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Photoluminescence Excitation Spectroscopy of
Diffused Layers on Crystalline Silicon Wafers

Hieu T. Nguyen, Sieu Pheng Phang, Jennifer Wong-Leung, and Daniel Macdonald

Abstract—Photoluminescence (PL) excitation spectroscopy is
applied to observe the evolution of the luminescence spectra from
dopant-diffused crystalline silicon wafers with varying excitation
wavelength. Utilizing the micrometer-scale spatial resolution
achievable with confocal optics in a micro-photoluminescence
spectroscopy system, along with the well-resolved luminescence
peaks at cryogenic temperatures from various defects and struc-
tures in a single-silicon substrate, we are able to examine the doping
densities and junction depths of various boron-diffused wafers, as
well as the distribution of defects induced underneath the wafer
surface by the post-diffusion thermal treatment. Our conclusions
are validated by photoluminescence scans and transmission
electron microscopy applied to vertical cross sections, which
confirm the presence of dislocations below the diffused regions.

Index Terms—Crystalline silicon, diffusion process, excitation
spectroscopy, photoluminescence (PL), photovoltaic cells.

I. INTRODUCTION

PHOTOLUMINESCENCE spectroscopy (PLS) is a pow-
erful technique to assess fundamental properties of crys-

talline silicon (c-Si), such as the temperature [1] and doping
[2], [3] dependences of the band gap, the band-to-band absorp-
tion [4]–[6], radiative recombination [5], [7], [8], and donor–
acceptor pair luminescence [9], [10]. Besides that, PLS-based
methods have also been employed for precise and nondestruc-
tive characterization in silicon photovoltaics (PV), for example,
to extract minority carrier diffusion lengths in c-Si wafers [11],
[12] and bricks [13], to quantify the light-trapping capability of
various plasmonic structures [14], or to examine the impacts of
surface reflectance [15], [16] and different carrier profiles [16]
on photoluminescence (PL) spectra. Recently, utilizing a
micro-PLS (μPLS) system with micrometer-scale spatial
resolution courtesy of confocal optics, spectroscopic proper-
ties of various microscopic defects and structures in c-Si wafers
and solar cells have been studied, such as dislocations [17]–
[19], iron precipitates [20], laser-doped regions [21]–[24], and
locally diffused regions [25].

On the other hand, photoluminescence excitation (PLE)
spectroscopy, in which the luminescence intensity at certain
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wavelengths is monitored with varying excitation wavelengths,
has also been employed to study many fundamental properties
of c-Si, such as the optical band gap in degenerate silicon [2],
[26], oxygen-related deep defects in irradiated silicon [27], and
isoelectronic bound excitons in beryllium-doped silicon [28].
Recently, Juhl et al. [29] applied a PLE-type method to capture
the total PL emission from c-Si wafers in imaging mode, under
two different excitation wavelengths, from which they were able
to extract high-resolution images of the absolute absorptance of
solar cell precursors.

In this work, we combine the two PL techniques mentioned
above (PLS and PLE) and capture the entire band-to-band lu-
minescence spectrum, while varying the excitation wavelength,
with the measurements performed at cryogenic temperatures
and with micrometer-scale spatial resolution. This spectrally re-
solved PLE technique is founded on the fact that the radiative
recombination mechanism is generally different for each layer
or defect type in a c-Si wafer, leading to distinct peaks in PL
spectra at cryogenic temperatures. Furthermore, these compo-
nents of the aggregate luminescence spectrum from a wafer
composed of multiple layers are expected to have different de-
pendences on the excitation wavelength, since the fraction of
the excitation light absorbed in each layer varies with excitation
wavelength. Therefore, by varying the excitation wavelengths,
we can probe the layers and defects at different depths below
the wafer surface, providing useful information about the spa-
tial distribution of dopants and defects. First, we demonstrate
this method on boron-diffused c-Si samples with various doping
densities and junction depths. After that, we apply the method
to detect and characterize specific defects induced underneath
the wafer surface by the post-diffusion thermal treatment, high-
lighting some potential applications of the technique for silicon
PV. The results are confirmed by μPLS measurements and trans-
mission electron microscopy (TEM) performed on vertical cross
sections of relevant samples.

