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The physical principles motivating the Z-scanning laser photoreflectance technique are discussed.
The technique is shown to provide a powerful non-contact means to unambiguously characterize elec-
tronic transport properties in semiconductors. The technique does not require modeling of charge
transport in the sample or a detailed theoretical model for the sample physics. Rather, the measurement
protocol follows directly from the simple relation describing the radial diffusion of carriers injected by
a laser source. The use of a probe laser beam permits an analytic parametrization for the Z dependence
of the photoreflectance signal which depends solely on the focal parameters and the carrier diffusion
length. This allows electronic transport properties to be determined with high precision using a nonlin-
ear least squares fit procedure. The practical use of the technique is illustrated by the characterization
of carrier transport properties in semiconducting p-n junctions. © 2018 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:#creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5050633

I. INTRODUCTION

The measurement of electronic transport properties in
semiconductors, namely, carrier diffusion lengths, recombi-
nation lifetimes, and mobilities, is a long standing problem in
many areas of physics and engineering. Moreover, evaluation
of these parameters is essential in the semiconductor manufac-
turing industry because semiconductor device performance
directly depends upon these electronic transport properties.'
The techniques used to determine carrier transport properties
may be divided into two classes: those requiring direct contact
with the sample such as four-point probe (4PP) and Hall effect
measurements; and non-contact methods such as surface pho-
tovoltage™ (SPV), photoconductance decay,” photolumines-
cence,” and time-resolved THz spectroscopy.®’ The main
advantage of the contact techniques is their standardization.®
However, direct contact with the sample risks damage and/or
contamination and can lead to misleading results. For example,
conventional 4PP techniques damage the sample and suffer
from inaccuracies caused by over-sampling of the underlying
substrate. These risks are avoided by non-contact techniques.
However, the interpretation of data obtained in non-contact
measurements often involves detailed theoretical assump-
tions about the sample.

In this paper, the recently introduced Z-scanning laser pho-
toreflectance technique’ is discussed and the technique is
applied to the measurement of electronic transport properties in
semiconducting p-n junctions. It is shown that the technique
provides a powerful non-contact means to evaluate electronic
transport properties while keeping theoretical assumptions to an
absolute minimum. Photoreflectance (PR) is a particularly con-
venient type of modulation spectroscopy, as it may be per-
formed at room temperature and only requires the sample
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having a reflecting surface.'” In PR, an intensity modulated
pump light beam is used to photo-inject charge carriers into a
semiconductor sample, thereby modulating one or more physi-
cal quantities (e.g., the internal electric field), resulting in the
modulation of the sample reflectivity. A second CW probe light
beam, coincident with the pump beam, is used to detect the
modulated reflectivity of the sample. The pump light is modu-
lated at a known frequency so that a phase-locked detection
circuit may be used to suppress unwanted noise, resulting in the
ability to detect reflectance changes at the ppm level. The mea-
surement signal consists of a vector characterized by an ampli-
tude and a phase. The amplitude is the induced AC change in
reflectance, often normalized by the DC reflectance, whereas
the phase is the relative lag of the reflectance change with
respect to the driving phase due to the interaction dynamics of
photo-injected carriers within the sample. PR spectroscopy has
been used to determine semiconductor bandstructures, internal
electric fields, carrier concentration, and other material proper-
ties such as crystallinity, alloy composition, and physical
strain.'" Laser photoreflectance (LPR) techniques comprising
the use of a laser probe beam in the conventional PR apparatus
are generally well-suited for use in semiconductor device manu-
facturing as they are non-contact and can be performed rapidly
with micrometer scale resolution.'
Under the experimental conditions used for conventional
PR, the signal arises from an electro-modulation effect.' >4
However, thermal and free carrier effects on the optical prop-
erties may also provide significant contributions to the PR
signal.'” In general, the PR signal may be expressed as a
superposition of electromodulation, carrier-modulation, and
thermomodulation components
OR OR OR
AR_@EAE+8NAN+8TAT’ (1)
where AR, AE, AN, and AT are the local variations in reflec-
tance, electric field, carrier density, and temperature, respectively.
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The vectorial nature of the electric field increases the diag-
nostic value of electromodulation relative to carrier- and
thermomodulation.'® However, since carriers in a typical
laminar structure are free to flow in directions parallel to the
surface (and therefore will continue to flow until any trans-
verse fields become zero), the electric field in a free-standing
sample is usually in the direction normal to the surface.
Thus, PR is typically a realization of surface-barrier electrore-
flectance.'®'” The polarization dependencies of the relevant
coefficients of reflectance (OR/OE, OR/ON, and OR/OT)
have been discussed in the literature.'®"”

More importantly, the dispersions of these reflectance
coefficients determine the modulation components that can
be realized at a given probe beam wavelength. For example,
the electromodulation coefficient arises from a third-order
nonlinear susceptibility and exhibits a sharp third-derivative
lineshape centered on the critical points of the semiconductor
bandstructure.'®!” Thus, the electromodulation component of
the PR signal can be enhanced by selecting the probe beam
wavelength at or very near the direct interband transitions of a
semiconductor material in the sample. The dispersion of the
thermomodulation component is also centered at the critical
points of the semiconductor bandstructure but exhibits a rela-
tively broad first-derivative lineshape.'®*” Thus, as a practical
matter, a range of wavelengths in the UV-VIS region of
the spectrum is suitable for the detection of thermomodulation.
Of course, at or near the critical points either the electromodu-
lation or thermomodulation component may be suppressed
by a zero-crossing of the respective coefficient.'®*° On the
other hand, the free-carrier coefficient is generally small in the
UV but is proportional to the square of the wavelength.'>""
Accordingly, the carrier-modulation signal is enhanced at
wavelengths in the near-infrared-infrared. In addition to deter-
mining the particular physical quantities that may contribute
to the PR signal, the probe beam wavelength determines the
depth over which such physical quantities are sampled. In
particular, the PR signal is weighted by ~ exp{ —z/6},
where z is the distance to the sample and 6 is the probe
absorption depth.'®?!?* Thus, variations in local physical
quantities occurring beyond the probe absorption depth
cannot directly affect the PR signal.

