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Photoreflectance (PR) provides an optical means for rapid and precise measurement of near-surface
electric fields in semiconductor materials. This article details the use of PR to characterize dopant
activation in ultrashallow junction (USJ) structures formed using millisecond annealing processes.
USIJ structures were formed in silicon using 500 eV B implantation with a dose of 10'3/cm?,
followed by flash anneals at 1250—1350 °C. Reference metrology was performed using secondary
ion mass spectrometry and various sheet resistance (R,) methods. Methods to calibrate PR signals
to active carrier concentration in USJ structures, including halo-doped samples, are described. PR is
shown to be highly sensitive to active dopant concentrations in USJ structures formed by
millisecond annealing. © 2010 American Vacuum Society. [DOI: 10.1116/1.3253327]

I. INTRODUCTION

The advent of millisecond ultrashallow junction (USJ) an-
nealing processes has enabled very high levels of USJ acti-
vation with minimal dopant diffusion. However, residual
damage remaining after millisecond annealing increases the
junction leakage, particularly for junctions formed with
highly doped halo proﬁles.1 Thus, it is necessary to monitor
activation and leakage currents for USJs, especially those
formed with highly doped halo profiles. Current millisecond
annealing process technologies use scanned laser beams or
flash-lamp arrays. Either approach may introduce microscale
variability to the dopant activation since patterned films
present at the annealing step cause variations in the amount
of light absorbed in the underlying silicon. Also, in the case
of a laser anneal, microscale variability is introduced by the
stitch overlap between laser scans and/or the interference ef-
fects in the projected laser intensity distribution.? Thus, the
ideal process control technique must provide fast “on-
product” measurement capability with microscale resolution.

Many existing measurement techniques such as secondary
ion mass spectroscopy (SIMS) have time and/or material
limitations that render them unsuitable for process control of
USJ activation in millisecond annealing. Also, for macro-
scopic four-point probe techniques, high leakage current den-
sities make it impractical to measure sheet resistance (R,) of
USJs formed with highly hoped halo proﬁles.l’2 Carrier
spreading and recombination methods, such as surface pho-
tovoltage, provide noncontact activation (R,) and junction
leakage measurements but with limited (~1 mm?) spatial
resolution.” Other techniques are sensitive to damage but not
electrical activation and, therefore, provide only partial
information.’
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However, photoreflectance (PR) is a powerful tool to
study the electric field distribution at semiconductor inter-
faces, such as those occurring at USJs.* In PR, the semi-
conductor electric field distribution is modulated by the pho-
toinjection of electron-hole pairs using an amplitude-
modulated pump light beam.”® The semiconductor
reflectivity is monitored with a probe light beam. For probe
wavelengths that are resonant with semiconductor interband
transitions, the PR signal arises from an electromodulation
effect.*™ This provides a means for optical detection of
semiconductor electric fields through the appearance of
sharp, third derivative spectra.7’8 Since PR measures the
change in the reflectivity of the semiconductor structure in
response to the ac electric field, there also exists important
information in modulation parameters such as pump inten-
sity, wavelength, and modulation frequency.

In this article, we report the application of PR technology
to characterize electrical activation in USJ structures formed
by flash anneal, including highly doped halo profiles both
with and without preamorphization implants (PAls). The PR
technology described here utilizes a probe laser beam of
375 nm wavelength, which is near the Si “E;” interband
transition energy. This probe wavelength is ideal for charac-
terization of electric fields occurring in advanced silicon
USJs.” The absorption depth of the probe light in silicon,
given by 6=1/a=(4mk/\)"!, is approximately 23 nm. The
wavelength of the amplitude-modulated pump laser beam is
844 nm and the pump modulation frequency is 2 MHz. The
pump and probe lasers operate at milliwatt powers and are
cofocused to a spot of approximately 6 um at the sample
surface. We report PR measurements of USJ electromodula-
tion arising from modulation of the junction field. The use of
the PR technique for rapid and precise characterization of

1071-1023/2010/28(1)/C1C15/6/$30.00 ©2010 American Vacuum Society C1C15



C1C16

millisecond annealing processes, including the halo prean-
neal, is demonstrated. Sensitivity of PR to residual junction
damage is also discussed.