II. EXPERIMENTAL DETAILS

The samples studied in Section III are float-zone phosphorus-
doped c-Si wafers with a resistivity of 100 Ω·cm. They were first
chemically etched in a solution consisting of HF and HNO3 to
remove saw damage. After that, they were heavily doped with
boron from a BBr3 gas source between 900 and 1000 °C in a
quartz tube furnace with various drive-in times in a pure oxygen
environment to achieve different doping profiles in the diffused
layers. More details about this diffusion process can be found
in [30].

The samples studied in Sections IV and V are 〈1 0 0〉-
oriented float-zone boron-doped c-Si wafers with a resistivity of
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TABLE I
PROCESSING STEPS FOR THE SAMPLES INVESTIGATED IN SECTIONS IV AND V

Sample names

Processes (in sequence) N1 N2 N3 O1 O2 O3

1. Boron-diffused at 1050 °C, 60 min Yes Yes Yes Yes Yes Yes
2. BSG layer was removed by diluted HF Yes Yes No Yes Yes No
3. BRL layer was removed by boiling HNO3 Yes No No Yes No No
4. Annealed at 1090 °C for 5 h Yes, Yes, Yes, Yes, Yes, Yes,

in N2 in N2 in N2 in O2 in O2 in O2

5. Both BSG and BRL layers were removed Yes Yes Yes Yes Yes Yes

“N” indicates the samples annealed in nitrogen and “O” indicates samples annealed in
oxygen.

about 0.3 Ω·cm, corresponding to a background doping of
6 × 1016 cm−3. They were first chemically etched in HF/HNO3
to remove saw damage and then went through the thermal dif-
fusion process in a BBr3 gas source at 1050 °C for 60 min. The
resultant borosilicate glass (BSG) and boron-rich layer (BRL)
on the surface were either kept or removed by diluted HF (for
removing the BSG layer) and boiling HNO3 (for removing the
BRL layer). After that, these samples were annealed in either
pure nitrogen or oxygen gases at 1090 °C for 5 h. Any residual
BSG and BRL layers were finally removed prior to performing
the PL measurements. Table I summarizes the process steps for
these samples. These process steps are, in general, impractical
for solar cell applications. They are aimed to generate different
types of defects separated at different depths below the wafer
surface, which best illustrate the capabilities of the technique
presented here.

The experimental setup of our μ-PLS system is described in
detail elsewhere [31]. A supercontinuum excitation light source
(NKT SuperK Extreme EXR-20) with a tunable wavelength
range between 490 nm and 2 μm was employed. In this work,
excitation wavelengths between 510 and 810 nm were used
with a bandwidth of 10 nm for the chosen wavelengths, and the
on-sample power was kept constant at 6 mW for all excitation
wavelengths. The wavelength selection was achieved using a Su-
perK VARIA attachment allowing the tuning of both the center
wavelength and the bandwidth of the filtered light. The diameter
of the illuminated spot on the samples varied between ∼1 μm
(for 510-nm excitation wavelength) and ∼2 μm (for 810-nm
excitation wavelength). The spectral response of the entire sys-
tem was determined with a calibrated halogen–tungsten light
source. The measurement temperature was kept at 79 K using a
liquid-nitrogen-cooled cryostat. The cross-sectional specimens
for μPLS measurements were prepared by a conventional me-
chanical polishing technique, whereas the cross-sectional spec-
imens for TEM were prepared by focused ion beam. TEM anal-
ysis was carried out in a Phillips CM300 instrument operated
at 300 keV. The doping profiles of the diffused layers were
measured using the electrochemical capacitance–voltage (ECV)
technique.

