in the interferen
pattern that photoexcites the carriers, and by the enforcem
of requirement~3!.
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It is important to note that the above assumptions can
largely fulfilled by adjusting experimental parameters th
can be easily controlled~wavelength, pulse length, pulse e
ergy, contrast in the optical interference pattern!. When re-
quirements~1!–~4! are met, the nature of the impurity cen
ters from which the free carriers are excited, or the nature
the trapping centers that limit their lifetime, are not impo
tant for the analysis.

It is clear that a sinusoidal distribution of free charge c
riers can also modulate the optical properties of the mate
directly through several mechanisms such as free ca
polarizability,21 and allow the optical detection of the evolu
tion of the free carrier distribution even in the absence o
linear electro-optic effect. Several investigations of the e
lution of charge carrier distribution published in the pa
have relied on such mechanisms.22 However, a relatively
high carrier density is generally required to apprecia
modulate the optical properties of a material, which can le
to a number of ambiguities in the interpretation of expe
mental results. As an example, the space-charge fields ca
by the evolution of a large free carrier density are also lar
and they must be taken into account when interpreting
signal dynamics, while additional effects not connected
charge transport—temperature modulation, heat diffus
etc.—also contribute to the signal. For small free-carrier d
sities and in noncentrosymmetric materials like BSO the
fractive index modulation caused by the space-charge fie
generally much higher than any absorption or refractive
dex modulation induced by the free-carriers themselves,
the HTOF method is a better choice.

The basic principles of the HTOF method can be und
stood using a modified form of the treatments that were fi
introduced in Refs. 7 and 14. We assume the photoexc
carriers to be electrons. After the excitation pulses have
the crystal at timet50, the space and time dependences
the electron density can be described by

n~z,t !5n0~ t !1
1

2
@n1~ t !exp~ ikspz!1c.c.#, ~1!

wheren1(t) is a complex amplitude and the initial condition
n0(t50)5n0

0 and n1(t50)5n1
0 are given by the averag

energy and the contrast of the interference pattern use
photoexcite the carriers.ksp is the modulus of the wave vec
tor ~pointing in thez direction! describing the sinusoidal in
terference pattern. Under the assumptions mentioned ab
the time evolutionn(z,t) is governed by a free-carrier life
time t, by diffusion, and by the static fieldE applied along
the z direction,

]n~z,t !

]t
52

n~z,t !

t
1FmkBT

e G]2n~z,t !

]z2
1mE

]n~z,t !

]z
,

~2!

where m is the charge-carrier mobility,kB is Boltzmann’s
constant,e is the unit charge, and the ‘‘1 ’’ sign in front of
the last term comes from the assumption that the mo
carriers have a negative charge.

Substituting Eq.~1! into Eq. ~2!, one obtains
8-2
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TEMPERATURE-DEPENDENT ELECTRON MOBILITY AND . . . PHYSICAL REVIEW B 67, 165108 ~2003!
n0~ t !5n0
0exp~2t/t!,

~3!
n1~ t !5n1

0exp~2Gt !,

whereG51/t11/tD1 ivE , tD is the diffusion time,

tD5
e

ksp
2 mkBT

, ~4!

and vE5mEksp is the rate of change of the spatial pha
caused by drift in the applied field.

Using Eq.~3!, we can rewrite Eq.~1! in the form

n~z,t !5n0
0exp~2t/t!F11

n1
0

n0
0

exp~2t/tD!cos~kspz1vEt !G ,

~5!

which shows that the average carrier density decays e
nentially with the free carrier lifetime, the modulation in th
charge-distribution decays exponentially with the diffusi
time, and the phase of the charge distribution changes
early with the drift velocitymE.

Immediately after photoexcitation, the space-charge c
responding to the free charge carriers@2en(z,t50)# is ex-
actly compensated by the ionized centers from where t
were excited, which have a charge density1en(z,t50).
The evolution of the free electron density described by
~5! then uncovers the space-charge field of the ionized
nors. As already mentioned above, the trapping mechan
behind the free carrier lifetimet does not need to be de
scribed in any special way provided that its effect is just
transform a mobile free carrier described by the mobilitym
into an immobile carrier. If the carrier was captured by
shallow trap, we assume that there is no significant ther
re-excitation on the time scale of the experiment~a thermal
re-excitation much faster than the time scale of the exp
ment would be taken into account by an effective tra
limited mobility!. The density of trapped charge carriers
any given time after photoexcitation is then simply given
]nT(z,t)/]t52n(z,t)/t. It is essentially the time integral o
Eq. ~5!.