Il. PRINCIPLES OF PHOTOREFLECTANCE
MEASUREMENT

Modern PR techniques are routinely used to measure dif-
ferential changes in reflectivity smaller than 1 ppm. Accord-
ingly, they are an ideal candidate for applications, requiring
measurement of small optical signals related to electronic
transitions in semiconductor nanostructures. In PR, a pump
laser beam is used to periodically modulate the carrier den-
sity in a semiconductor sample, and hence modulate one or
more physical quantities, such as internal electric fields and
interband transition energies, thereby inducing a periodic
variation in the reflectivity of the sample, which is then re-
corded by the use of a coincident probe light beam.

As mentioned, the PR metrology technique discussed
herein attains sensitivity to the active electronic properties of
Si nanostructures by using a probe wavelength near the E,;
interband transition in Si, which occurs at a wavelength of
approximately 375 nm. Near this transition, the PR signal
may be written as

dRIR = F*> X L(hv), (1)

where dR/R is the normalized change in reflectivity, F is the
internal electric field, and L(hv) is a line-shape function de-
termined by the semiconductor band structure, where & is
Planck’s constant and v is the photon frequency (v=c/\).B10

One motivation for selecting the wavelength of the probe
beam at 375 nm lies in the sharp derivative form for L(hv).
In particular, this line-shape function has a third derivative
from near strong optical absorptions in the semiconductor
band structure and thus may be utilized to isolate these fea-
tures with great precision. This enables the PR technique to
precisely measure strain in nanoscale strained silicon layers,
for example, since the Si E; transition energy undergoes a
known shift under strain.

Near these strong optical absorptions, the amplitude of the
PR response also has excellent sensitivity to space charge
fields in USJs. The Poisson relation may be used to estimate
the space charge field at the junction: F?=-2¢N,V/g,
where e is the electronic charge, N, is the active doping
concentration, V is the built-in potential, and ¢ is the static
dielectric constant. The physical situation of the USJ under
pump illumination is equivalent to that of a p-n photodiode
under illumination.'"'? To better understand the carrier dy-
namics influencing the PR signal, Fig. 1 shows a schematic
energy band diagram of a p-type USIJ structure. Figure 1 also
shows the schematic carrier flow when the pump beam is on
(upper) and when the pump beam is off (lower). The pump
beam absorption depth in silicon is of the order of microns,
which provides an effectively uniform distribution of photo-
injected carriers over the probe sampling depth. When the
pump laser is on, photogenerated carriers at the junction
separate in the built-in electric field at the junction and re-
duce the field. This produces a forward bias condition. When
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FIG. 1. Schematic energy band diagram of a p-type USJ for (a) pump laser
on and (b) pump laser off. Carrier recombination and tunneling effects are
not included here for clarity.

the light pump is switched off, the electric field returns to its
built-in value by a restoring current. The p-n junction current
density is determined by drift current due to carriers created
within the depletion region and by a diffusion current due to
carriers generated outside the depletion layer. In USJs the
contribution of the diffusion current is small in comparison
to the drift current due to carriers within the depletion
width."" The presence of defects in the junction depletion
layer greatly enhances carrier recombination and tunneling
effects, resulting in leakage currents, which also reduce the
junction potentials. The transit time for carriers to traverse
the depletion layer is less (and often much less) than the
modulation time scale. Thus, the PR signal (at 375 nm) cor-
responds to the reflectivity difference between two steady
state conditions, i.e., the junction electric field with pump on
versus pump off. The experimentally measured PR signal
then becomes

dR/R = = 2eN,AV/gy X L(hv), 2)

where AV is the photovoltage induced by the pump at the
]l.ll’lCthIl Accordmgly, in the case of a shallow junction
located within the absorption depth of the probe, the
PR signal will be linearly proportional to active doping
concentration.

