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Temperature-dependent electron mobility and large polaron interpretation in Bi;,SiO,
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The electron band mobility in BjSiO, 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 from1.7 cnfV-1s ! at 500 K to~10 cnfV 1s ! 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.
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[. INTRODUCTION 2—which predicts that the mobility continues to increase
towards lower temperatures—and provides additional data
The intrinsic mobility of an electron moving in the con- on the electron mobility and the effects that limit its magni-
duction band of a crystal is normally limited by the bandtude in different BSO crystals. Besides the direct value of
structure itself and by lattice vibrationi@honong. But in  providing a better characterization of a useful material, these
crystals with some ionic character the magnitude of the moresults are interesting for fundamental research about charge
bility can be severely reduced because the charge of the eleransport processes in solids, and about the theoretical mod-
tron moving in the conduction band can polarize the latticeels that can be used to understand them.
around it. The lattice polarization has a response time char- In order to study the electron mobility in an insulator such
acterized by the frequency of longitudinal optical phononsas BSO it is necessary to inject enough electrons in the con-
and it gives rise to a Coulomb force that hinders the moveduction band and to observe how fast they move under the
ment of a drifting electron. The combination of the electroninfluence of an applied field or by diffusion. In a bulk sample
with the associated lattice polarization has been called a “poelectrons can be injected in the conduction band by photoex-
laron.” citation from donor centers with energy levels in the gap
Cubic Bij,SiOy (BSO) is an ionic crystal that shows a between valence and conduction bands. Even nominally un-
relatively strong linear electro-optic effect. It is an insulator doped BSO crystals have enough such centers to allow pho-
with conduction and valence band separated by an energy abexcitation of a useful electron density, but the presence of
~3.2 eV where charge carriers can be photoexcited frondefects also leads to a relatively high density of trap levels
impurities with energy levels inside the band gap. Its photothat limits the free carrier lifetime to a few nanosecohds,
refractive properties have been used in spatial light modulaand can lead to the determination of an average mobility
tors and optical correlators, and for dynamic holography andalue that is limited by trapping and thermal excitation from
wave mixing applications. shallow traps?® To measure the free carrier mobility it is
The mobility of photoexcited electrons in BSO is a centraltherefore necessary to observe the electrons in the first few
parameter for its use in applications, and it reflects interesthanoseconds after they were photoexcited. In this work we
ing fundamental properties of the BSO lattice. Previous meadse the Holographic Time of FligiHTOF) method in dif-
surements in the relatively small temperature interval befusion modet In this technique both photoexcitation of elec-
tween room temperature and 200 °C found that the mobilittrons and the detection of their movement are done using
decreases with increasing temperature, changing from 3.ghort laser pulses on a subnanosecond time scale, which al-
+0.5 cnfV~1s ! at room temperature to about half of this lows a contactless all-optical determination of the electron
value at 200 °C: The small magnitude of the intrinsic mo- mobility.
bility and its temperature dependence have been explained Because of its role in our measurements, and because of
by arguing that the electrons form large polafoasd by the importance of a careful selection of the experimental pa-
adapting previous large polaron theories, which assumed thi@meters for an accurate determination of the intrinsic elec-
presence of only one optical phonon mdd@o the case of tron mobility, we start by giving a brief outline of the HTOF
the multimode phonon spectrum of BSO. method and its principles in the next section. Then we dis-
In this work we extend the previous mobility measure-cuss the realization of the temperature dependent HTOF
ments in BSO by exploring the temperature dependence beneasurements in the case of BSO, and finally we present and
low room temperature and by studying the influence of dif-discuss the experimental results for the intrinsic electron
ferent crystal growth conditions. This allows one to bettermobility and its temperature dependence in various BSO
judge the effectiveness of the model presented in Refcrystals.
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Holographic time of flight It is important to note that the above assumptions can be
largely fulfilled by adjusting experimental parameters that