Other considerations such as pump beam wavelength,>
intensity,”* and modulation frequency” are also important.
This is due to the fact that the variations in physical quanti-
ties appearing on the r.h.s. of Eq. (1) are generally not inde-
pendent. For example, photo-injected carriers with energies
above the band edge will quickly thermalize with the lattice
via transitions to the bottom of the conduction band.?° Thus,
the use of pump beam wavelengths close to the bandgap will
operate to minimize the induced temperature variations. Prior
to recombination, an excess electron-hole density will exist
in the semiconductor.?® If the modulation period is shorter
than the recombination lifetime, the semiconductor cannot
relax to equilibrium. Thus, the use of high modulation fre-
quencies will generate a steady state excess carrier density.
Such an excess carrier density will also reduce any internal
electric field present in the semiconductor.'>'* The use of
high pump (or probe) intensities may similarly offset the
sample from equilibrium. These considerations are known in
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the art and have been provided to place the present work in
context. Specifically, it should be recognized that provided
the experimental parameters are properly chosen in view of
the semiconductor system under test and the physical param-
eters of interest, the principles of the Z-scanning LPR tech-
nique discussed here are wholly applicable to the determination
of transport properties associated with any of the modulation
components appearing in Eq. (1).

Despite the long-standing recognition that, at least in
principle, LPR techniques may be used to determine carrier
and/or thermal transport properties,”*>® LPR is not widely
used for that purpose. At the outset, determination of trans-
port properties from PR or other more commonly used tech-
niques such as SPV generally involves a theoretical model of
the sample physics. For example, analytic expressions for AV
(or AN) are typically obtained from the solution of a one-
dimensional (1D) differential equation for charge transport in
the sample.” Provided the measurement signal has an analytic
relation with AV, transport properties may then be deter-
mined from the measurement. However, only in certain limit-
ing cases are the desired transport properties directly related
to the measured quantities (e.g., SPV amplitude and phase).
Furthermore, in the three-dimensional (3D) limit, which is
encountered when tightly focused Gaussian laser sources are
used, the excess carrier density involves a Hankel transform
of the 1D solution and therefore must be treated numeri-
cally.? This exacerbates the problem of determining trans-
port properties by requiring case-specific numerical analyses.
A more direct approach involves measuring the LPR signal
as a function of separation of pump and probe beams such
that lateral diffusion may be spatially resolved.”” However,
the requirement of precisely controlling and metering the dis-
tance between laser spots complicates the experimental
design and operation. This has prevented the industrial use of
such transverse scanning techniques to date. An alternative
suggestion involves holding the pump-probe offset fixed and
recording the LPR phase with respect to the modulation fre-
quency,’ since the LPR signal will also depend on the mod-
ulation frequency due to the dependence of diffusion length
on the modulation frequency.”” However, the determination
of the optimal pump-probe offset for this type of measure-
ment remains an empirical challenge.

Il. THE Z-SCANNING LPR TECHNIQUE

The Z-scanning LPR technique provides a simple and
direct means to determine carrier transport properties without
the need to evaluate various physical quantities or scan the
pump-probe offset. Rather, using tightly focused Gaussian
laser beams for both the pump and the probe beams, the
modulated reflectance signal is measured as a function of
the longitudinal (Z) displacement of the sample from focus.
The laser probe allows the modulated component of the
reflected beam to be treated by the method of Gaussian
decomposition, thus enabling a direct evaluation of transport
properties.” The simplest focal geometry involves collinear
cylindrically symmetric beams directed at normal incidence
to the sample. A microscope objective mounted on a transla-
tion stage may then be used to control the distance of the
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focal plane from the sample surface. At each value of Z, the
modulated component of the retro-reflected probe beam will
also be a Gaussian beam with its beam profile determined
solely by the focal parameters and the (complex) diffusion
length. The reflected probe beam is collected and input to the
detector, thereby integrating over the transverse profile of
the reflected beam. This results in an analytic expression for
the Z dependence of the LPR signal in terms of the focal
parameters and the carrier diffusion length. Best fit values for
the diffusion length and recombination lifetime may then be
obtained directly from a nonlinear least squares fit proce-
dure.” Thus, the measurement protocol does not require
detailed modeling of electronic transport in the sample
(including the numerical solution required in the 3D limit) or
an interpretation of the physics underlying the LPR signal.
Furthermore, the treatment by the method of Gaussian
decomposition interpolates smoothly between 1D and 3D
limits, resulting in the decoupling of diffusion length and
recombination lifetime within the fit procedure. The output
diffusion lengths and recombination lifetimes and their esti-
mated uncertainties may be combined to provide precision
estimates of the diffusion coefficient or equivalently, the
mobility (via the Einstein relation).