Additionally, because the pump amplitude modulation oc-
curs at at megahertz frequencies, the recombination contri-
bution to the bulk current is expected to be small or negli-
gible. In particular, at megahertz modulation frequencies, the
bulk diffusion current depends essentially on the mobility,
with small or negligible contribution from bulk
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recombination.”> In this case, the bulk diffusion current
arises from the redistribution of charges initially located
within the carrier diffusion length =(D/Q)"?, where D is the
ambipolar diffusion coefficient and () is the modulation
frequency.13 However, the PR signal will depend on the re-
sidual damage through its effect on drift current in the deple-
tion region due to the dependence of junction photovoltage
on defect density in the depletion 1.':1yer.3’11

lll. MEASUREMENT RESULTS AND DISCUSSION

Millisecond anneals were performed using flash annealing
processes where the wafer is rapidly heated to an intermedi-
ate temperature (700-750 °C) and its front surface is then
heated (to 1250—1350 °C) by a millisecond duration pulse
of energy from a flash-lamp array. USJ structures were
formed using 500 eV B implantation with a dose of
10"3/cm?, followed by flash anneals at 1250—1350 °C. The
wafers were crystalline silicon (100) oriented, n-type with
resistivity approximately 10—15 ) cm. The process matrix
included PAI and halo doping splits including preannealing
the halo implant prior to implanting the USJ. The PAIs were
10" Ge/cm? at 30 keV and the halo implants were 4
X 10" As/cm” at 40 keV. In a subset of the samples, the
halo implants were preannealed for 10 s at 1050 °C prior to
the PAI or B implants.

We compare PR data with activation levels estimated
from R, and SIMS measurements. The results show that PR
measurements are effective to monitor USJs formed in halo-
doped profiles, including cases where leakage current makes
four-point probe data unreliable. Further, we delineate the
effect of preannealing on the halo-doped samples and show
the impact of residual damage at the junction on the PR
measurement. For the heavily damaged junctions of the PAI
samples, the halo condition is shown to have little impact on
the PR response.

The experimentally measured PR signal consists of a vec-
tor characterized by an amplitude and a phase. The PR am-
plitude is |dR/R)|, the induced change in reflectivity (ac) di-
vided by the reflectivity (dc). The amplitude and sign of the
PR vector determine the relative change in the probe reflec-
tance due to the modulated electric field distribution. For the
majority of samples reported herein, the PR vector measure-
ment is in the lower right quadrant. Based on the details of
the PR apparatus, this simply means the probe beam reflec-
tivity decreases under the “pump on” condition. This vector
direction is typically observed for p-type substrates, although
with a much smaller vector amplitude (due to the smaller
built-in fields). Conversely, for n-type substrates, the probe
reflectivity typically increases under the pump-on condition
(phase in the upper left quadrant). The reason for this differ-
ence is that the pump-on condition always reduces the
built-in field, thus the sign of the photoinduced change in
potential AV is opposite for p-type versus n-type substrates,
which manifests itself in the observed PR signal as a change
in sign. The PR phase corresponds to the rise and decay
times for the reflectivity changes, i.e., the PR vector phase
measures the semiconductor response time required to reach
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steady state, relative to the inverse driving frequency. The
electronic delay of the PR detection system is roughly —10°
(with respect to the x axis). Thus, a measured phase of ap-
proximately —70° corresponds to a physical phase of ap-
proximately —60°, which implies a semiconductor response
time of the order 0.1 us.

