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Ultrafast carrier diffusion in gallium arsenide probed with picosecond acoustic pulses

PHYSICAL REVIEW B, VOLUME 64, 08120R)

0. B. Wright! B. Perrin? O. Matsudd, and V. E. GuseV
!Department of Applied Physics, Faculty of Engineering, Hokkaido University, Sapporo 060-8628, Japan
2Laboratoire des Milieux Dsordonns et Heérogenes, UniversitePierre et Marie Curie, UMR 7603 CNRS,
4 Place Jussieu, 75252 Paris, France
SLaboratoire de Physique de I'Etat Condén#MR-CNRS 6087, Faclltges Sciences, Universitei Maine,
Av. O. Messiaen, 72085 Le Mans, France
(Received 7 May 2001; published 2 August 2p01

We describe an experimental investigation of the generation and detection of picosecond acoustic-phonon
pulses in a thin slab of GaAs using ultrashort optical pulses. Comparison of the optical phase variation with a
simple theory for ambipolar diffusion indicates that carrier diffusion has a significant effect on the shape of the
phonon pulses generated. The phonon pulse duration is measured~®5bgs, four times longer than that
expected from optical-absorption considerations alone, indicating that hot carriers penetrate more than 100 nm
into the sample during the phonon pulse generation process.

DOI: 10.1103/PhysRevB.64.081202 PACS nunider73.50—h, 43.35+d, 62.65+k

Ultrafast carrier diffusion in semiconductors has beencome the dual requirement for a sample of micron order or
studied by a variety of experimental techniques. Ultrashortess in thicknessto avoid significant acoustic propagation
pulse optical pump and probe methods based on the medistortion and for an acoustically mismatched substrite
surement of optical reflectivity, electro-optic sampling or lu- allow significant echo amplitudes to be obtaihddolecular-
minescence, including near-field methods, have been applidzeam epitaxy or related techniques for crystalline GaAs film
to the measurement of diffusion of hot carriers in bulk semi-growth, for example, are not ideal for this purpose because
conductors and quantum nanostructures in the lateral dhe lattice-matched substrate will invariably have a very
through-thickness directiorts? The detection principle in similar acoustic impedance. Another problem is connected
this case involves the coupling of the carriers to the electriavith the signal analysis of the acoustic echoes. The optical
field of the optical wave. Optical pump and probe methodseflectivity changes resulting from the detection of acoustic-
can also exploit the coupling of the carriers to strain, and castrain pulses in an opaque material depend on the photoelas-
be used to monitor carrier diffusion from the shape of thetic effect, and because the optical penetration into the sample
acoustic-phonon pulses generated, a technique that involvés usually of the same order or greater than the acoustic
the pulse-echo methods of laser picosecond acodstithke  wavelength (typically a few tens of nanometdrshese
penetration of hot carriers perpendicular to metal surfaceshanges are related to the acoustic strain in a complex way. It
when excited with an ultrashort optical pulse has been showis therefore difficult, in general, to resolve the strain pulse
to broaden the phonon pulses generdtédser acoustics shape by monitoring only the optical reflectivity signal in
studies with nanosecond or sub-nanosecond temporal resoliaser picosecond acoustics.
tion in crystalline Ge and G&, _,Se have demonstrated that  In this study we have prepared a thin slabmefloped
carrier diffusion similarly affects acoustic generation in GaAs bonded to an acoustically mismatched substrate to
semiconductor&® However, there have been no studies ofovercome the first set of problems. In addition, by using a
the effect of carrier diffusion on acoustic generation in semitwo-color pump and probe technique combined with an in-
conductors with picosecond time resolution. This is unfortu-terferometric dual-signal detection scheme in which both the
nate in view of the pressing need for such studies to suppoudptical reflectance and phase changes are monitored, we
industrial development in quantitative nondestructive evaluhave succeeded in probing in a crystalline semiconductor
ation of integrated circuits or semiconductor nanostructuressample the effect of hot carrier diffusion on the acoustic-
There are also possible applications in the field of GHz-THzstrain pulse shape generated by sub-picosecond laser pulses.
acousto-optic modulation in ultrahigh speed semiconductolfhe results suggest that the frequency of the generated
devices. Moreover, probing carrier diffusion on ultrashortacoustic pulses can be controlled by varying the doping con-
timescales from acoustic measurements provides an interestentration.
ing perspective on the time- and space-dependent nonequi- We use the photon excitation energy=3.3 eV (wave-
librium carrier distribution, because it allows depth profiling length 375 nmin order to localize the optical absorption to
of the carrier penetration into the bulkDespite this funda- within ~10 nm of the surface. Frequency doubled optical
mental and practical interest previous laser picosecongump pulses of duration-200 fs and average beam power
acoustics experiments with semiconductor thin films in-3—6 mW are derived from a mode-locked Ti:sapphire laser
volved complex GaAs multilayer geometries, and were nowith an 82-MHz repetition rate. These excite phonon pulses
designed for the investigation of carrier diffusith® in a 2.6 um slab of (100 n-doped GaAsSi doped to 1.3