The space-charge electric field is found from the Ga
equation and the balance of the charge densities of ion
donors, moving electrons, and trapped electrons,

]Esc~z,t !

]z
5

e

ee0
@n~z,t50!2n~z,t !2nT~z,t !#, ~6!

and it isEsc(z,t)5@Esc(t)exp(ikspz)1c.c.#/2, with the com-
plex amplitude

Esc~ t !5Esc
` @12exp~2Gt !#, ~7!

where

Esc
` 5n1

0 e

ikspee0
F11

1/t

1/tD1 ivE
G21

. ~8!

In a noncentrosymmetric material, this electric fie
causes a spatial refractive index modulation~an holographic
16510
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grating! with an amplitude that is linearly proportional to th
absolute value of Eq.~7!. A probe pulse diffracted off this
refractive index grating has an energy proportional
uEsc(t)u2 and allows a direct observation of charge transpo
In the HTOF method, the detected signal has a very cha
teristic signature, described by Eq.~7!, that can be easily
distinguished from other effects not connected to transp
the charge-transport signal starts growing from zero, imm
diately after the pump pulses leave the sample, and evo
toward a stationary value as the charge carriers diffuse
drift. When a dc electric field in thez direction is applied to
the sample during the experiment, and the lifetimet is larger
than bothtD and 1/vE , the signal oscillates in time on th
way to the steady-state, with a characteristic period relate
the drift velocity and the period of the spatial interferen
pattern.7,9–12

In this work no electric field was applied, which remov
a possible source of uncertainty and an unnecessary ex
mental difficulty, andvE50. Then the time oscillations o
the signal are absent, and whent@tD the exponential
buildup time is given by the diffusion timetD@G→1/tD , see
Eqs. ~7! and ~4!#. This allows a determination of the fre
carrier mobility.1,14,15

Clearly, this result is only valid if the requirements d
scribed above are met, and the experimental parameter
chosen accordingly. Once the optical pulse length and wa
length have been selected, the two most important par
eters in the HTOF setup that directly determine if an accur
mobility measurement is possible are the crossing angle
tween the pump beams and the optical energy density in
pump pulses.

The crossing angle between the beams gives the trans
length and the value of the diffusion timetD , and deter-
mines if the conditiontD!t is met. This condition means
that the ‘‘typical’’ electron avoids shallow and deep traps f
so long that the electron-distribution can become almost
mogenous because of diffusion~the space-charge field bui
up by diffusion has been assumed to be low enough to al
for this!. This can be checked experimentally by observing
the exponential rise time of the signal varies as the squar
the modulation period of the photoexcited carrier distrib
tion.

The optical pulse fluence determines the linearity of
photoexcitation process and the maximum space-charge
that the photoexcited carriers can produce when they diffu
Too strong optical pump pulses will lead to saturation
fects, which will deform the single-exponential buildup an
produce shorter buildup times.15 In the low fluence limit the
observed signal rise-time does not depend on the flue
and the diffraction efficiency of the probe pulse is propo
tional to the square of the total photoexcitation energy.15

To satisfy both requirements it is necessary to perfo
measurements for different crossing angles between
beams and for different pulse energies.1,15 This allows the
selection of the optimal spatial modulation period in the
terference pattern, and of the optimum pulse energies wh
still give a good signal-to-noise ratio, but which are we
below the limits above which saturation effects occur.
8-3
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MARC WINTERMANTEL AND IVAN BIAGGIO PHYSICAL REVIEW B 67, 165108 ~2003!
II. EXPERIMENTAL

We use a frequency-doubled Nd:YAG~yttrium aluminum
garnet! laser that produces 70-ps, 532-nm pulses at a rep
tion rate of 10 Hz. A beam splitter sends part of a pulse i
a delay line, to act as a probe beam, and the other part is
again into two write pulses that arrive simultaneously in
sample, creating a spatially modulated photoexcited elec
density. A scheme of the experimental setup is shown in
1.

The phase grating produced by diffusion of the photo
cited charges is detected by Bragg diffraction of the tim
delayed probe pulse 2. The sample is homogeneously illu
nated all the time by a 514-nm argon ion laser beam with
intensity of approximately 0.1 W/cm2. In the time interval
between two measurements, this illumination erases
space-charge induced grating created by the write pul
During the measurement time~a few ns! this erase beam
deposits six orders of magnitude less energy than the w
pulses, and it does not affect the observed space-charge
namics in the nanosecond time scale.1

The result of a typical measurement is shown in Fig.
When the probe pulse precedes the write pulses no sign
observed. When the probe pulse is delayed, the diffrac
signal increases as the photoexcited electrons diffuse a
from the ionized donors from which they were photoexcite
thus creating a space-charge field.