Figure 2 shows the measured PR vector for the USJ halo-
doped samples with no PAI. The solid points are the mea-
sured PR vectors on halo-doped samples without halo prean-
neal. The open points correspond to the flash-annealed halo-
doped samples with preanneal. The only difference in
process conditions between the sample sets is the preanneal-
ing of the halo. Also plotted in Fig. 2 are the PR data for
wafers without the halo or PAI (denoted as X). The detected
electromodulation on these samples is two orders of magni-
tude smaller than that observed on the halo-doped samples,
irrespective of flash annealing conditions. This is consistent
with the estimated electrical junction depths of approxi-
mately 100 nm (without halo), below the sampling depth of
the probe. The data labels correspond to the peak flash an-
nealing temperature or process.

The PR data on halo-doped samples is remarkable in sev-
eral aspects. First, by looking at the series of PR measure-
ments for the halo without preanneal (solid points), it is seen
that the PR vector amplitude increases in response to a
higher flash annealing temperature. The increasing PR am-
plitude is indicative of sensitivity to activation since for flash
annealing processes the activation depends on the peak pro-
cess temperature. The PR amplitude also responds to the
integrated flash time: the 2X (repeated) 1300 °C flash pro-
cess produces a PR measurement very similar to the 1350 °C
flash condition. Figure 3 shows the PR amplitude for the
flash-annealed USJ halo-doped samples (without a halo pre-
anneal) plotted versus the effective time for B diffusion,’
which here serves as a convenient measure of the flash an-
neal thermal budget. The effective time of an anneal is the
time a sample would have to spend at a reference tempera-
ture, usually chosen to be 1050 °C, to produce the same
process effect, usually taken to be the dopant diffusion length
with boron activation and 3.46 eV. The PR signal is seen to
vary linearly with the effective time. The linearity of the
measured PR data with flash effective time is a consequence
of the linear dependence of the PR signal on the activation
level.

Another feature evident in Fig. 2 is the high degree of
correlation between the data distribution from the “prean-
nealed halo” sample set and the distribution from the flash-
annealed halo (the distribution of PR data within either set
shows the PR signals responding to B activation). The pri-
mary difference in the observed distribution of the prean-
nealed halo samples is an overall shift of the PR vector. This
shift is consistent with greater n-type activation and illus-
trates that the PR signal is responding to the halo activation.
The distribution of the measurements on samples with a halo
preanneal is also scaled with respect to the PR distribution
on the samples without a halo preanneal. While the vector
shift of the preannealed halo data implies greater halo acti-
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Flash Annealed USJ's: Pre-Annealed Halo vs. Halo Vector Plot
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FIG. 2. Measured photoreflectance vector for the USJ halo-doped samples (no PAI).

vation, the scaling of the observed PR amplitude on the pre-
annealed halo samples is consistent with reduced junction
leakage (due to the lower residual damage) resulting in
smaller junction electromodulation.

Figure 4 further illustrates the sensitivity of PR to residual
damage at the junction. Figure 4 shows the measured PR
vector for the USJ halo-doped samples with PAI. The set of
points denoted by “PAI, halo” correspond to samples that
have PAI and halo, and the set of points denoted by “PAlI,
AH” correspond to samples that have PAI and a “prean-
nealed” halo. The data labels correspond to the final flash
annealing temperature. The PR datasets are seen to be
closely paired according to the flash process conditions. For
each pair of points, the only difference in process conditions
is again the preannealing of the halo prior to PAIL In this
case, any reduction in residual damage due to the halo pre-
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FiG. 3. Photoreflectance signal plotted vs flash effective annealing time.
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anneal is obscured by the heavy damage from the PAIL. The
close proximity of the pairs of points shows that the PR
measurement produces similar values on similar USJs with
similar (heavy) damage profiles; i.e., the PR measurements
are consistent with the residual damage at the junction being
determined primarily by the PAIL. The PR vector translates
with USJ flash annealing temperature, again indicating a
high degree of correlation of the PR signal with activation.
Also plotted are the PR data for wafers with PAI but no halo
(denoted by X). The detected electromodulation on these
samples is two orders of magnitude smaller than that on the
halo-doped samples, consistent with an electrical junction
depth below the sampling depth of the probe. Here, the
1350 °C flash-annealed samples were also dramatically
shifted with respect to the distribution, indicating a process
difference common to either wafer. In this case, the process
conditions have induced strain, which is observed in the PR
measurement by and through its dependence on the line-
shape function L(hv). Also, a reduced PR phase (faster junc-
tion response time) is observed on either halo sample with
PAI when subject to the 2X (repeated) 1300 °C flash anneal.
This reduction in PR phase is consistent with lower levels of
residual junction damage being achieved at higher flash tem-
peratures. The effect of the halo preanneal condition is ob-
served in this case, implying the dominant contribution to the
residual junction damage after the repeated 1300 °C flash
anneal arises from the halo implant. Otherwise the distribu-
tion of PR data shows that the junction profile and damage
conditions are similar for a given PAl/flash condition irre-
spective of the halo preanneal. This demonstrates that the
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Flash Annealed USJ's (w/ PAl): Pre-Annealed Halo vs. Halo Vector Plot
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FiG. 4. Measured photoreflectance vector for the USJ halo-doped samples with PAIL