The holographic time of flight method for the investiga- b i troll lenath. pulse lenath. pul
tion of charge transport in insulators and semiconductors i§an be easily contro e(!A(ave ength, puise iength, puise en-
ergy, contrast in the optical interference patjeMvhen re-

based on the controlled photoexcitation of a spatially modu-_ ~ ) :
lated free charge carrier distribution and on the contactles uirements(1)—(4) are met, the nature of the impurity cen-

i . . . . ers from which the free carriers are excited, or the nature of
optical det_ectlon of its eVOI.Ut'O”' A !|ght-pattern created bythe trapping centers that limit their lifetime, are not impor-
two-beam interference provides the inhomogeneous photoe)fémt for the analysis.
citation mechanism, while the electro-optieockels effect ¢ j5 clear that a sinusoidal distribution of free charge car-
present in noncentrosymmetric materials allows for a sensiiars can also modulate the optical properties of the material
tive detection of charge-displacement by transforming anyjjrectly through several mechanisms such as free carrier
space-charge electric field into a refractive index modulationpo|arizabi|ity?1 and allow the optical detection of the evolu-
A number of techniques related to these principles have beefibn of the free carrier distribution even in the absence of a
demonstrated over the yedr§'2**~*°HTOF (Refs. 1 and linear electro-optic effect. Several investigations of the evo-
9) distinguishes itself because it is based on short-pulse phadtion of charge carrier distribution published in the past
toexcitation, which allows one to separate the photoexcitahave relied on such mechanisisHowever, a relatively
tion from the charge-transport process temporally. The basihigh carrier density is generally required to appreciably
assumptions that enable a simple analysis of an HTOF exnodulate the optical properties of a material, which can lead
periment and of the data it produces are the following to a number of ambiguities in the interpretation of experi-
mental results. As an example, the space-charge fields caused
transport takes place during the pulse duration By the evolution of a Iarge_ free carrier density_ are also_ large,

: and they must be taken into account when interpreting the

.(2) _Only one type of moblle_carner IS ex_<:|ted by photoion- signal dynamics, while additional effects not connected to
ization of impurity centers with energies in the gap bet""eerbharge transport—temperature modulation, heat diffusion,

valence and conduction band. Photoexcitation takes place iy 5150 contribute to the signal. For small free-carrier den-
the bulk of the material. o sities and in noncentrosymmetric materials like BSO the re-
(3) The density of photoexcited carriers is so small that thergractive index modulation caused by the space-charge field is
are no saturation effects during photoexcitation and that thgenerally much higher than any absorption or refractive in-
space-charge field that is built up by subsequent charge trangex modulation induced by the free-carriers themselves, and
port has a negligible influence on the transport dynamicshe HTOF method is a better choice.

itself. The basic principles of the HTOF method can be under-
(4) The average lifetimer of the photoexcited carriers is a stood using a modified form of the treatments that were first
constanti.e., the distribution of any trapping centers can beintroduced in Refs. 7 and 14. We assume the photoexcited

(1) The photoexcitation pulses are so short that no charg

assumed to be homogengus carriers to be electrons. After the excitation pulses have left
The first requirement implies the selection of an approprithe crystal at tim¢=0, the space and time dependences of
ate laser source with short enough pulses. the electron density can be described by

The second requirement can be fulfilled by choosing an
appropriate photoexcitation wavelength that maximizes the
probability for the photoexcitation of one particular carrier,
and also by targeted doping of the material. Note that re- ) . . .
quirement(2) does not forbid simultaneous photoexcitation Wherena(t) I5a complex ampllgude and the initial conditions
of electrons and holes as long as there is a large enough(t=0)=ng and ny(t=0)=n; are given by the average
difference between their respective mobilities, and only the2n€rgy and the contrast of the interference pattern used to
contribution of one carrier is observed on a given time-scalePhotoexcite the carriergs, is the modulus of the wave vec-

The third requirement3) of a small density of photoex- tor (pointing in thez direction descrlbmg the smu_smdal in-
cited carriers is met by reducing the energy in the photoexi€rference pattern. Under the assumptions mentioned above,
citation pulse. This can be easily done because the detectidhie time evolutiom(z,t) is governed by a free-carrier life-
of charge displacement by the electro-optic effect allows dime 7, by diffusion, and by the static fiel applied along
much greater sensitivity than other kinds of optical detectiorfhe z direction,
that rely on the change of optical properties introduced by

n(z,t)zno(t)+%[nl(t)exp(ikspz)Jrc.c.], 1)