In addition to the general PR experimental considerations
noted above, the Z-scanning LPR technique requires two basic
features: (i) a laser probe beam and (ii) the ability to step the
sample through focus. Furthermore, for the reasons discussed
below, the spot size at focus should roughly commensurate
with the diffusion length and the modulation period should
roughly commensurate with the recombination lifetime. The
experimental setup is similar to a basic LPR setup previously
reported.’! The schematic Z-scanning LPR system is shown in
Fig. 1. The pump beam is generated by a low power diode
laser which is amplitude modulated using, for example, a
square wave reference signal from a wide bandwidth lock-in
amplifier. The probe beam is generated by a low power contin-
uous wave diode laser. The pump and probe beams are made
collinear through the use of a dichroic beamsplitter and
co-focused to a spot on the sample surface using an micro-
scope objective. The relative focal positions of the pump and
probe beams are controlled with independent telescoping lens
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FIG. 1. Schematic of the Z-scanning LPR system.
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arrangements in either input beam path. The intensity of the
pump and probe beams at focus may be controlled via neutral
density filters fixtured in either input beam path (not shown).
The photo-injected carrier density is preferably maintained in
low-injection (AN /N < 1) such that any variation of recombi-
nation lifetime with carrier density may be neglected. The
objective is mounted on a stage which provides for control of
the displacement of the common focal plane from the sample.
As the pump radiation interacts with the sample, the sample
obtains a reflectance modulation, which modulates the
reflected probe light intensity. The incident probe beam is
retro-reflected through the microscope objective by the sample.
A polarization beamsplitter operating in conjunction with a
quarter wave plate is used to switch the retro-reflected probe
beam out of the incoming probe beam path. The reflected
probe beam is projected through a color filter and/or onto a
dielectric mirror in order to remove any residual pump light
and/or any photo-luminescence signal. The reflected probe
beam is collected at a condenser lens and input to the photore-
ceiver, thereby integrating over the radial profile of the beam.
The detection path is configured to maintain an “open aperture”
condition (i.e., such that none of the optical elements clip the
reflected probe beam) as the objective is translated with respect
to the sample, including the requirement that the active area of
the photoreceiver remains underfilled by the reflected probe
beam. In this case, the Z dependence of the LPR signal will
depend solely on the focal parameters and the (complex)
carrier diffusion length.” The photoreceiver output signal is
passed to the lock-in amplifier, which measures the LPR
signal. The microscope objective is stepped through focus and
the open aperture LPR signal is acquired sequentially as a func-
tion of Z. A nonlinear regression analysis may then be per-
formed to determine the transport properties of the sample
according to the theoretical principles described below.

lll. THEORETICAL PRINCIPLES

As noted, near the critical points of a semiconductor
material, the PR signal exhibits a sharp third-derivative line-
shape which arises from an electromodulation effect. In this
case, the PR signal becomes

AR  2gNAV
R €,

X L(A), 2

where ¢ is the electronic charge, AV is the photovoltage, €;
is the static dielectric constant, and L(A) is a third-derivative
line-shape function determined by the semiconductor band-
structure (A is the probe beam vvavelength).13 Equation (2) is
valid for depleted interfaces provided the electric field is not
too inhomogeneous.?'** The PR signal is seen to be linearly
proportional to the photovoltage. The photovoltage depends
on the pump beam and the physics of its interaction with the
sample.” Based upon junction transport theory,** the photo-
voltage takes the simple form

. nka I: Jp

AV =——In
q Jo +Jres

+ l}, 3)

where 7 is an ideality factor, k; is the Boltzmann constant,
J, and J, are the photocurrents due to the pump and
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probe beams, respectively, and J,, is the restoring current.”’
The photovoltage is generally linear in the pump intensity pro-
vided the photo-injection is small with respect to the restoring
current.”>** In this case, the photovoltage will exhibit the
spatial dependence of the excess carrier density. For a spatially
uniform illumination source, the photovoltage at a point may be
obtained from the solution of the 1D differential equation for
the modulated carrier density. However, for a tightly focused
Gaussian beam source, the excess carrier density involves a
Hankel transform of the 1D solution and therefore must be
treated numerically. Here, the use of laser beams for both the
pump and the probe means that the electric field of the reflected
probe beam may instead be treated directly according to the
analytically tractable method of Gaussian decomposition.®>°
Consider cylindrically symmetric Gaussian pump and
probe beams directed at normal incidence onto a sample. The
beams are collinear and co-focused along the z-axis. The dis-
placement of the sample surface from the common beam
waist is Z. At Z =0, the pump will induce a reflectance
modulation within a radius of modulation

om = (@ + L))", (4)

where o, is the pump beam waist and L, is the carrier diffu-
sion length. Equation (4) follows from the 3D differential
equation for the photo-injected carrier density generated by a
cylindrical Gaussian source.”” Therefore, as the sample is
stepped through focus, the area of modulation will depend
upon the diffusion length according to

W, (2) = 0%(2) + L, )

where ®,(Z) = w,\/1+ (Z/z,)* and z, is the Rayleigh

range of the pump beam (1 €., 2) = IO //lp, where 4, is the
pump beam wavelength).’’ The Fresnel coefficient for the
reflected probe beam includes the changes due to pump-
induced energy transformation processes. In particular, the
electric field of the mirror-reflected probe beam contains a
nonlinear phase shift which simply follows the radial modu-
lation profile. The mirror-reflected probe field may then be
decomposed into a sum of Gaussian beams via a Taylor
series expansion of the nonlinear phase term.”>® Given a
dominant photovoltage effect according to Eq. (2) and retain-
ing only two terms in the expansion, the electric field of
the reflected probe laser beam at the surface of the sample
(disregarding the common spatial phase) may be written as