primary source of residual junction damage is the PAI im-
plant for flash anneals below 1300 °C (single flash).

Figure 5 shows the PR amplitude for the flash-annealed
USJ halo-doped samples with PAI plotted versus the effec-
tive annealing time (here, the 1350 °C data have been
omitted).' The PR signal is again highly linear with effective
annealing time. The linearity to USJ activation is shown in
Fig. 6. Here, the PR signal is plotted versus activation levels,
as estimated from combining R, and SIMS measurements.'

In summary, we have observed PR signals arising from
modulation of the junction electric field in halo-doped USJ
structures. The amplitude of these signals is observed to be
linearly proportional to the active dopant concentration, as
predicted. Further, the negligible signals observed on the
samples without halo demonstrate the PR signal does not

Flash Annealed USJ's w/ Halo & PAI
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FiG. 5. PR signal plotted vs flash effective annealing time.
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arise from conventional thermal or plasma (Drude effect)
modulation. " Thus, these complications are avoided. The PR
data distribution on the “preannealed halo” structures is uni-
formly shifted with respect to the “halo without preanneal”
distributions and demonstrates the PR sensitivity to halo ac-
tivation. The overall similarity between observed PR mea-
surement distributions on the two PAI sets (and the ‘“halo
without preanneal”) confirms the PR is probing the electrical
effect of defects at the junction. This point is confirmed by
surface photovoltage results showing orders of magnitude
smaller recombination leakage for the pre-annealed halo
samples with respect to the PAI samples.1 Further work is
underway to establish the detailed model of the effect of the
residual damage at the junction on PR.
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Precision studies show that the PR measurement standard
deviation is approximately ~1.25% for activation levels ap-
proaching the solid solubility limit. In particular, a linear
relationship between PR signal and dopant activation has
been established for the halo-doped USJs. The sensitivity is
the change in the PR signal divided by the change in the
active dose. The active dose precision is the PR measurement
precision divided by the sensitivity, which is slightly less
than 10'8/cm?. This resolution is achieved using a measure-
ment time of 3 s, which enables throughputs of approxi-
mately 20 wafers/h with 49-point topological maps or with
25-point on-product measurements acquired using pattern
recognition.

IV. CONCLUSION

We have reported the application of PR technology to
characterize electrical activation in USJ structures formed
using millisecond annealing processes. The PR technique is a
rapid and practical means to characterize activation in halo-
doped USJs, which have depletion regions near the surface.
The PR technique provides for sensitive optical detection of
USJ electric fields through the modulation of the junction
electric field. The sensitivity of PR to residual halo damage
at the junction was also reported. With the heavy residual
damage from PAI, the prior halo conditions make little im-
pact on the PR response. In summary, the PR technique pro-
vides fast on-product measurement capability of junction ac-
tivation and damage effects with microscale resolution.
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