the free-carrier density itself. an(z,t)  n(zt) | pkeT n(z,t) an(z,t)
The fourth requirement4) is met in the presence of a a7 + e 972 +uE 9z
spatially homogeneous distribution of traps in addition to the )

donor centers providing the photoexcited carriers. Further, if

retrapping in the original donors was a significant contribu-where w is the charge-carrier mobilitykg is Boltzmann’s
tion to the free carrier lifetimer, one can help satisfying constante is the unit charge, and the+” sign in front of
requirement(4) by reducing the contrast in the interference the last term comes from the assumption that the mobile
pattern that photoexcites the carriers, and by the enforcemenarriers have a negative charge.

of requirement3). Substituting Eq(1) into Eqg.(2), one obtains
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No(t)= ngexp(—tlr), grating with an amplitude that is linearly proportional to the
3) absolute value of Eq(7). A probe pulse diffracted off this
nl(t)zn‘fexp(—l“t), refractive index grating has an energy proportional to

|E<«(t)|? and allows a direct observation of charge transport.
In the HTOF method, the detected signal has a very charac-
teristic signature, described by E(y), that can be easily
o= , (4) distinguished from other effects not connected to transport:
kgp,ukBT the charge-transport signal starts growing from zero, imme-
diately after the pump pulses leave the sample, and evolves
toward a stationary value as the charge carriers diffuse and
drift. When a dc electric field in the direction is applied to
the sample during the experiment, and the lifetinie larger

wherel'=1/7+ 1/ +iwg, 7p is the diffusion time,
e
and wg= uEKks, is the rate of change of the spatial phase

caused by drift in the applied field.
Using Eq.(3), we can rewrite Eq(1) in the form

0 than both7p and lkg, the signal oscillates in time on the
o ni i o .
n(z,t)=ngexp(—t/7)| 1+ —5 exp( —t/p)cog ks Z+ wet) |, way to the steady-state, with a characteristic period related to
Ny the drift velocity and the period of the spatial interference

(5 pattern’9-12

which shows that the average carrier density decays expo- In th_ls work no electric f|elq was applied, which removes _
nentially with the free carrier lifetime, the modulation in the @ Possible source of uncertainty and an unnecessary experi-
charge-distribution decays exponentially with the diffusionmental difficulty, andwg=0. Then the time oscillations of
time, and the phase of the charge distribution changes linthe signal are absent, and wher r, the exponential
early with the drift velocityuE. buildup time is given by the diffusion timegy[I'— 1/7p, see
Immediately after photoexcitation, the space-charge corEgs. (7) and (4)]. This allows a determination of the free
responding to the free charge carrigrsen(z,t=0)] is ex-  carrier mobility 41
actly compensated by the ionized centers from where they Clearly, this result is only valid if the requirements de-
were excited, which have a charge densiten(z,t=0). scribed above are met, and the experimental parameters are
The evolution of the free electron density described by Eqchosen accordingly. Once the optical pulse length and wave-
(5) then uncovers the space-charge field of the ionized dotength have been selected, the two most important param-
nors. As already mentioned above, the trapping mechanismters in the HTOF setup that directly determine if an accurate
behind the free carrier lifetime does not need to be de- mobility measurement is possible are the crossing angle be-
scribed in any special way provided that its effect is just toyyeen the pump beams and the optical energy density in the
transform a mobile free carrier described by the mobility pump pulses.
into an immobile carrier. If the carrier was Captured by a The Crossing ang|e between the beams gives the transport
shallow trap, we assume that there is no significant thermakngth and the value of the diffusion time,, and deter-
re-excitation on the time scale of the experiménthermal  mines if the conditionr,<r is met. This condition means
re-excitation much faster than the time scale of the experithat the “typical” electron avoids shallow and deep traps for
ment would be taken into account by an effective trap-so |ong that the electron-distribution can become almost ho-
limited mobility). The density of trapped charge carriers atmogenous because of diffusigthe space-charge field built
any given time after photoexcitation is then simply given byyp py diffusion has been assumed to be low enough to allow
ang(z,t)/ot=—n(zt)/7. Itis essentially the time integral of for this). This can be checked experimentally by observing if
Eg. (5). S the exponential rise time of the signal varies as the square of
The space-charge electric field is found from the Gausghe modulation period of the photoexcited carrier distribu-
equation and the balance of the charge densities of ionizegpn.
donors, moving electrons, and trapped electrons, The optical pulse fluence determines the linearity of the
photoexcitation process and the maximum space-charge field
IEsd(z,t) _ i[n(z t=0)—n(z,t)—ns(z1)] (6) that the photoexcited carriers can produce when they diffuse.
’ ) T\ 4 ) . . .