E_ E, o, —p?
" 02 P 2@

2 2 2
X [ (n2+lk2) 2(Z)exp{ 2(’;)}] (6)

'11

where \E0|2 is the intensity of the probe beam at focus, @, is
the probe beam waist [i.e., @(Z) = w,\/1 + (Z/z,)*, where
7, = mw? /A is the Rayleigh range of the probe beaml], p is
the radial distance as measured from the probe beam axis, 7
is the complex reflectance coefficient, n is the refractive
index, I, is the intensity of the pump beam at focus, w,,(Z) is
the radius of modulation as defined in Eq. (5), and n, and k;
are effective nonlinear indices defined by the coefficients
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appearing in Eq. (2).° The leading term corresponds to the
DC component of the reflected beam, whereas the second
term corresponds to its modulated component. The retention
of only two terms in the Taylor expansion operates to neglect
terms of second order or higher in the nonlinear indices.
Phase modulation of the reflected field due to any thermal
expansion of the surface has also been neglected since this
will not contribute to the open aperture signal.'>*® The mod-
ulated component of the reflected probe beam is also a
Gaussian beam with its radius defined by the incident probe
beam radius and the (diffusion dependent) radius of modula-
tion. The effect of carrier diffusion on the reflected probe
beam field is accounted for by the w? factors appearing in
the modulated component. In particular, the physical fact that
the probe beam samples the modulation of the pump beam,
as broadened by carrier diffusion, is made explicit by the
inclusion of the w? and w?(Z) factors in both the Gaussian
exponential and the amplitude prefactor.’’

Squaring the mirror-reflected probe field E, and integrat-
ing over the beam profile yields the normalized open aperture
LPR signal (AR/R) via the identification

R+AR _ |7 |E*pdp
R [¥|Eswl*pdp

)

where Ej is just the linear reflectance amplitude.®
Neglecting terms of second order in the nonlinear indices
and performing the spatial integrations in Eq. (7), the normal-
ized open aperture signal may be written as

AR 4ml, 0, @’(Z)
—= X X , ®)
R n-1 02 o*2)

where w,.(Z) is the radius of the AC reflected probe beam at
the sample as defined by the relation
1 1 1
o o2 T oy
w;.(Z2) w*(Z) w(Z)

9

and the factor 4ny/(n* —1) follows from taking
2Re[(ny + ikp)F*OF/On] with 7= (n+ ik —1)/(n+ ik + 1),
subject to the condition n? > k2.

Equation (9) may be used to predict the AC reflected
beam profile under various experimental conditions. For
example, if w*(Z) > a)i(Z), the probe beam will integrate
over the spatial extent of the perturbation and the AC
reflected probe beam profile will then be determined by the
radius of modulation. This proﬁle condition will be realized
at focus if, for 1nstance a)2 > a) and w > L2 Conversely,
when 0?(Z) < o2 (2), the penurbatlon W111 be uniform
across the probe beam and the profile of the AC reflected
beam will approach the DC reflected probe beam. This con-
dition will be realized at focus if w? ~ w and a) < L3
Accordingly, provided the pump and probe beam walsts are
roughly commensurate, the profile of the AC reflected probe
beam at focus will become sensitive to the diffusion length.
To illustrate this behavior, the focal geometry of the inci-
dent pump and probe beams at focus (Z = 0) is shown in
Fig. 2. The pump (4, = 488 nm) and probe (A = 375 nm)
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FIG. 2. Calculated cross section of beams present in the Z-scanning LPR
system for Z = 0. In the 1D limit, the waist of the AC reflected probe
beam is smaller than the waist of the DC probe beam. In the 3D limit, the
waist of the AC reflected probe beam approaches the waist of the DC
probe beam.

beam waists are = 1.53 and = 2.02 um, respectively, z is
the distance along the common beam axis as measured from
the common focal plane, and p is the radial distance as
measured from the common beam axis. At Z =0, the
linear reflected pump and probe beam profiles will coincide
with their respective input beam profiles. In the 1D trans-
port limit (i.e., when Lf, < wp), the effective waist of the
AC reflected probe beam is smaller than the waist of the
DC probe beam. However, in the 3D limit (i.e., when
L2 > cof,), the profile of the AC reflected beam approaches
the DC reflected profile.

Although the open aperture LPR signal has no direct
sensitivity to the beam profile, the dependence of the AC
beam profile on diffusion length is simply encoded in the Z
dependence of the open aperture LPR signal. In particular,
the factor @2 (Z)/w*(Z) appearing in Eq. (8) follows from the
definite integrals of x exp{ — x*} (= 1/2) proscribed by Eq.
(7). In order to simplify the overall Z dependence, we first
use Eq. (9) to obtain

0*(Z) _

0*(Z) w0y (Z)+ *(Z)
02 (Z) ’

2(Z) 03(Z)

m

(10)

Then, substituting the inverse of Eq. (10) in Eq. (8) and can-
celling the factors of w2 (Z) yields

AR %

R 02+ 2) (in
Thus, integrating over the radial profile of the reflected
probe beam results in a simple analytic expression for the
Z-profile of the open aperture LPR signal in terms of the
focal parameters and the diffusion length. In particular, it is
seen that the Z-profile of the LPR signal depends solely
on the focal parameters and the diffusion length and is
contained entirely within the denominator of Eq. (11).
(It should also be noted that the dependence of AR on Z is
identical to the dependence shown in Eq. (11) since the
open aperture condition necessarily eliminates any Z depen-
dence of 1/R.) The final result for the normalized open
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aperture LPR signal is
y wi + L7
0XZ) + 02(Z) + LY

AR o 4n21p

R 21 (12)

where the explicit dependence on L, has been restored. (It
may also be shown that Eq. (12) remains valid when the
effect of photo-injection by the probe beam on the built-in
electric field is included in the analysis.) The appearance of
L? in the denominator of Eq. (12) shows that the Z-profile of
the open aperture LPR signal will depend strongly on the dif-
fusion length provided the pump and probe beam waists are
commensurate with L;. Moreover, well away from Z =0
[i.e., where a)i)(Z) > 2], the carrier transport becomes 1D.
Thus, the treatment by the method of Gaussian decomposition
smoothly interpolates between the 3D and 1D limits.

