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Measurement of silicon surface recombination velocity using ultrafast
pump—probe reflectivity in the near infrared
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We demonstrate that ultrafast pump—probe reflectivity measurements from bulk Si samples using a
Ti:sapphire femtosecond oscillatorh€800nm) can be used to measure the Si surface
recombination velocity. The technique is sensitive to recombination velocities greater than
~10cmsl. © 2000 American Institute of Physid$0021-89780)05222-1

Carrier dynamics in Si are predominantly governed bytivity signal being sensitive only to changes in the carrier
the bulk relaxation timerg, the surface recombination ve- density very near the surface. Thus, the technique is suitable
locity (SRV) S, and the carrier diffusivityD. In order to  for measuring the SRV at one surface of a macroscopically
measure these parameters a number of purely opticdhick sample, such as a commercial wafer, in contrast to
techniques—photomodulated reflectivitfPMR),> free- FCA, uPCD, and PTR, which are sensitive to the SRV at
carrier absorptioliFCA),>~* microwave photoconductive de- both surfaces of commercial wafers.
cay (uPCD),°> and photothermal radiometryPTR)® have The pump-probe reflectivity measurements were carried
been developed. The latter three of these techniques, whid@Ht with 25 fs pulses from a Ti-sapphire oscillatBriNor-
measure the total number of excess carriers in the sampl@ally incident, chopper-modulated pump pulgéisencef,
(generated, for examp|e, by a pu|sed or harmonica"y modu?lzs mJ Crﬁz) result in an Inltla”y excited near-surface
lated pump lasérbecome increasingly less sensitive to thecarrier density of~3.5x10'* cm™*. The phase-sensitive-

SRV as the SRV increases. This is easily seen by considerirfigtected probe beam signal, derived from 33 times weaker,
the upper limit & d2/#2D) of the SRV contribution to the time-delayed praobe pulses, is proportionalAB/R (R is

effective (measured relaxation rate, which is valid fos ~ the reflectivity, which is ~3x10"* immediately following

>40D/d, whered is the thickness of the sample being €xcitation by the pump.

measured.For a typical Si wafer thicknest=0.05cm and a In Fig. 1(a) we show the time dependent reflectiviFy sig-
diffusivity of 10 cn?'s %, we have an upper limit on measur- nal from several $100 samples(cut from commercially

able SRVs of-10° cms . For the PMR technique, the sen- manufactured wafers of 1 mm thicknesg which were cho-
sitivity to large SRVs is limited to a similar range by the sen to illustrate a wide range of SRVs measurable with the

. . T : hnique. Curve A was obtained fronp-type
typical modulation-frequency limit of- 10° Hz. Experimen- present tec d . . mp
tZlIFI)y SRVSs on Si surf(;ces ryange between O(.Ré?. 8 and (0.036 L cm) Si(100 sample with the native oxide layer

L 7 1 present on the surface, while curve B was obtained from the
the thermal velocity limit of ~10’cms . These largest . : . .
same sample aftea 1 min etch in HF acid, which removes

SR.\/s'have bgen inferred from ultrafast two-photon p,hOtO'the oxide and terminates the Si surface dangling bonds with
emission studie$.As a compliment to these four optical

techni_qges, it is desirable to have an clp)ltical probe with goo@ample(l.SSQcm}, also after an HF etch. At present it is
sensitivity to SRVs greater than 16ms %, unknown as to why the two samples exhibit such different
Here we demonstrate that picosecond pump—probe r&ufectivity signals after the HF etch, although it may be re-
flectivity using a Ti:sapphire oscillator operating at a wave-jaeq to near-surface defects which impact the ability of the
lengthA =800 nm is a sensitive probe of large SRVs on Si.jy a1oms to saturate the Si surface dangling bonds. Variations
With this technlque_ a pump pulse excnes electro_ns from _th@n the SRV of HF dipped samples have been previously
valence to conduction band. Dynamics of the excited carriergoted* Nonetheless, it is clear that the decay in reflectivity is
are then followed by monitoring the time-dependent reflecjgnificantly altered as a result of surface processing and can
tivity of the sample using a much weaker probe pulse. Thghys be linked to the SRV. As evident in Fig. 1, the initial
sensitivity to surface recombination using 800 nm light isyeflectivity drop is followed by recovery back towardr
due to the combination of a. |arge.eXCItatI0n de@'ﬂQS,um) even past, in the case of Curve the prepump reﬂectivity
of the pump pulse combined with a small effective probeyajue. As we show below, the recovery in reflectivity is di-
depth (=17 nm of the probe pulse. The large excitation rectly related to the SRV, with curvéa), (b), and(c) char-
depth results in negligible contribution to the near-surfacexcterized by average surface recombination velocities of
carrier dynamics from diffusion into the bullon a 100 ps  2.7x10% 2.4x10°, and 1.1% 10° cms ?, respectively.
time scalg, while the small probe depth results in the reflec- In order to analyze the reflectivity changes we adopt a
model previously used by several researchers to describe the
3Author to whom correspondence should be addressed; electronic maifime-dependent optical properties of'8i? This model con-
rife@cc.usu.edu sists of one-dimensional coupled diffusion equations for the

