REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 1 JANUARY 2003

Spectroscopic photothermal radiometry as a deep subsurface depth
profilometric technique in semiconductors
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The theoretical and experimental aspects of spectroscopic photothermal radidRiER)y of
semiconductors are presented and the potential of the technique for depth profilometry is
established. A three-dimensional model of the PTR signal from a semiconductor excited by light of
arbitrary optical penetration depth is presented. Numerical simulations of the PTR response to the
electronic transport parameters and the optical penetration depth of the excitation source are
presented. Intensity-modulated frequency scans and two-dimensional surface scans at fixed
frequencies have been performed at several different absorption depths on a Si wafer with various
degrees of mechanical damage introduced to either the front or the back surface. The electronic
transport parameters obtained from fitting the frequency scans to the theoretical model and analysis
of the experimental curves show that while the surface recombination velocities extracted from the
fits do not vary significantly with excitation wavelength, the carrier recombination lifetime and the
overall sensitivity of the photothermal radiometric signal to spatially localized damage is strongly
influenced by the proximity of the injected excess carrier density centroid to the defect location.
This correlation between the sensitivity of the PTR signal to a localized defect and the proximity of
the injected carriers to the defect demonstrates the potential for spectroscopic PTR as a depth
profilometric technique for semiconductors. ZD03 American Institute of Physics.
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I. INTRODUCTION exciting radiation, and thus determine the potential for the

] ) o .. application of spectroscopic photothermal radioméRYR)
The correlation between carrier recombination I|fet|met0 depth profilometry of semiconductors.

and defect/impurity concentration in silicon has led to life-
time being used as a general measure of quality in the semi-
conductor industry. The numerous techniques that have been
developed to monitor lifetime record the average recombinall- THEORETICAL MODEL
tion lifetime of the excited carners._The h'gh defect de_nery The theoretical aspects for three-dimensional infrared
near the surface generally results in a higher recomblnatloB L -

TR for a strongly absorbed incident radiation have been
rate at the surface compared to the bulk of the sample and . - . . .

. . . established previouslyand are extended in this article to
has led to the use of the following expression to describe the . . _
measured effective lifetimb: accoun.t for an arb|tr:_;1ry e}bsor_ptmn. coefflueﬂ()\). _The

' model is presented briefly in this article with a detailed de-
scription left for a future articlé.
Tett = Thulkt Tsurtace 1) The transport of thermal energy and electronic carriers in
an electronic material excited by a modulated source can be
In order to account for the spatial distribution of injected described by the temporal Fourier transforms of the heat con-
carriers it would be more accurate to introduce weightingduction and Boltzmann transport equation, respectively.
factors to each mechanism. Exciting carriers well within the"€S€ coupled diffusion equations with the appropriate

bulk of the material should decrease the influence of th&oundary conditions can be solved in Hankel space to deter-

surface recombination on the measured recombination lifeMine the complete PTR signal. Assuming a Gaussian shaped

time and allow values more representative of the bulk life-€xCitation source and an isotropic material, despite the crys-
time to be obtained. Similarly, a strongly absorbed excitatioff@/lographic structure of silicon, the solution can be inte-

source should produce a measured lifetime that is morgrated over the depth of the wafdr, to yield the Hankel
strongly affected by surface conditions. transform of the carrier-density-wave fieM(r; w):

The aim of this study is to investigate the dependence of (1—e &by
the sensitivity of the photothermal radiometric signal to spa- N(qg;w)=E(Q) ; [Ci(q)+Cy(q)e %]
tially localized defects on the absorption coefficient of the e
(1—e A
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where §§=q2+(1+iwr)/Dr, g is the variable in Hankel N @)
space resulting from the transformation, and the coefficients F'O‘L'ftz
E(q), C1(q), andC,(q) are functions of the absorption co- (g2 Fe5kHz ey
efficient, B, the incident powerp, the reflectivity, R, the 3
light frequency,v, the beam radiusy, the carrier recombi- -] coseemy  BNIT —y—v—y—
nation lifetime,r, the carrier diffusivityD, and the front and a F=50kHz ’ DSOS
back surface recombination velocitie$, andS, . g 10°]
Similarly, the Hankel transform of the thermal-wave &
field, T(r;w), is found to have the form: <
—8-514 nm
Hqoy=p, 18D A-e) o
g,w)=B; -B, 1074 810 nm “m
& & —¥—950 nm ®unag
(1—e ¢ (1—e ¢ 10"' 1(I)" 1;)" 1;)' '1"67 1|0" "1'21‘ '1';)5 10°
*Bs &e *+Ba &e e FSRV [m/s]
(1_ e_BL) 190 s—e—s—a-t=t=U=jz <FYv-—v-vv-v-v-v-v-v (b}
+ BS T' (3) 170 F=01kHz '.:*: ;IQ.‘::‘A-A—A—A—A—A—A
000000
where£2=g?+iw/a and the coefficient8; throughBg are 160 4 - .
functions of the thermal diffusivityg, the thermal conduc- 150.] ‘gsﬂf-ni"‘»if:.: Tree
tivity, k, the band-gap energf, as well as the parameters o = | o . Srereee
present in the electronic coefficients. The complete PTR sig- £ 1404 ‘x‘ .
nal is found by taking the inverse Hankel transform of the § 120 e oy
above expressions and integrating over the effective detector Fe5hi ;( v
area. 120 ¥
4".{
lIl. NUMERICAL SIMULATIONS " seaat
. F =50 kHz