Jz €€g Too strong optical pump pulses will lead to saturation ef-
fects, which will deform the single-exponential buildup and
produce shorter buildup timés.n the low fluence limit the
observed signal rise-time does not depend on the fluence,

and it isEg((z,t) =[Es(t)explks2) +c.c.]/2, with the com-
plex amplitude

e _ and the diffraction efficiency of the probe pulse is propor-
Esd)=Esd1-exp=T)], @ tional to the square of the total photoexcitation enérgy.
where To satisfy both requirements it is necessary to perform
measurements for different crossing angles between the
. 0 Ur |7t beams and for different pulse energtés.This allows the
Esc= nlikspeeo 1+ Urp+iwg 8 selection of the optimal spatial modulation period in the in-

terference pattern, and of the optimum pulse energies which
In a noncentrosymmetric material, this electric field still give a good signal-to-noise ratio, but which are well
causes a spatial refractive index modulatian holographic  below the limits above which saturation effects occur.
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FIG. 1. (a) Degenerate four wave mixing configuration for time after photoexcitation [ne]

HT.OF Mea.surement.s. Beams 1 and 3 gregte Fhe interference pattern FIG. 2. Typical plot of the diffracted pulse energy vs. probe-
which excne_s the mhomogeneous_ distribution of free_ Ca,merspulse delay time obtained at room temperature for a modulation
Beam 2, which can be de!aye_d, diffracts off th? refraciive index eriod of the interference pattern of Qu8n. The exponential
grating caused by charge-diffusion and leads to diffracted beam 4. %uildup time corresponding to this measurement is 8306 ns,

contlTI:Jotus wave Iaselr’]lllumlnatgsltt:.e sgmple aIII Ehle time t% r;al:%nd it is determined by the diffusion time of the electrons. The peak
Eure atany _ﬁpac_e-(i_ argde mo :Jha '.0? IS clotr)n[;\: ely lerase Iy ra)tf)served at a delay time of zero is caused by an instantaneous third
omogenous tiilumination during the interval between 1aser pulsesS, qe nonlinear optical response that is not relevant for the present

Il. EXPERIMENTAL Investigation.

We use a frequency-doubled Nd:YA@ttrium aluminum 4564 control of the homogeneity of the sample temperature.
garne} laser that produces 70-ps, 532-nm pulses at a repetls 10-4.mbar insulating vacuum was maintained around the
tion rate of 10 Hz. A beam splitter sends part of a pulse intq.5|q finger and the sample.

a delay line, to act as a probe beam, and the other partis split \ye performed measurements at several temperatures be-
again into two write pulses that arrive simultaneously in theyyeen 90 K and room temperature. At every temperature, we
sample, creating a spatially modulated photoexcited electrop,qe sure that we met the requirements for a valid mobility

density. A scheme of the experimental setup is shown in Figyneasurement. We established that both the period and the

1. ) o average energy density of the photoexcitation pattern were
_ The phase grating produced by diffusion of the photoexma| enough, according to the criteria discussed above. For
cited charges is detected by Bragg diffraction of the timeyhe BSO crystals used in this study, it was found that the
delayed probe pulse 2. The sample is homogeneously illumiyerage fluence in the interference pattern that photoexcites
nated all the time by a 514-nm argon ion laser beam with am o electrons must be of the order of 1 mX¥amn less. and
intensity of approximately 0.1 W/chn In the time interval it the diffusion-time dominates the buildup at spatial peri-