The sample was mounted inside a cold-finger helium-fl
crystal from Cryo Industries with four optical windows. Th
temperature was stabilized by using both a needle valv
set the helium flux and a Lakeshore 330 temperature con
ler with two NTC ~ negative temperature coefficient! sensors
and a heater for fine adjustment. No electrical connecti
besides those for the temperature control were necessar
cause we did not need to apply an electric field or measu
current electrically. A good heat transfer between crystal
cold finger was guaranteed by a copper holder and Apie
heat conducting grease. The two NTC temperature sen
were mounted above and below the sample, which allowe

FIG. 1. ~a! Degenerate four wave mixing configuration fo
HTOF Measurements. Beams 1 and 3 create the interference pa
which excites the inhomogeneous distribution of free carrie
Beam 2, which can be delayed, diffracts off the refractive ind
grating caused by charge-diffusion and leads to diffracted beam
continuous wave laser illuminates the sample all the time to m
sure that any space-charge modulation is completely erased b
homogenous illumination during the interval between laser puls
16510
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good control of the homogeneity of the sample temperatu
A 1024-mbar insulating vacuum was maintained around
cold finger and the sample.

We performed measurements at several temperatures
tween 90 K and room temperature. At every temperature,
made sure that we met the requirements for a valid mob
measurement. We established that both the period and
average energy density of the photoexcitation pattern w
small enough, according to the criteria discussed above.
the BSO crystals used in this study, it was found that
average fluence in the interference pattern that photoexc
the electrons must be of the order of 1 mJ/cm2 or less, and
that the diffusion-time dominates the buildup at spatial pe
ods 2p/ksp below;0.5 mm. This was confirmed at all tem
peratures and for all samples.

The samples we investigated are shown in Table I. Two
them~called SU-1 and CT-3! are the same samples that ha
been used in Ref. 1 and several other works on the phot
fractive properties of BSO.23,24 The others are samples th
have been grown under different conditions at the Natio
Institute for Research in Inorganic Crystals~NIRIM !,
Tsukuba, Japan. One of them~AL-2! was doped with alumi-
num, the other one~CM! was simply grown from a congru

ern
.

x
A
e

the
s.

FIG. 2. Typical plot of the diffracted pulse energy vs. prob
pulse delay time obtained at room temperature for a modula
period of the interference pattern of 0.5mm. The exponential
buildup time corresponding to this measurement is 0.7160.06 ns,
and it is determined by the diffusion time of the electrons. The p
observed at a delay time of zero is caused by an instantaneous
order nonlinear optical response that is not relevant for the pre
investigation.

TABLE I. Bi 12SiO20 crystals used in this work. SU-1 and CT-
~Refs. 1, 23, and 24! are on loan from R. W. Hellwarth, University
of Southern California~USC!, U.S.A. AL-3 and CM where pro-
vided by K. Kitamura, from the National Institute for Research
Inorganic Crystals~NIRIM !, Tsukuba, Japan.

Sample name Description and origin

SU-1 Sumitomo, USC
CT-3 Crystal Technology, USC
AL-3 Aluminum doped, NIRIM
CM From a congruent melt, NIRIM
8-4
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TEMPERATURE-DEPENDENT ELECTRON MOBILITY AND . . . PHYSICAL REVIEW B 67, 165108 ~2003!
ent melt. No precise data are available on the doping
defect structure of these samples, although all of them h
been found to contain impurities leading to energy state
the gap between valence and conduction band. This va
of samples with different histories will help in differentiatin
effects that are intrinsic to the BSO lattice from the influen
of impurities and other crystal imperfections.

III. RESULTS AND DISCUSSION

The HTOF technique described in Sec. II allowed us
observe the movements of the photoexcited carriers ov
submicrosecond length scale and in the first fractions
nanoseconds after photoexcitation. Figure 3 collects all
mobility data that we determined in the crystals listed
Table I at temperatures between 100 K and room temp
ture. In this figure, we also include earlier measureme
performed between room temperature and 500 K in Ref.