The theoretical model has been used to simulate the PTR 100104' Tt 10 100 1k 10t 10t 1 10
signal over a range of frequencies suitable for the character- FSRV [mis]
ization of silicon(10 Hz—100 kH and for absorption depths o _ _
of 0.68, 4.9, 10.7, and 33,4m, which correspond to excita- F'C: 1. Numerical simulations of the PTR amplitu@® and phaseb) at
. . 0.1, 5, and 50 kHz as a function of front surface recombination velocity for
tion wavelengths of 514, 710, 810, and 950 nm, respectivelyaycitation wavelengths of 514, 710, 810, and 950 nm.
A sample thickness of 67apm and a beam radius of §dm
were used for all simulations and, unless otherwise noted, the
transport parameters were taken as:1 ms; D =25 cn?/s; tude. The wavelengths with shorter absorption depths are
$,=300 cm/s; S,=600 cm/s; C,=1X 10 ?° a.u.; andC, more strongly affected by this enhanced surface recombina-
=150 a.u. The ability of PTR to uniquely determine thetion leading to a divergence of the PTR amplitude curves
transport parameters has been previously estabfished from the various absorption depths as the diffusivity de-
will not be discussed in this article. The purpose of the simucreases. The separation in the PTR phase is relatively slight
lations presented in this article are to investigate the expectetbmpared to that of the amplitude.
sensitivity of the PTR signal to each of the carrier transport ~ The front surface recombination velocilyfSRV) affects
parameters as the optical penetration depth of the excitinthe amplitude and phase of the PTR signal across the entire
radiation is increased. frequency range of intere¢Fig. 1) and the variation of the
Simulations over a range of lifetimes from & to 10  signal with increasing FSRV is strongly dependent on the
ms show that the there is no significant spectral dependenabsorption depth of the excitation source. Lower carrier den-
on the influence of lifetime on the PTR response. Neither theities due to higher FSRVs result in lower amplitudes at all
saturated amplitude at low frequenciggich thatw7<<1) frequencies and the decrease in amplitude is clearly much
nor the position of the characteristic bendat~1 is af-  greater for shorter optical absorption depths. The PTR phase
fected by a change in the optical penetration depth. at very low FSRV is dominated by the electronic signal and
The influence of the carrier diffusivity on the PTR re- has essentially no spectral dependence. As the FSRV in-
sponse is, however, affected by the optical absorption deptltreases the phase lag decreases as near-surface carrier re-
While there is no spectral dependence of the PTR amplitudeombination increases and shifts the carrier centroid nearer
at high diffusivities, wavelengths with longer absorption to the surface. While the phase saturates for the longer wave-
depths exhibit higher amplitudes at lower diffusivities. Al- lengths, the lag of the more strongly absorbed wavelengths
though decreasing diffusivity lowers the number of carriersthen begins to increase due to the increasing prevalence of
leaving the field of view of the detector generally leads to arthe thermal contribution from the surface recombination. The
increase in the PTR amplitude, enhanced surface recombin&TR signal is clearly expected to become less sensitive to the
tion resulting from lower diffusion away from the surface quality of the front surface as the absorption depth increases.
has the opposite effect and tends to decrease the PTR ampli- Although the results of the FSRV simulations would sug-
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gest that changes in the back surface recombination velocity 107 =
(BSRV) would have a stronger affect when using deeper pen- SAAAAMAMAM S aa et
etrating wavelengths, the increase in the absorption depth for 0 T,
the chosen wavelengths is relatively small compared to the . '\“‘
thickness of the wafer, and the PTR signal sensitivity to the < . ““““A‘uuuﬂ‘ "
BSRV exhibited no spectral dependence. ® “u“
% 10k . 514nm experiment g v‘"‘l__
€ ® 710nm experiment
IV. EXPERIMENTAL RESULTS = v Si0nm experiment
' — 514nm Fit
The experimental setup for PTR measurements has al- [
ready been reportetin order to perform spectroscopic mea- = g50nm Fit o )
surements, the excitation source must be a tunable (asgr 10" 10° 10° 10° 10°
an Ar" pumped TiSa lasg¢rcapable of producing wave- Frequency [Hz]

lengths that range from strong surface absorption to deep
bulk penetration in Si. The IR emissions from the sample are
focused onto a liquid nitrogen cooled HgCdTe detector and
the signal is demodulated using a lock-in amplifier.