III. SPECTRALLY RESOLVED PHOTOLUMINESCENCE

EXCITATION ON DIFFUSED SILICON WAFERS

Fig. 1(a) shows doping profiles of two different boron-
diffused samples measured by ECV. The doping profile of

sample 1 is shallower but higher in concentration, compared
with sample 2. Fig. 1(b) plots the absorption depth versus exci-
tation wavelength in c-Si at 79 K. The data were calculated from
[32] and the effects of heavy doping were neglected. Fig. 1(c)
and (d) shows the evolution of normalized PL spectra of samples
1 and 2, respectively, with increasing excitation wavelengths
from 510 to 810 nm at 79 K. Two distinct peaks can be observed
in each spectrum. The peak located at ∼1130 nm is the band-to-
band emission from the underlying c-Si substrate (denoted as
c-Si peak) and was used for normalizing the spectra for different
excitation wavelengths. The second peak at ∼1165 nm (sam-
ple 1) and ∼1157 nm (sample 2) is the band-to-band emission
attributed to the heavily doped layer near the surface (denoted
as HDBB peak) [24], [25]. Compared with the c-Si peak, this
HDBB peak is shifted to longer wavelengths due to band-gap
narrowing (BGN) effects in heavily doped silicon [2], [3]. At
the shortest excitation wavelength (510 nm), a large fraction of
the laser light is absorbed in the diffused layer near the surface.
Therefore, the HDBB peak is intense compared with the c-Si
peak. However, when the excitation wavelength increases, i.e.,
the absorption depth increases, the laser light is absorbed more
in the silicon substrate but less in the diffused layer. Therefore,
the relative intensity of the HDBB peak is suppressed, compared
with the c-Si peak.

Fig. 2(a) compares the normalized spectra between the two
samples at two excitation wavelengths: 510 and 810 nm. The
first notable feature is the difference in the energy and width
of the HDBB peak between the two samples. The HDBB peak
of sample 1 is lower in energy (i.e., longer wavelength) and
broader compared with that of sample 2, indicating that the
diffused layer of sample 1 is more heavily doped than that
of sample 2. The difference is explained by the illustration in
Fig. 2(b). There are two distinct points for the heavily doped
silicon: 1) the luminescence gap Eg2 is smaller than that of the
low-doped silicon Eg1 due to BGN effects [2], [3]; and 2) the
Fermi energy level EF is shifted into the valence band EV (for p-
type doping), and thus, all energy states between EF and EV are
occupied by free holes [26], [33]. Meanwhile, the free holes in
low-doped silicon are very close to the valence band edge due to
rapid carrier thermalization. Thus, the radiative recombination
between the two band edges has a wider energy distribution
in heavily doped silicon compared with lowly doped silicon
[26], [33], [34]. Therefore, the higher the doping density in the
diffused layer, the lower the energy and the broader the width of
the HDBB peak. Note that the nonhomogeneous doping profile
throughout the thickness of the diffused layer also contributes to
the broadening of the HDBB peak, compared with the c-Si peak,
which is emitted from the homogeneously doped substrate.

The second notable feature is the difference in the HDBB peak
intensity between the two samples. The normalized HDBB peak
of sample 1 is reduced more quickly than that of sample 2 when
the laser light penetrates deeper into the substrate. This fea-
ture demonstrates that the junction depth of sample 2 is deeper
than that of sample 1. Therefore, by employing this spectrally
resolved PLE technique, one can qualitatively assess both the
doping level and the junction depth of the heavily doped layers
in c-Si wafers and solar cells. The technique is, in principle, only
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Fig. 1. (a) Doping profiles of the two boron-diffused samples. The numbers in brackets are the measured sheet resistance (using the four-point probe technique)
and emitter saturation current density (see [30] for the measurement technique), respectively. (a) Absorption depth versus excitation wavelength in c-Si at 79 K.
The data were calculated from [32], and the effects of heavy doping were neglected. PL spectra of (c) sample 1 and (d) sample 2, captured at 79 K with
varying excitation wavelengths. All spectra were normalized to the c-Si peak. The spurious peaks marked by broken-line arrows are harmonic artifacts due to the
not-entirely-suppressed sidebands of the supercontinuum laser.