All the BSO samples we studied, despite their differe
origins, show an identical temperature dependence betw
250 and 500 K that appears to be well described by a stra
line in the log-m vs 1/T plot of Fig. 3. The first consequenc
of this observation is that in this temperature range the m
bility of photoexcited electrons must be an intrinsic prope
of BSO, because all samples—despite their differ

FIG. 3. Temperature dependence of the electron band mob
in various Bi12SiO20 samples. The data points at temperature hig
than room temperature represented by diagonal and vertical cro
were obtained in Ref. 1. The solid line represents the prediction
large polarons, calculated using the model given in Ref. 2 from
optical phonon spectrum of BSO and using an effective elec
mass of 2 electron masses. For clarity, no error bars are drawn i
figure. The error of the individual measurement was generally in
order of610%.
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origins—share the same temperature dependence of the
bility, and also the same absolute mobility value. A seco
observation is that the temperature dependence points a
interaction with phonons as the mechanism determining
electron mobility. However, the low absolute value of t
mobility cannot be modeled in the relaxation time appro
mation, assuming independent collisions between the e
tron and phonons.1,2

A solution to this problem is provided by the fact th
BSO is an ionic lattice. This suggests that the mobility
limited by the interaction of the electrons with longitudin
optical phonons. The electron polarizes the lattice aroun
and the Coulomb interaction with the polarized lattice ten
to capture it in a self-induced potential well. This can lead
the formation of small and large polarons.2–6 Small polarons
are formed when the self-induced potential well is stro
enough to capture the electron in such a way that it can
itself only by thermal excitation. In such a case the obser
mobility would be characterized by an activation energy a
grow exponentially with temperature. In contrast, we o
served the mobility to increase toward lower temperatu
between 500 and 200 K. This is consistent with an electr
phonon interaction that leads to the formation of lar
polarons,2–6 where the lattice polarization induced by th
electron encompasses many atoms in the crystal lattice.
erence 2 described how the large polaron model develope
Ref. 6 can be applied to the case of BSO, and how the
bility of a large polaron can be modeled from paramet
derived from the experimental infrared reflectivity spectru
of BSO ~Ref. 25!, which gives the strength and frequenci
of the optical phonon modes.

The prediction from the model described in Ref. 2 is plo
ted as a solid curve in Fig. 3. In this kind of semilogarithm
plot, the theoretical prediction resembles a straight line. T
only free parameter in this plot is the effective massm* of
the bare electron in the undeformed BSO lattice which w
taken to be equal to 2 electron massesme. This effective
mass essentially only determines the absolute position of
solid curve in the plot, but does not influence the predic
temperature dependence, which depends on the phonon
trum, represented by an effective longitudinal optical phon
frequency and oscillator strength.2 The predicted temperatur
dependence is in very good agreement with the experime
data on the electron mobility between 200 and 500 K.

This agreement is good form* 5(260.1)me , but we re-
peat that the value ofm* does not influence the slope of th
solid curve in Fig. 3, which is almost completely given b
the value of the effective longitudinal optical phono
frequency.2 The fact that the slope of the solid curve w
calculated independently makes the agreement betw
theory and data even more remarkable. Both this, and
fact that the experimental electron mobility and its tempe
ture dependence are the same within the experimental e
for several different BSO samples in the temperature inte
between 250 and 500 K, gives support to the fact that
determined an intrinsic mobility value.

Our results therefore do two things: they confirm the v
lidity of the theoretical approach described in Ref. 2, a
they give convincing evidence that electrons in BSO fo
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MARC WINTERMANTEL AND IVAN BIAGGIO PHYSICAL REVIEW B 67, 165108 ~2003!
large polarons in the temperature range above 250 K
lower temperatures, and depending on the individual sam
the mobility deviates from the predicted large polaron beh
ior and starts decreasing again. This deviation occurs at
highest temperature (;235 K) for sample CM, and at the
lowest temperature (;190 K) for SU-1. The systematic
variations in the absolute mobility value below 250 K b
tween the different samples is a strong indication that in
temperature range the mobility is influenced by extrinsic
rameters, probably related to impurities or other defects
the crystal structure that depend on crystal growth con
tions. The fact that sample CM already deviates from
intrinsic value at;235 K could be an indication of a highe
defect concentration in this crystal, while the reverse wo
be true for SU-1. However, the exact origin of the mobiliti
observed below 190 K is not known at present, and any m
detailed discussion is outside the scope of this work.

IV. CONCLUSIONS

In conclusion, we were able to accurately determine
temperature dependence of the intrinsic mobility of photo
cited electrons in BSO. The mobility increases with decre
ing temperature, and in the best sample we observed a
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