The sample used for this investigation was a thermally 160
oxidized, boron dopeg-type Si wafer with a resistivity of
200 cm=p=<40Q cm, a thickness of 67%um, and one
polished surface. Mechanical damage (5 m&mm) of dif-
ferent severity was introduced in two spatially distinct re-
gions, referred to as the high-level damage and low-level
damage regions, on the bare surface using silicon carbide
paper(No. 800.

180

Phase [deg]

140 -

120 bt o assasl PP | P al NPV |

Surface maps (15 mm15 mm) were performed over 10' 107 10° 10 10°
both damaged regions at several frequencies for each of the Frequency [Hz]
wavelengths mentioned in Sec. lll. Frequency scans and

two-dimensional transverse scans were performed at eacfC- 2- PTR amplitudda) and phaseb) of experimental frequency scans
and theoretical fits with excitation incident on low-level damaged surface.

wavelength using excitation/detection from the polished sur-
face and from the bare/damaged surface in order to sepa-
rately investigate the effect of defects near the front surfacguency range. As the optical penetration depth increases the
and the back surface. slope begins to decrease and the amplitude “kneebat

Fits of the frequency scans with excitation/detection on~1 characteristic of the PTR signal from an electronic ma-
the polished surface show that the introduction of mechaniterial becomes more prevalent. Fitting results are not pre-
cal damage on the back surface affects not only the BSR$ented for these frequency scans because the tail at high fre-
but also the lifetime and that the effect on the lifetime isquencies of the more strongly absorbed wavelengths, which
more pronounced at the larger optical absorption depths. This most likely a result of the high degree of damage to the
PTR monitored lifetime on the intact waferisl ms at each crystallographic structure near the surface, prevents the ex-
wavelength considered. Introduction of the low-level damageperimental curves from being fit to the present theory. This
affected only the lifetime from the 950 nm scan, which was
reduced to 0.4 ms. Introduction of high-level damage signifi-
cantly decreased the lifetime at all four wavelengths, from 14 1
500 us for 514 nm excitation to 15@s for 950 nm excita-
tion, and again shows a correlation between penetration
depth and the influence of the deep subsurface defect on the
lifetime. Whether the defects are considered as surface de-
fects, which is not supported by the simulations that show no g 8- !167_5
spectral dependence on the BSRV for the wavelength range s 1 = 168.1

124

7168.7

of interest, or the defects are severe enough to be considerecs ©1 169.3
as bulk defects, it is clear that the measured lifetime is de- | }?3;2
pendent on the vicinity of the injected carrier centroid to the 171.1
defect location and can indeed be represented by a weighted L4
function similar to Eq(1). .ggg

The frequency scans on the region with low-level front
surface damage also show trends based on the excitation
wavelength(Fig. 2) The PTR signals resulting from the
shorter wavelengths exhibit an essentially thermal respons§g. 3. surface map of region containing 5 mir& mm high-level damage
as manifested by the strong slope throughout the low freen back surface at 1 kHz modulation frequency using 810 nm excitation.

X Axis [mm]
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strong evidence of the correlation between the location of anaps at the appropriate frequencies along with frequency
defect to the centroid of the injected carrier density and thescans at the appropriate wavelengths can potentially be used
defect’s influence on the PTR signal suggests that lifetimeso develop depth profiles over the entire wafer that could be
more representative of the true bulk lifetime can be obtainedised to characterize the material in all three dimensions,
by utilizing a deep penetrating excitation source. identify the location of subsurface defects and impurities,

The results of the two-dimensional surface maps of theand monitor the thickness of doping layers.
defects on the back surface are consistent with the simula-
tions; only the intermediate frequencies are able to image the
defect when using the PTR pha$eg. 3). A change in phase
at mterm_edlgte frequenme_s Wlth no change at high and IOWlD. K.SchroderSemiconductor Material and Device Characterizati@nd
freque_znm_es is a cr_laractenstlc unique to the back surface__re-ed_(wney‘ New York, 1998, Chap. 7.
combination velocity and the results demonstrate the ability?T. ikari, A. Salnick, and A. Mandelis, J. Appl. Phy85, 7392(1999.
of PTR to map BSRV by looking for phase variations in only 23 Eh%u%hnessy 2nt,iwA- (']\l/léll_ndgisl,:l AED:\-I_PF(lw:jbmitSei Carcin and Y

H H H . E. Rodriguez, A. Mandelis, . FPan, L. Nicolaiaes, J. A. Garcla, an .

the midfrequency range while scanning the sample. _ Riopel, J. Electrochem. Sot47, 687 (2000.

These results SUggeSt.that continuous Spectroscopic Meay, g, Rodriguez, A. Mandelis, G. Pan, J. A. Garcia, V. Gorodokin, and Y.
surements or a combination of two-dimensional transverse Raskin, J. Appl. Phys37, 8113(2000.
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