At intermediate frequencies where the recombination
lifetime 7 is comparable to the modulation period, 7 likewise
becomes coupled into the Z dependence of the LPR signal
through the appearance of the complex diffusion length
Ly = Ly/\/1+ iQt, where Q is the modulation frequency in
radians per second. In particular, Eq. (12) demonstrates that
the LPR signal as a function of Z may be parameterized by
the expression

AR Aexpid,
R 0@y +er@+1Ly

13)

where A and ¢, are the Z-independent amplitude and phase,
respectively.” As noted, the PR phase characterizes the time lag
of the modulated reflectivity response due to the non-
instantaneous interaction dynamics of carrier within the sample
(and therefore should not be confused with the optical phase).
While the LPR signal generally depends upon carrier diffusion
through the dependence of AV (or AN) on L, and/or 7, these
dependencies are absorbed into A and ¢, and therefore do not
directly enter into the Z dependence of the signal. Furthermore,
in the case of stratified media and provided interference effects
can be neglected, the Z-scanning LPR signal will take the form
of a series of terms of the form of Eq. (13) wherein the diffu-
sion length appearing in each term is just the diffusion length
in the associated modulating layer.”*' Thus, the Z dependence
of the LPR signal does not directly depend upon carrier
transport in the direction normal to the sample surface.

The coupling of Ly into the Z dependence of the LPR
signal indicates that L,;, and ultimately 7, may be determined
by a regressive fit to the experimental Z-scanning LPR data.
For example, the polar decomposition of Eq. (13) yields two
nonlinear equations containing a number of common parame-
ters including the diffusion length and recombination time.
Complex nonlinear least squares optimization is the preferred
method to fit small-signal AC response data such as light-
scattering complex data.*® In this approach, a model representa-
tive of the response is simultaneously fit to the real and imagi-
nary components of the data, yielding a single set of parameter
estimates based on all the data.*** However, to optimize the
overall fit, the proper choice of weighting between real and
imaginary fits is crucially important.®® Rather than going into
such details here, it is more illuminating for present purposes
to analyze the amplitude and phase of Eq. (13) separately.
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The analytic expression for the Z-dependence of the
LPR amplitude is given by

AR A
i
(14)

This expression may be parametrized by the set of
variables: A, L2, wzp, @2, and Qr. In principle, a standard
nonlinear regression analysis can then be used to adjust
the variables within the parameterized expression for the
amplitude to provide an optimum fit.** For analysis pur-
poses, the system parameters (L, ®,, and ®,) may be
treated as fixed, whereas the sample parameters (A, ¢,, Lf,,
and 7) may be treated as variable parameters to be resolved
by the fit procedure. Bias may be introduced from a variety
of sources including inaccurate system parameters, devia-
tions from the collinear cylindrical Gaussian beam geome-
try, and/or nonlinear correlations among the fit parameters.
Indeed, the parameters A, I2%, and Qr are generally corre-
lated within the amplitude fit. However, by inspection, the
Q7 dependence of the amplitude only enters in the “1D”
tails of the data. In this limit, the amplitude becomes inde-
pendent of Ly

AR‘ A
—| ~ . (15)
’ Rl [022) + 2@V + Q72
Conversely, in the 3D limit, the amplitude becomes
AR| A 0*(Z) + 0*(Z
—| x5 x — M (16)
R| ™ L2 L2

Thus, at intermediate frequencies and provided the strong
3D limit is realized [L] > @(Z) + @*(Z)], the amplitude
will become independent of Qz. This decoupling of L2 and
Qr in the respective 3D and 1D limits suggests that the
amplitude alone may be used to determine both the diffu-
sion length and the recombination time. However, in prac-
tice, the mild functional dependence upon Q7 (in the tails
of the data) limits the ability to determine the recombina-
tion time from the amplitude alone.

On the other hand, the expression for the phase provides
a reliable (and surprising) means to extract the recombination
time. The analytic expression for the Z dependence of the
LPR phase is given by

L2Qr (17
Lj+ [02(Z) + *@D)](1 + Q°72) |

b=, + arctan{

In general, the phase in a modulated photovoltage mea-
surement will exhibit an arctangent dependence approaching
zero for Qr < 1 and —90° for Qr > 1.>* Thus, ¢, always
takes a negative value between 0 and —z/2. The second
term on the r.h.s. of Eq. (17) represents the 3D correction to
the 1D phase and is always positive. Thus, the 3D correction
always reduces the absolute value of the phase.