There are several challenging experimental problems rex 10'8cnr). To make the sample a piece of a GaAs wafer
lated to such studies of carrier diffusion in crystalline semi-was attached by a 0.7bm layer of ultraviolet-cured adhe-
conductors on picosecond timescales. First one must ovesive to a glass substrate and then mechanically polished. De-
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27 I I I T T absorption depth. The phase changig(t) also includes a
o contribution equal to- 47 6z/\, wheredéz~1 pm is the out-
Py ECHO 1 ECHO 2 ward displacement of the free surfét€:**This contribution
2 0 REL. AMPLITUDE CHANGE p corresponds to the raised portion in the center of the echoes
I L I l L in 8¢, indicating that the phonon pulse duration20—-40
' PRoéE {PUMP' ! ' ! ps (with a frequency~15 GH2. In contrast, the variation
10 |-, BEAM ' z - p(t), independent of the surface displacement, is not sensi-
SPLITTER DIEZOELECTRIC tive to the exact duration of the strain pulse. Although the
sl ] | echo duration is broadened by the probe optical penetration,
1 PHOTODIODES this turns out to be an advant_age in the signal analysis be-
N — cause it allows a clear separation of the effects of the photo-
= 6+ - W[L i elastic effect and the transient surface displacement.
2e} SAMPLE N ON i (i ] Strain generation depends on the optical excitation of
iy 5 4 . S
) PULSE electron-hole ¢-h) pairs, a plasma of density with excess
— 4 11 energyE-E4 (Eg=1.43eV is the lowest direct band gap at
| room temperatupe While diffusing these hot carriers relax
ol | within a few picoseconds to the region of the conduction-
band edge(the I' point), releasing this excess as thermal
PHASE CHANGE 8¢ energy. Subsequent evolution depends on the delayed heating
0 b4 ) I | | . 3 through bulk and surface recombination and on further car-
0 500 1000 1500 2000 2500 rier and thermal diffusion. At low plasma densities
(~10%cm 2 here and for timescales-10 ps over which the
DELAY TIME (ps) acoustic-phonon pulse generation occdrs,
FIG. 1. Changes im (upper graphand 6¢ (lower graph, the ON PN (1- Ro)