Fig. 2. (a) Comparison of normalized PL spectra between sample 1 and sample 2, excited with the 510- and 810-nm wavelengths at 79 K. All spectra were
normalized to the c-Si peak. (b) Radiative recombination scheme in low-doped and heavily doped p-type c-Si wafers.
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Fig. 3. (a) Doping profiles of three samples N1, N2, and N3. (b) Comparison of normalized PL spectra among the three samples, excited with the 510-nm
wavelength at 79 K.

sensitive to active dopants since only active dopants contribute
to the BGN effects, causing the HDBB peak. However, the ab-
sorption depth of the excitation light is expected to be smaller
than the values presented in Fig. 1(b) due to the smaller effective
band gap in heavily doped silicon. In addition, this parameter
varies throughout the thickness of the diffused layer. Hence, we
do not place an emphasis on calculating the exact junction depth
from this technique at the current stage. Note that there is also
a weak shoulder around 1230 nm, which is mostly visible in
sample 2. This is the phonon replica of the HDBB peak.

IV. SPECTRALLY RESOLVED PHOTOLUMINESCENCE

EXCITATION ON DEFECTS INDUCED BY POST-DIFFUSION

THERMAL TREATMENT

In this section, we examine the impact of the post-diffusion
thermal treatment on the formation of defects underneath the
wafer surface, applying the spectrally resolved PLE technique.
Fig. 3(a) plots the doping profiles of the three samples N1, N2,
and N3 (see Table I for a description of these samples). As can
be seen from this figure, sample N3 (retaining both BSG and
BRL layers before annealing) is more heavily doped than the
other two, since the BSG layer acts as a further source of boron
doping, which diffuses into the silicon wafer during annealing at
high temperatures [35]. Fig. 3(b) shows the normalized spectra
from the three samples, excited with the 510-nm wavelength at
79 K. Besides the c-Si (from the silicon substrate) and HDBB
(from the heavily doped region) peaks, samples N2 and N3
also show a strong deep-level luminescence peak at ∼1300 nm.
However, sample N1 (for which both the BRL and BSG layers
were removed before being annealed) does not show any defect
luminescence, despite having a similar doping profile with sam-
ple N2. The BSG layer was removed by diluted HF, in which
silicon is not dissolved. The BRL layer was removed by oxidiz-
ing the wafers in boiling HNO3 with 20-min intervals and was
considered to be removed completely if the wafer surface was
hydrophobic after HF dip. The boiling HNO3 was demonstrated

to oxidize less than 5 nm of silicon in 10 min [36], and thus, the
20-min interval oxidation causes no significant changes to the
boron diffusion profiles across all samples. This suggests that
the heavily doped layer itself, annealed at high temperatures,
does not cause the observed deep-level luminescence.

Furthermore, we did not observe any defect luminescence
from the three samples annealed in an oxygen environment
O1, O2, and O3. Since the oxidation process converts the BRL
layer into a BSG layer [35], the absence of defect lumines-
cence from these samples suggests that annealing the BSG layer
by itself does not cause deep-level defects inside the silicon
wafers. These findings are consistent with the results reported
by Cousins and Cotter [37] and Kessler et al. [38]. Cousins
and Cotter found that their boron-diffused wafers were heavily
dislocated when driving them in with an inert gas directly af-
ter the diffusion process (thus, the BRL layer was still present)
but found minimal dislocations in the wafers driven in with an
oxygen environment [37]. Kessler et al. reported that a thick
BRL layer caused a bulk lifetime degradation of silicon wafers
during the annealing and cooling process, and this degradation
could be avoided by a drive-in step in oxygen gas to reverse
the BRL formation [38]. Therefore, we propose that annealing
the BRL layer causes a mechanical stress between this layer
and the silicon wafer, creating dislocations that can glide into
the silicon wafer and cause the deep-level luminescence. The
type and origin of the deep-level luminescence, as well as the
presence of dislocations, will be clarified in Section V.

Next, we demonstrate the application of the spectrally re-
solved PLE method on the defects induced by the post-diffusion
thermal treatment mentioned above, giving us useful informa-
tion about the depth distribution of different types of defects
below the wafer surface. Fig. 4(a) and (b) shows the normalized
spectra of samples N2 and N3 with varying excitation wave-
lengths at 79 K. As in Fig. 1(b) and (c), the longer the excitation
wavelengths, the less pronounced the HDBB peak, compared
with the c-Si peak. However, we can also observe a suppres-
sion of the defect peak with increasing excitation wavelengths,
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Fig. 4. PL spectra of (a) sample N2 and (b) sample N3, captured at 79 K with varying excitation wavelengths. All spectra were normalized to the c-Si peak.