The phase expression allows parametrization using the
variables: ¢,, Lfl, w?), wg, and Q7. While the parameters ¢

(o

B \/ LY + 2L3[0%(2) 4+ 0* (D)) + [02(Z) + 0*(2)P(1 + Q*7%) ‘
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L2, and Qt are generally correlated in the phase fit, in the 3D
limit, it may be shown that the phase becomes

aﬁ, ) + 0*(2)

¢ >~ ¢, + arctan {Qr} — 2
d

Qr+---, (18)

whereas in the 1D limit, the phase is

L
2(Z) + 0X(2)

Qr
1+ Q%72

b=, + 19)

In either limit, the phase is seen to depend on the ratio
[03(Z) + ©*(Z)]/L}. However, in the 3D limit, the phase will
approach ¢, + arctan {Qr}, whereas in the 1D limit, the
phase will approach ¢, (i.e., ¢, is just the “1D phase”).
The difference in the respective phase limits implies

Qr = tan {Ad), 20)

where A¢ is just the total variation observed in the phase
data. Thus, provided the strong 3D and 1D limits are real-
ized, the recombination time may essentially be read off the
raw phase data. Note that the dependencies of ¢, on various
parameters such as L;, 7, surface recombination velocities,
and/or any phase shift introduced by the system electronics
are completely irrelevant to this conclusion. This vastly
simplifies the problem of determining the recombination time
and illustrates the power of the Z-scanning LPR technique.
While the 1D limit may be realized without difficulty,
the decreasing signal in the tails of the data will increase the
relative experimental uncertainty in this limit. (Note that due
to the open aperture configuration, the measurement noise
remains roughly constant as the microscope objective is
stepped through focus. This mitigates the competition
between sensitivity and signal to noise encountered in offset
pump-probe techniques.’”) On the other hand, the strong 3D
limit may not be attainable due to the spatial resolution
(as determined by the value of wi +a)(2} ). Nevertheless, it
should be clear from the foregoing that the diffusion length
primarily impacts the amplitude data while the recombination
time primarily impacts the phase data. These observations
suggest an iterative procedure involving independent nonlin-
ear fits to the amplitude and phase expressions in order to
establish L; and 7 and their statistical uncertainties. For
example, the amplitude data may be first fit with Qz fixed
(~ 1) to determine a reasonably accurate value for Lfl and its
uncertainty.*> Then, the output value for L% may be held
constant in the phase fit in order to estimate €27 and its uncer-
tainty. This procedure can be iterated, holding each L3 value
output from the amplitude fit constant in the subsequent
phase fit and each Q7 value output from the phase fit cons-
tant in the subsequent amplitude fit, until L3 and Qr
approach limiting values. In practice, the values of Q7 output
by the phase fit exhibit relatively little sensitivity to the input
focal parameters, i.e., the recombination time is essentially
decoupled from the focal parameters via Eq. (20). However,
the nonlinear amplitude fit will compensate for biased focal
parameters by returning “counter-biased” diffusion lengths
[i.e., per Eq. (14)]. Thus, the accuracy of the iterative proce-
dure depends primarily on the accuracy of the focal
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parameters used in the amplitude fit. Also, since the measure-
ment noise remains roughly constant as the microscope
objective is stepped through focus, the estimated uncertain-
ties of the output fit parameters depend primarily upon the
number and spacing of the data points in Z.** Thus, the polar
decomposition of the Z-scanning LPR signal provides a
straightforward means to evaluate L; and 7 with high preci-
sion. The mobility u and its uncertainty may then be obtained
from the Einstein relation u = ¢D/k,T, where D = L3/t is
the ambipolar diffusion coefficient and k,7T/q is the thermal
voltage (=2 26 mV).

IV. RESULTS AND DISCUSSION

In order to illustrate the practical use of the technique to
determine carrier transport properties, a set of silicon
samples with p-n junctions formed by advanced ion implan-
tation and annealing processes were evaluated. The use of
LPR to characterize electrical activation in these samples
[i.e., via the dependence of Eq. (2) on N] has previously
been reported.'? The initial disclosure of the Z-scanning LPR
technique also utilized a subset of these samples.” To form
the p-n junctions, 10-15 Q cm n-type silicon (100) substrates
were implanted with As (n-type dopant) followed by low-
energy high-dose B (p-type dopant) implantation. Dopant
activation was performed using millisecond timescale flash-
lamp based annealing. A range of base temperature and flash
temperature targets was used to study the effect of process
conditions on dopant activation, implanted dopant diffusion,
and material quality. The process conditions evaluated
included (i) flash target temperatures in the 1250-1350°C
range, (ii) an additional “soak” anneal (10s at 1050°C) of
the As counter-doping layer prior to B implantation, and (iii)
use of a Ge amorphizing implant (AI). The primary purpose
of the AI process was to reduce ion channeling during the
subsequent B implant via the introduction of crystalline
defects close to the sample surface. These defects also reduce
the carrier diffusion length and the recombination time in the
implanted region.** For the wafers that received Al, SIMS
data indicated maximum Ge levels of ~4x10'8/cc located at
a depth of ~25nm. The purpose of the As counter doping
was to limit the depletion width (below the junction) to ~15
nm. SIMS data also indicated post-activation As doping
levels of ~2x10'%/cc peaked at a depth of ~30nm and B
doping levels of ~1x10"/cc at X; ~20nm, across the
sample set. The conventional 1D Poisson analysis®? estimates
the junction voltages on the order of several volts.