between two measurements, this illumination erases thgqg 2k, below~0.5 um. This was confirmed at all tem-
space-charge induced grating created by the write pu'seﬁeraturespand for all samples.
During the measurement tim@ few ng this erase beam 1o samples we investigated are shown in Table 1. Two of
deposits six _orders of magnitude less energy than the W”tﬁwem(called SU-1 and CT-8are the same samples that have
pulses, and it does not affect the observed space-charge daen ysed in Ref. 1 and several other works on the photore-
namics in the nanosecond time scale. _ . _fractive properties of BS&*?* The others are samples that
The result of a typical measurement is shown in Fig. 2h4ye heen grown under different conditions at the National
When the probe pulse precedes the write pulses no signal |Sstitute for Research in Inorganic CrystaléNIRIM),
observed. When the probe pulse is delayed, the diffracteqlsukuba’ Japan. One of theAL-2) was doped with alumi-

signal increases as the photoexcited electrons diffuse away,m the other onéCM) was simply grown from a congru-
from the ionized donors from which they were photoexcited, ’

thus creating a space-charge field. o N
The sample was mounted inside a cold-finger heIium-rovv(ReTf'i‘BlLEZ'S' g'nlész'éloa??ecmsﬁfn”f?;i'g”\‘/'VS nglﬁt\.lasl’g-luz:]?\;jeli-il;e

crystal from Cryo Industries with four optical windows. The of Southern. CaliforniaUSC), U.S.A AL-3 and CM where pro-y

temperature was stabilized by using both a needle valve 1 ided by K. Kitamura, from the National Institute for Research in

set the helium flux and a Lakeshore 330 temperature contro"horganiC Crystal¢NIRIM), Tsukuba, Japan

ler with two NTC ( negative temperature coeffici¢isensors ' ' i

and a heater for fine adjustment. No electrical connectiongamlole name

besides those for the temperature control were necessary be-

Description and origin

cause we did not need to apply an electric field or measure 8U-1 Sumitomo, USC
current electrically. A good heat transfer between crystal andT-3 Crystal Technology, USC
cold finger was guaranteed by a copper holder and ApiezoaL-3 Aluminum doped, NIRIM
heat conducting grease. The two NTC temperature sensoguv From a congruent melt, NIRIM

were mounted above and below the sample, which allowed a

165108-4



TEMPERATURE-DEPENDENT ELECTRON MOBILITY AND . .. PHYSICAL REVIEW B 67, 165108 (2003

T [K] origins—share the same temperature dependence of the mo-
15609 . .300 200 . .1?0 110 1?0 1C|>0 . bility, and also the same absolute mobility value. A second
ol Op il observation is that the temperature dependence points at the
al o i interaction with phonons as the mechanism determining the
7l , DD o o i electron mobility. However, the low absolute value of the
. Aa g o mobility cannot be modeled in the relaxation time approxi-
i anf | mation, assuming independent collisions between the elec-
= st ®s B 1 tron and phonons?
Q PP 8 N © A solution to this problem is provided by the fact that
& 4t o a g 1 BSO is an ionic lattice. This suggests that the mobility is
e o limited by the interaction of the electrons with longitudinal
3 4] 4 | optical phonons. The electron polarizes the lattice around it
and the Coulomb interaction with the polarized lattice tends
 Large Pofaron Theory o to capture_it in a self-induced potential well. This can lead to
o SU1 the formation of small and large polarcfi€ Small polarons
2r o AL3 1 are formed when the self-induced potential well is strong
A CT3 A enough to capture the electron in such a way that it can free
< o M itself only by thermal excitation. In such a case the observed
+  SU-1, from Ref. X mobility would be characterized by an activation energy and
% CT-3, fromRef. X grow exponentially with temperature. In contrast, we ob-
1 . | . . . . . | . | served the mobility to increase toward lower temperatures
2 4 6 8 10 12 between 500 and 200 K. This is consistent with an electron-
phonon interaction that leads to the formation of large
10°/T [KT] polarons?~® where the lattice polarization induced by the