If(tyexp( —2/{), (1)

real and imaginary parts of the relative variation in complex reflec-
tance or/r, respectively, as a function of delay time for a pump

fluence of 0.916 mJcnf. The e>_<perimen_ta|_ cpnfiguratiqn is also where, at the surfac®dN/dz=SN. HereD is the ambipo-
shown. The inset shows theoretical predictiofisthe strain pulse |5 it sion coefficientC the volume specific heaR,, the
temporal variation foD =0; (ii) the strain pulse temporal variation pump reflectivity,S the surface recombination velocity, and
for D/v{=5; (iii) the temporal variation of the particle displace- . 2! L . o
ment corresponding t6i). Graphs(i) and(ii) have the same verti- If(ﬁ.) tlee Z]ttiﬂsnly Vafrllatlon of thedoptttgcaljpulﬁéét) IS no][
cal scale. The experimental data were taken with 9 and 2 scans gpalizea. e lowfluences used, the dependence ot con-
the delay line respectively, each scan taking 100 s. stants(such asD or ) on N or temperatl'JreT' can be ne-—
glected. In GaAs the surface recombination velocity is

layed infrared probe optical pulses of photon energy 1.65 eWypically subsonic, and should have a negligible influence
(wavelength\ = 750 nm) of similar optical pulse duration de- ©n sound generation, so we takdl/9z=0 at the surface
rived from the same laser are used to detect transient chang€&=0). This assumption is examined later in this paper. Bulk
in reflectance and phase in a Mach-Zehnder interferometdecombination can be ignored for the timescales appropriate
arrangement shown in Fig.*¥ Both pump and probe beams here.
were focused to the same35 um diameter spot at-10° In cubic semiconductors the fast relaxation of the plasma
incidence. We monitorp= SR/2R and optical phasess,  to0 the conduction-band edge sets up an initial isotropic stress
whereR is the reflectivity. The phase change is obtained ~ given by the sum of the thermal stress and the electronic
using the difference between the signals from theStress arising from the hydrostatic deformation potential
photodiodes® The relative amplitude change and phase *JEq/dp. For the nonpiezoelectrically active00) direc-
changed¢ are related to the complex reflectancey or/r  tion in GaAs,
=p+i5¢.13'14

Two acoustic echoes can be seen in the data famd 6¢
in Fig. 1, for an incident pump fluende~0.016 m Jcm 2.
These echoes are superimposed on a slow background varia- . . )
tion caused by thermal diffusion. The difference between th&vhereB is the bulk modulusp is the linear thermal expan-
first and second echo amplitudes is consistent with the acougion coefficient, and wherdl, T, and o; in this equation
tic reflection coefficientr ,.~—0.6 at the GaAs-adhesive refer to a time just after carrier relaxation to the conduction-
boundary(as expected from estimates based on literature valPand edge. On timescales that are short compared to the
ues of acoustic impedange3he echo shapes were indepen-Sound propagation time across the optical spot diameter
dent of fluenceé over the range 0.008—0.016 m J chstud- (~2-5 ns, a longitudinal stress pulse is created traveling
ied. The oscillations, at frequencyn2/A~47 GHz (n the ~ Perpendicularly to the surface:
probe refractive index ang the longitudinal sound velocity ) )
arise because of the photoelastic effé€he echo duration is 5L33: ﬂ: 22 +B a_Eg ﬁjL ﬁﬂ )
~2¢y/v~=250ps, where/y~600nm is the probe optical- gz PogZ ~ POV 572 p 9z iz’

PR _+—
o Pz (C

JE,
011= 0= 033= — B%N_333(T—To),
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wherep, is the densityu=u(z,t) is the ultrasonic displace-
ment, ando;y(z,t) is the longitudinal strese=0 at the sur-
face. A knowledge ofN(z,t) andT(z,t) allows the acoustic
strain pulsenas(z,t) = du/dz to be calculatedT (z,t) is gov-
erned by thermal diffusion with source terms due to the spa-
tiotemporal variation of the carrier energy. In contrast to the
case for Si and G&°the electronic and thermal strains have @5
the same sign in GaAs, and their ratio is approximately
(9Eq4/dp)CI[3B(E—E4)]~5.8 [where  JE,/dp~9

x 10 teVv/Pa(Ref. 17]. It is therefore reasonable to ne-
glect the thermal strain here. Carrier diffusion should
broaden the acoustic strain pulse according to the value of
D/v{, where( is the optical-absorption depth for the pump