In addition to the system details as described above, the
LPR setup utilized here incorporated an avalanche photodi-
ode (APD) detector (Hamamatsu model C12703 high-gain
APD module configured with the Hamamatsu model S5344
short wavelength APD) which allowed the reduction of the
probe beam power by 3 orders of magnitude. This reduces
the photocurrent generated by the probe and therefore
extends the range of photovoltages detectable by the system
in accordance with Eq. (3). However, this feature is relatively
unimportant for the p-n junctions evaluated here since the
photo-injected carrier densities remain small with respect to
the restoring current.'*>" The pump and probe wavelengths
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were 488 and 374 nm, respectively. The probe beam wave-
length is near the E| critical point in Si, resulting in a domi-
nant photovoltage effect. The absorption depth of the probe
is 0 = 23 nm. Thus, any detected photovoltage must occur at
or near the surface. The pump output was amplitude modu-
lated via a reference signal from a wide bandwidth lock-in
amplifier (Stanford Research Systems model SR844). As also
noted, the phase in a modulated photovoltage measurement
will exhibit an arctangent dependence approaching zero for
Qr <« 1 and —90° for Q7 > 1. Thus, in the intermediate
regime, the phase will exhibit linearity (centered about the
value ¢ = —45°). For each of the wafers used in this study,
this linearity was confirmed over the frequency range
~500-850 kHz. Thus, an operational modulation period of
660 kHz was selected. Z-scanning LPR data was acquired
from the samples. Provisional estimates for L% were obtained
via regressive fitting to the amplitude data. Then, the values
for L3 were held constant in a fit to the phase data in order to
estimate Q. This procedure was iterated until L3 and Qt
approached limiting values. The estimated uncertainties in
the extracted parameters were also output from the fitting
procedure.

Figure 3 shows experimental Z-scanning LPR amplitude
data and fits obtained from samples with and without Al
The Z-scan data increment was 10 um, with a maximum Z
displacement of +300um. The amplitudes are symmetric
with respect to Z, as anticipated. The amplitude from the
sample without AI shows a relatively broad Z-profile,
whereas the data from the sample with Al exhibits a narrower
profile. The more sharply peaked LPR response as a function
of Z seen on the sample with Al indicates a shorter diffusion
length. This behavior was apparent in the raw data for all
samples that received the Al process. Thus, the effect of Al
on carrier diffusion is strikingly evident in the raw amplitude
data. Figure 4 shows experimental phase data and fit obtained
from the same pair of samples as shown in Fig. 3. The
phases are again symmetric with respect to Z, in accordance
with Eq. (17). The observed phase lag ~ —45° confirms
operation in the intermediate frequency regime. The broader
phase as a function of Z seen on the sample with Al evi-
dences a shorter recombination lifetime. The more sharply

12
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FIG. 3. Z-scanning LPR amplitude data and fits showing the effect of near
surface damage (due to Al) on shallow electrical junctions formed in silicon.
The more narrow Z-profile indicates a shorter diffusion length.
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FIG. 4. Z-scanning LPR phase data from the same pair of samples as shown
in Fig. 3, again showing the effect of near surface damage (due to AI) on the
junction. The broader Z-profile indicates a shorter recombination lifetime.

peaked amplitude data correspond to the broader phase data,
indicating carrier relaxation in the sample with Al happens
more quickly and occurs over a shorter range than in the
sample without Al This behavior was apparent in the raw
phase data for all samples that received the Al process. As
the p-n junction samples considered here were nominally
identical beyond a depth of ~60 nm, the remarkable impact
of near surface damage on the Z-profiles (as seen in Figs. 3
and 4) also confirms the 374 nm probe is primarily sensitive
to near-surface carrier transport. This near-surface specificity
is a key advantage in advanced semiconductor manufactur-
ing. The mobility and its estimated uncertainty were then
obtained from the extracted parameters via the Einstein
relation.

Table I lists fitted values of diffusion length, recombina-
tion time, and mobility for the p-n junction samples formed
with Al, assuming a measurement uncertainty of 2 ppm for
the LPR amplitude and 0.13° for the LPR phase. Systematic
variations in the measured carrier parameters with process
conditions are observed. Overall, the measured parameters
show little sensitivity to the As thermal anneal (columns
labeled “As pre-soak™). This is expected since the Al step
occurred after the As thermal anneal (prior to B implanta-
tion). For an as-grown Si sample, the measured diffusion
lengths and recombination lifetimes would imply carrier con-
centrations of ~10'8/cc. However, these transport parameters
are also influenced by scattering from heavily doped impuri-
ties (i.e., ~4x10'8/cc Ge) and/or residual damage at the
junction. Nevertheless, the extracted mobility values are in
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good agreement with mobility data obtained from similarly
processed samples. In particular, the mobilities obtained
here are ~100-200 cmz/V -s, whereas Hall mobilities on
more heavily doped Si samples are typically in the range
~40-60 cm?/V - s.** When the target temperature of the flash
anneal is increased from 1250°C to 1300°C, the diffusion
length, recombination lifetime, and mobility are all seen to
decrease. This indicates a migration of the Al damage toward
the surface (i.e., only partial recrystallization is achieved).
When the 1300 °C/550 °C flash anneal is repeated, the diffu-
sion length increases by a factor of ~1.2X, indicating the
onset of junction activation. However, the recombination
time decreases further, indicating further concentration of the
Al damage toward the surface. When the base temperature of
the flash anneal is increased to 600 °C, the recombination
time jumps by a factor of ~1.7X (with respect to the
repeated 1300°C/550°C anneal), confirming this higher
base temperature results in better removal of the Al damage.
The observed diffusion length also increases by ~30% indi-
cating better junction activation. Finally, when the target
temperature of the flash anneal is increased to 1350 °C, the
diffusion length increases by another ~10% but without
further increase in the recombination time. This limiting
behavior indicates that the 1350°C/600°C flash anneal
achieves good junction activation and substantially removes
the Al damage.