lectron encompasses many atoms in the crystal lattice. Ref-
in various Bij»SiO,o samples. The data points at temperature highe rence 2 descrlbed. how the large polaron model developed in
than room temperature represented by diagonal and vertical crossgg?f' 6 can be applied to the case of BSO, and how the mo-
were obtained in Ref. 1. The solid line represents the prediction foP!lity of @ large polaron can be modeled from parameters
large polarons, calculated using the model given in Ref. 2 from thélerived from the experimental infrared reflectivity spectrum
optical phonon spectrum of BSO and using an effective electro®f BSO (Ref. 25, which gives the strength and frequencies
mass of 2 electron masses. For clarity, no error bars are drawn in tHf the optical phonon modes.
figure. The error of the individual measurement was generally in the The prediction from the model described in Ref. 2 is plot-
order of =10%. ted as a solid curve in Fig. 3. In this kind of semilogarithmic
plot, the theoretical prediction resembles a straight line. The
ent melt. No precise data are available on the doping ananly free parameter in this plot is the effective mas$ of
defect structure of these samples, although all of them haviéhe bare electron in the undeformed BSO lattice which was
been found to contain impurities leading to energy states iiaken to be equal to 2 electron masses This effective
the gap between valence and conduction band. This varietpass essentially only determines the absolute position of the
of samples with different histories will help in differentiating solid curve in the plot, but does not influence the predicted
effects that are intrinsic to the BSO lattice from the influencetemperature dependence, which depends on the phonon spec-
of impurities and other crystal imperfections. trum, represented by an effective longitudinal optical phonon
frequency and oscillator strengtfThe predicted temperature
dependence is in very good agreement with the experimental
data on the electron mobility between 200 and 500 K.

The HTOF technique described in Sec. Il allowed us to This agreement is good fon* = (2+0.1)m,, but we re-
observe the movements of the photoexcited carriers over peat that the value ah* does not influence the slope of the
submicrosecond length scale and in the first fractions ofolid curve in Fig. 3, which is almost completely given by
nanoseconds after photoexcitation. Figure 3 collects all théhe value of the effective longitudinal optical phonon
mobility data that we determined in the crystals listed infrequency? The fact that the slope of the solid curve was
Table | at temperatures between 100 K and room temperaalculated independently makes the agreement between
ture. In this figure, we also include earlier measurementsheory and data even more remarkable. Both this, and the
performed between room temperature and 500 K in Ref. 1.fact that the experimental electron mobility and its tempera-

All the BSO samples we studied, despite their differentture dependence are the same within the experimental error
origins, show an identical temperature dependence betwedar several different BSO samples in the temperature interval
250 and 500 K that appears to be well described by a straighietween 250 and 500 K, gives support to the fact that we
line in the logw vs 1/T plot of Fig. 3. The first consequence determined an intrinsic mobility value.
of this observation is that in this temperature range the mo- Our results therefore do two things: they confirm the va-
bility of photoexcited electrons must be an intrinsic propertylidity of the theoretical approach described in Ref. 2, and
of BSO, because all samples—despite their differenthey give convincing evidence that electrons in BSO form

FIG. 3. Temperature dependence of the electron band mobilit)?

IIl. RESULTS AND DISCUSSION
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large polarons in the temperature range above 250 K. Ability that reached 10 cAV 's ! at 190 K before falling
lower temperatures, and depending on the individual sampleff again, probably because of extrinsic effects.

the mobility deviates from the predicted large polaron behav- The experimentally observed temperature dependence
ior and starts decreasing again. This deviation occurs at thghove 190 K can be predicted from the experimental phonon
highest temperature~235 K) for sample CM, and at the spectrum without any free parameter by using an extension
lowest temperature 190 K) for SU-1. The systematic to existing large polaron theoriésThe absolute value of the
variations in the absolute mobility value below 250 K be- mobility can also be calculated in the same way, but does
tween the different samples is a strong indication that in thiglepend on thgunknown value of the electron effective
temperature range the mobility is influenced by extrinsic pamass in BSO. We found that a good agreement with the data
rameters, probably related to impurities or other defects ins reached for an effective mass equal to two electron
the crystal structure that depend on crystal growth condimasses. These observation are a good evidence that photo-
tions. The fact that sample CM already deviates from theelectrons in BSO are large polarons; their observed band
intrinsic value at~235 K could be an indication of a higher mobility below 250 K is intrinsic, and its small value makes

defect concentration in this crystal, while the reverse woulgphotoelectrons in BSO the clearest example of such polarons
be true for SU-1. However, the exact origin of the mobilitiesfound to date.

observed below 190 K is not known at present, and any more
detailed discussion is outside the scope of this work.
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