Fig. 5. PL spectra of (a) sample N2 and (b) sample N3, captured at 79 K with varying excitation wavelengths. The c-Si component was subtracted from
all spectra, and the resultant spectra were normalized to the HDBB peak. The spurious peaks marked by broken-line arrows are harmonic artifacts due to the
not-entirely-suppressed sidebands of the supercontinuum laser. The spectrum at 810-nm excitation wavelength was not shown in (a) since the HDBB peak was not
well resolved after subtracting the c-Si component.

compared with the c-Si peak. Therefore, we conclude that the
observed defect luminescence originates from the region near
the wafer surface. Moreover, a detailed inspection of the defect
luminescence reveals a difference between the two samples.
Sample N2 has only one defect peak located at ∼1300 nm,
whereas sample N3 seems to have another weak defect peak at
∼1480 nm. Therefore, we denoted the two peaks at ∼1300 and
∼1480 nm as “defect peak 1” and “defect peak 2,” respectively,
in Fig. 4(a) and (b).

Furthermore, Fig. 5(a) and (b) plots the spectra, normalized
to the HDBB peak, of samples N2 and N3. The c-Si peak has
been subtracted from all spectra in order to avoid the impact
of this peak on the spectral components from the near surface
region. In Fig. 5(a), the shape of the defect luminescence is very
consistent, and there is only one peak for all excitation wave-
lengths. However, in Fig. 5(b), there are two different defect
peaks at∼1300 and∼1480 nm, and their relative intensity is dif-

ferent from each other with increasing excitation wavelengths.
Compared with defect peak 2, defect peak 1 is less pronounced
when the laser light penetrates more deeply into the c-Si sub-
strate. Therefore, these results suggest that although both de-
fects are distributed near the surface region, defect peak 2 is
distributed more deeply into the substrate than defect peak 1.
Note that all spectra presented so far were measured from above
the wafer surface, i.e., this method is nondestructive.

V. VERIFICATION OF DEFECT LUMINESCENCE USING

CROSS-SECTIONAL μPHOTOLUMINESCENCE SPECTROSCOPY

AND TRANSMISSION ELECTRON MICROSCOPY

Now, we verify the findings regarding the spatial distribu-
tion of defect peaks 1 and 2 mentioned above, using the PL
spectra captured from a vertical cross-sectional slice of the in-
vestigated boron-diffused c-Si wafers. The cross section was
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Fig. 6. PL spectra on the cross sections of samples (a) N2, (b) N3, (c) O2, and (d) O3, captured at 79 K with 810-nm excitation wavelength. The lengths indicate
the distance from the original wafer surface on the cross section.

excited with the 810-nm wavelength to allow the laser light
to penetrate deeply into the samples (from the cross-sectional
view), thus reducing the nonradiative recombination caused by
the damaged layer resulting from the mechanical polishing on
the cross-sectional surface. Fig. 6(a) and (b) shows the relative
PL spectra from samples N2 and N3, captured at different dis-
tances from the edge of the cross section (which is the original
sample surface). As can be readily seen from Fig. 6(a), defect
peak 2 is absent from all spectra, whereas the intensity of defect
peak 1 reduces with increasing distances from the edge. How-
ever, in Fig. 6(b), we can observe unambiguously both defect
peaks. The intensity of defect peak 1 reduces quickly, whereas
that of defect peak 2 still remains strong up to a certain distance
from the edge. Meanwhile, no defect luminescence is observed
in the spectra from the samples annealed in an oxygen environ-
ment, as depicted in Fig. 6(c) and (d). The results from these
four figures are consistent with our conclusions above.