H atoms. Curve C was obtained from artype S{100
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FIG. 1. Time dependence of the reflectivitp) Measured(solid) and cal-

culated(dashed reflectivity changes from three different Si surfaces. Cal-

culated curves A, B, and C correspond to SRVs of1®*, 2.4x 10°, and
1.15x 10° cm s7%, respectively(b) Calculated reflectivity changes for SRVs
ranging from 16 to 10 cms*. The maximum change in reflectivity is
normalized to—1.

excited carrier densitiN(z,t) and temperaturd(z,t) (both
of which affect the reflectivity as described below
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wherez is the distance from the Si surfadds the time, and
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wherehv=1.55eV is the photon energyg,=0.33 is the
normal-incidence reflectivityT, =300K is the lattice tem-
perature before arrival of the pump pulse, afid= \/47k
=9.8um is the reciprocal of the attenuation coefficient.
[Herek is the imaginary part of the complex index of refrac-
tion A=n+ik=3.695+i 0.0065''] These initial conditions
correspond to the state of the system immediately after ther-
malization of the excited carriers with the phonons, which
occurs within a few hundred femtoseconds after excitation
by the pump pulsé®

Equationg1)—(4) were numerically solved over the time
scale of the experimental data shown in Fig. 1. Rhdepen-
dence ofDy was taken to be that derived by Fletcher,
Dn(N) ~t=Dg '+ (N/A)In(1+(B/N)?3). Here D,
=18cnts ! is the low density limit of the diffusivity and
A=7x10"%cm 1s ! and B=0.54x10"%cm 3 were ad-
justed to match experimentally determined diffusivitiés.
Parts (a) and (b) of Fig. 2, respectively, show calculated
values ofN(z,t) andT(z,t) as a function ofz for various
delay timesAt=t between the pump and probe pulses for
f,=1.25mJcm? and S=3x10°cms 1. As shown in Fig.

2 surface recombination depletes free carriers at the surface,
which produces a sharp density gradient in the near-surface
region. This density gradient produces net transport of carri-

ers toward the surface, which continue to recombine there.

Concurrently, the surface recombination produces a tempera-
ture rise at the surface, which diffuses into the Si.

Note that the relatively small attenuation coefficient
[=(9.8 um)~ 1] for the pump pulse means that the initial
density gradient is very small on the scale of the near-surface
gradient produced by a SRV of@10° cms . Hence, dif-
fusion of carriers into the bulk on the time scale of the ex-
periment is negligible and thus plays a minor role in the sub
100 ps near-surface dynamics. From E@.and (4) it can
be shown that the SRV induced gradient will be larger than
the pump-pulse induced gradient forS>Dy/4,
~10*cms . For S<10* cm st diffusion into the bulk be-
comes as important as surface recombination in decreasing
the carrier density in the near-surface region. Thus, recom-
bination velocities greater tharr10*cms ™! can be deter-

Dy is the ambipolar diffusivity, which depends on the free- mined.

carrier concentratiolt and D+=0.88cnfs * (Ref. 14 is
the thermal diffusivity of St° In general, Eqs(1) and (2)
must also include bulk recombination terfhslowever, on

The second factor that makes the technique sensitive to
the SRV is the fact that the effective probe de@lfpe
=NA4mn=17 nm(Ref. 19 is very small on the length scale

the time scale of 100 ps for an excitation density of 3of the SRV induced gradient iN. Hence,AR/R only de-
X 10'cm™3, these bulk recombination processes are neglipends on the carrier density at the surface. Thus, to calculate

gible in high-quality crystalline Si® Equations(1) and (2)
are coupled through the boundary conditions

Cc JT7
=—Di—
Eg Jz

: )

z=0

s 0N
N(O:t)—DNE

z=0
where S is the SRV,E;=1.12eV is the band gap, ard

=1.64Jcm3K ! the volume specific heat. The initial con-
ditionsN(z,0) andT(z,0) are given by

the time dependent reflectivity changes we need only con-
siderN(0t) andT(0y).

The dominant contribution tAAR/R is from N(O;),
which produces a free-carrier intraba(@rude term in the
dielectric function ED(N):i(wp(N)/w)z[wT/(l—in)].
Here wrz,(N)=47-rNe2/m* is the square of the plasma fre-
qguency, where is the electron charge amd* =0.153n, is
the optical mass (m, is the electron magsw is the laser
frequency; and~100fs is the free-carrier scattering tirffe.
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or holes from the surface, thus decreasing surface recombi-
nation as a function of time. Both of these possibilities,
which are currently being investigated, have been suggested
from time-resolved photoemission measuremé&hts.

In summary, we have demonstrated that carrier dynam-
ics probed with real-time reflectivity on picosecond time
scales by 800 nm radiation is a sensitive probe of surface
recombination at Si surfaces. The technique is a useful

A ' ' ' ' are not present in the modehay drive either the electrons
B

Nzt (10"%em™)

—_
YT TR TR TR T T

bridge between slower optical techniques, which probe
(a) 0 TR - smaller SRVs and ultrafast photoemission techniques, which
0 t(ps1)°° are more sensitive to occupied surface states rather than free
0 L carriers in the bulk:?*
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