P

HANGE 104

2 L
ROEA i

; . 3

light, in a way exactly analogous to the case for thermal SO AT
diffusion in the absence of electronic strdifthe analytical oL 0 0 0 1 100 0 100 i
solution of Egs.(1) and (2) for the strain pulseznss(z,t) TIME (ps) L, TMEGY)

= 035(2,t)/ pov? in this case for the short optical pulse dura-
tion limit and when the strain pulse has traveled into the bulk
of the solid is given b{f

PHASE CHANGE 104 8¢ ~ AMPLITUDE

733(6) 1 Moow 1,
= - = <
7o .y M+1e 2e for <0,
| 1 ]
1 M R -
=~ | {eg/M erfc aIM 200 100 0 100 200

DELAY TIME (REL. TO CENTER OF ECHO) ps

for >0, FIG. 2. Changes ip (upper graphand ¢ (lower graph as a
function of delay time, for a pump fluence of 0.008 m J¢émfor

where 9= (vt—2)/{, M=D/v{ and 7y= B(ﬁEg/&p)F(l the first acoustic echo. The solid curves corr(_espond t_o experimental
—Ro)/(Eg”povz). Calculations based on this equation ared?ta _and the dotted curves to theoretical fits that include carrier
shown in the inset of Fig. 1: the temporal forms of the straind'ﬁus'orl (B/v¢=5) and the eﬁec_ts of 5“”?“’7’ roughness and non-
pulse shape fofi) D=0 and (i) D/v¢=5 are shown to- parallellsm =7 ps).. The theor.etlca.I pIo}s in inset A correspond to

N . S - .., fits to p and 8¢ that include carrier diffusion onlyl¥/v{=5). The
gether with(iii) the displacement variation associated with

. T . . theoretical plots in inseB show(i) the photoelastic contribution to
the strain pulse fOD_lyg_S' (This value O_fD is found Iat%% ¢, (ii) the surface displacement contribution 86 [on the same
For D=0 the strain pulse has a duration2{/v~6 ps>

- ’ . " ] scale agi)], and(iii) the effective temporal variation of the strain,
Carrier diffusion distorts the shape and leads to an increaseg corresponding td/v¢=5 andr=7 ps. The experimental data

duration. Oncersy(z,t) is known, p(t) and 5¢(t) can be  ere taken with 2000 scans of the shaker.
calculated from the known photoelastic constants and from
5z(t) =  n34(z,t)dz according to the equation*

1
—MeM?erfcyM 6} + Ee*

to D=3.3cnfs }, using the known photoelastic constants

Sr dn/d»=2.8 anddx/d#=2.6 (and with probe refractive in-
+ =ptidp=—2ikeoz dex n+ix=3.76+0.1i).1° The calculatedp(t) and 5¢(t)

curves are shown in the insatof Fig. 2. The agreement for

N 4ikon dn (= p(t) and the wings of theS¢(t) variation indicate that the

. 733(Z,t)exp(2ikghz)dz, (dn/d7)/(dx/d7) ratio is accurate. But, in contrast to ex-

periment, the central portion of the predictéd(t) variation

where i=n+ik is the probe refractive index an#;  contains a sharp spike.
=2m/\ is the free space probe wave vector. In general, the This sharp spike is not significantly changed if the finite
strain field 733(z,t) contains components traveling in both duration of the optical pulses is included in the model. How-
the +z and —z directions when the strain pulse is being ever, a smoothing effect would be expected if the sufice
reflected from the surface. of the sample were rough or inclined as in a wedge. To check