Table II lists fitted values of diffusion length, recombina-
tion time, and mobility for the set of p-n junction samples
formed without Al (again assuming a measurement uncer-
tainty of 2 ppm for the LPR amplitude and 0.13° for the LPR
phase). Systematic variations in the measured carrier parame-
ters with process conditions are again observed. In this case,
the As thermal anneal results in notable differences in carrier
transport properties, particularly for the lower thermal budget
flash anneals. The anticipated result of the As thermal anneal
was full activation of the n-type counter-dopant prior to B
implantation accompanied by complete recrystallization of
any damage from the heavy As implant. Here, since these
samples had no subsequent Al to reintroduce damage, recrys-
tallization by the flash anneal is not pertinent. For the target
temperature of 1250°C, the diffusion length, recombination
lifetime, and mobility are each observed to be ~40% greater
for the junction formed with the As thermal anneal. For the
flash only process, no significant differences in transport prop-
erties are observed up to a target temperature of 1300 °C.
Note that the determined mobility for the lower temperature

TABLE I. Measured carrier diffusion lengths, recombination times, and mobilities, as determined via fitting to Z-scanning LPR data obtained from the subset

of samples formed using AL

Ly (um) 7 (ns) u (cm?/V -s)
Flash temperature (°C) Flash only As pre-soak Flash only As pre-soak Flash only As pre-soak
1250/550 7.84 + 0.03 9.09 + 0.03 1519 + 0.5 165.1 + 0.6 155 +2 192 + 2
1300/550 5.47 + 0.01 5.36 + 0.01 122.5 + 0.7 131.8 + 0.7 9% +1 84 + 1
1300/550(2X) 6.54 + 0.01 7.05 + 0.01 99.9 + 0.3 99.5 + 0.6 165 + 1 192 +1
1300/600 8.41 + 0.02 9.81 + 0.02 1652 + 0.5 168.5 + 0.5 165 + 1 220 + 1
1350/600 8.87 £ 0.01 10.99 + 0.01 163.4 + 0.5 168.9 + 0.5 185 + 1 275 + 1
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TABLE II. Measured carrier diffusion lengths, recombination times, and mobilities, as determined via fitting to Z-scanning LPR data obtained from the subset

of samples formed without Al

Ly (um) 7 (ns) u (cm?/V -s)
Flash temperature (°C) Flash only As pre-soak Flash only As pre-soak Flash only As pre-soak
1250/550 15.17 + 0.04 21.97 + 0.05 197.7 £ 0.6 2694 + 0.6 447 + 3 689 + 5
1300/550 15.44 + 0.02 203.6 + 0.5 450 + 3
1300/550(2X) 20.04 + 0.01 19.09 + 0.02 2852+ 0.9 207.0 + 0.7 542 +2 677 + 3
1350/600 14.09 + 0.01 15.27 + 0.02 180.8 + 0.5 179.8 + 0.5 422 +2 499 +2

flash only process agrees closely with reported values for hole
mobility in undoped silicon. Since the mobility measured here
corresponds to the minority mobility in the modulated n-type
depletion region just below the junction, these output mobility
values indicate the thermal budget of the lower temperature
flash anneals is insufficient to activate the As implant.
(Mobility values in excess of the undoped hole mobility in Si,
as seen, e.g., in the samples with the soak anneal, generally
involve a contribution from the electron mobility to the ambi-
polar mobility.) When the 1300°C/550°C flash anneal is
repeated, the diffusion length and the recombination time
for the flash only process jump by ~35%, again indicating
the onset of junction (B) activation at this thermal budget.
And finally, when the flash temperature is increased to
1350°C/600°C, the carrier transport properties converge.
This limiting behavior indicates the thermal budget at
which the flash only process achieves junction activation
equivalent to the process incorporating the soak anneal.

It should be emphasized that the foregoing interpreta-
tions of the effect of process conditions on carrier transport
properties are not required to evaluate any transport property
but instead follow from knowledge of the process conditions
in view of the determined transport properties. In particular,
the transport properties are directly evaluated using the
Z-scanning LPR technique. Furthermore, while no direct
comparison with transport values measured via other
methods has been made in this work, the principles of the
technique demonstrate that it provides a self-contained and
self-consistent method to establish carrier diffusion lengths,
recombination lifetimes, and mobilities. Thus it is unsurprising
that the values of carrier transport properties reported here
are in good agreement with the literature values correspond-
ing to the active doping levels (or otherwise expected in
view of the process conditions). Moreover, the ability to
perform a regressive fit to the data enables the technique to
achieve high precision. For example, the estimated uncer-
tainties in the determined mobility values remain less than
1.2% in all cases. Thus, the technique provides a practical
tool for the non-destructive characterization of electronic
transport properties.

V. CONCLUSIONS

The Z-scanning LPR technique has been used to quickly
and precisely measure carrier transport properties using data
obtained from a convenient optical setup. The technique is
based upon profiling of the output signals of a LPR system

as the sample is stepped through focus. The only experimen-
tal modifications to the conventional PR configuration are the
incorporation of a probe laser beam and the ability to step
the sample through focus. As the sample is stepped through
focus, the intensity modulated pump beam will induce a
reflectance modulation within an area defined by the pump
spot size and the (complex) diffusion length. The use of a
probe laser beam permits an analytic parametrization for the
Z dependence of the LPR signal which depends solely on
the focal parameters and the diffusion length. This enables
the use of a nonlinear least squares fit procedure to directly
analyze transport properties without detailed modeling of
transport in the sample. The precision of the technique
depends primarily upon the number and spacing of the data
points in Z. Further work involving the application of
complex nonlinear least squares fit techniques to Z-scanning
LPR data is in progress.
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