To facilitate an accurate comparison of theory and experithis possibility separate atomic-force microscope measure-
ment we have taken careful measurements of the first echments were carried out. We measured a root-mean-square
shape aF~0.08 m Jcnt using an optical delay line incor- surface roughness of 5 nm for the top surfaceich greater
porating a shake as shown by the solid curves in Fig. 2 than the value~0.5 nm found for the as-manufactured bot-
(with the background variation subtracietdsing onlyD/v¢  tom surfac¢ and a wedge anglé=0.33 mrad. We estimate
and asingle arbitrary multiplicative scale factor as variable that this results in the requirement for a convolutiorp6f)
guantities, we obtain through simultaneous least-squares fignd §¢(t) with a Gaussian temporal smoothing function
ting to p and 8¢ the optimum valu®d/v{ =5, corresponding with ;=5 ps FWHM (full width at half maximumn to in-

(1-R%) d7y
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clude the effect of surface roughness and witk-3.5ps to  Where D, is the (majority) electron diffusivity andDy,
include the effect of nonparallelisf. Taken together we (<De) is the(minority) hole diffusivity, u. n is the mobility,
would expect ar=(72+72)">~6ps FWHM Gaussian and use has been made of the Einstein relatipng,
smoothing of the echo shape. We repeated the least-squarg€ Pen/KT. For the present donor densityDZ has been

; -117 ; ; ;
fitting with both D and 7 as variable quantities, and find the found in the range 3-12 cfs*,*" not inconsistent with our
optimum valuesD/v¢=5 and =7 ps, in good agreement derived value. The model we used does not account for the

with the estimated value of. The results are shown by the ETECts of near-surface electric fields a_r%d the complex carrier
dotted curves in Fig. 2. The sum of the mean-square devia?ﬁ/nam]lccstowmgtto mterva:ley_sE?ttefp gthtarI?mg r(]enher of |
tions was decreased by 25% compared withO and the ese factors Into account Might afiect e phonon puse

| Kin the th ical f : h -~ shape, although it is difficult to see how such short time
central peak in the theoretical fit @p(t) is much reduced in  ,rocesses could significantly affect a phonon pulse duration
height. Moreover, the predicted absolute magnitude is of th

T : i 25 ps. We also expect corrections due to the effects of
correct order(For example, the echein Fig. 2 is predicted, 1, ise broadening from frequency-dependent acoustic attenu-

including the effect of the probe beam size, to have a maXixtion to be negligible for our frequencies and propagation

mum  height of ~2x10"° compared with % 10™° ob-  gistancel® Furthermore, calculations of the pulse shape in-
served) Fits from three different sets of data all gave opti- | ding surface recombination did not improve the fits or
mum values of D/v{ in the range D/v{=5*1, changeD 2.
corresponding to hot carrier penetration to a distanaé In conclusion, we have measured, to the best of our
~120nm into the solid, wherdt~25ps is the FWHM  nonledge, for the first time in a crystalline semiconductor
value of 5z(t). In the insetB in Fig. 2 we also showi) the  the effect of hot carrier diffusion on the acoustic-phonon
photoelastic contribution té¢, (ii) the surface displacement pulse shape generated by subpicosecond laser pulses. The
contribution tod¢, and(iii) the effective strain pulse shape experimental acoustic strain pulse shapes in GaAs can be
for D/v{=5 and7=7 ps. - _ _ guantitatively understood on the basis of a model of ambi-
The value of the ambipolar diffusivity required to fitthe  pojar carrier diffusion into the bulk of the solid. The experi-
results is significantly less than }he valDe=12cnfs *for  mental conditions are well suited to probe the diffusion of
intrinsic GaAs forN=10"cm™2* This value ofD would  |ow-density electron-hole plasmas on sub-picosecond and pi-
lead to a strain pulse duration twice that derived here. Howggsecond timescales and on length scal@®—100 nm, and
ever,D is smaller at finite donor densities: at our relatively fyrther measurements with different doping should show a

low values ofN, phonon pulse duration dependent on doping concentration.
In the future it would be interesting to probe the role of the
#eDnt #nDe  2DnDe transient populations of different regions i ith
- = ~2D;,, ransient populations of different regions knspace wi
Met mn Det Dy measurements at different optical wavelengths.
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