In addition, comparing the two defect peaks with the so-
called D lines emitted from dislocations, their spatial distri-
butions are consistent with those of the doublets D3/D4 and
D1/D2, respectively [18], [19], [31], [38]. The doublet D1/D2
was demonstrated to be emitted from the secondary defects
and impurities trapped around dislocation sites, and thus, their
spatial distribution is usually extended over a broader region
around the dislocation sites [18], [19], [31], [38]. Meanwhile,
the doublet D3/D4 was found to reflect the intrinsic properties of
dislocations themselves, since the luminescence was confined to
very near the dislocation sites [18], [19], [31], [39]. Therefore,

we propose that defect peak 1 represents the doublet D3/D4,
whereas defect peak 2 is expected to be the doublet D1/D2. De-
composing defect peaks 1 and 2 into their individual D lines is
difficult, since these two peaks are emitted from the regions in
which the doping profile is nonuniform, thus broadening the two
peaks due to varying amount of BGN in heavily doped silicon.
However, once the distance from the edge of the cross section is
far enough [e.g., the 15-μm curve in Fig. 6(b)], the contribution
from the uniform- and low-doped region dominates the spec-
trum and the position of defect peak 2 is similar to the reported
D1 line [31], [39].

Finally, a TEM two-beam [–1 –1 1] bright-field image of the
(0 1 1) cross section of the boron-diffused silicon wafer N3
is shown in Fig. 7(a) and (b) for low and high magnifications,
respectively. The micrograph in Fig. 7(a) reveals a dislocation
band located about 3 μm below the wafer surface. Between this
dislocation band and the surface is a dislocation-free zone. This
distribution of dislocations is similar to the results reported by
Ning [40] and was explained by the movement of dislocations
formed at the wafer surface during the annealing and cool-
ing process. Therefore, the observed deep-level luminescence is
likely to be related to the dislocations.

Since defect peak 2 was not present on samples N1 (annealed
in nitrogen gas) and N2 (annealed in nitrogen gas with the BRL
layer present), this defect peak is not likely to be due to either
nitrogen diffused into the wafers or nitrogen–oxygen complexes
[41]. Another possibility is that this defect peak could originate
from oxygen precipitates, since its energy level is similar to
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Fig. 7. (a) TEM two-beam [–1 –1 1] bright-field image of the (0 1 1) cross
section of the (1 0 0) boron-diffused silicon wafer N3. The [0 1 1] zone-axis
is along the beam direction. The dislocations are marked with the white circles,
and they form a band parallel to the wafer surface. The broad wavy features
are thickness fringes due to the nonuniformity of the thickness of the TEM
specimen. (b) Image with higher magnification of the area marked with “X”
in (a).

the luminescence from oxygen precipitates, reported by Tajima
et al. [18] and Bothe et al. [42]. However, oxygen precipitates
and dislocations often appear together [43] due to the local stress
and strain around the precipitates. In addition, Tajima et al.
[18] reported that oxygen precipitate luminescence was con-
fined around small-angle grain boundaries, which were known
to have high dislocation densities, and the luminescence only
appeared at 100 K or above. Meanwhile, our defect peak 2 can
be observed at 79 K and extends well below the wafer surface
compared with the dislocation band. Therefore, the observed
luminescence peak is unlikely due to oxygen precipitates, al-
though oxygen precipitates could possibly decorate around the
dislocations near the surface.

In fact, defect peak 2 can be compared with the results re-
ported by Charnvanichborikarn et al. [44], [45]. These authors
found a broad PL band beyond 1400 nm from irradiated c-Si
wafers annealed at high temperatures and proposed that this PL
band arose from the localized strain in the early stages of ex-
tended defect formation or interstitial clusters. In addition, in

Fig. 6(a), there is a shifting toward longer wavelengths of defect
peak 1 with increasing distances from the edge, which is similar
to that of D3 when moving away from the subgrain boundaries
in mc-Si [31]. We note that, although the spectrally resolved
PLE technique was demonstrated here on boron-diffused layers
and dislocations in c-Si wafers, it could, in principle, be applied
for others structures and defects separated at different depths
within a wafer.

VI. CONCLUSION

Combining spectrally resolved PL and PLE spectroscopy
techniques, we have captured full luminescence spectra with
varying excitation wavelengths, allowing us to examine the
properties of different layers and defect types at various depths
inside boron-diffused silicon wafers. We have demonstrated that
this method can be used to qualitatively assess doping concen-
trations and junction depths. In addition, we have applied this
method to detect dislocations induced by the post-diffusion ther-
mal treatment process, giving insightful information about the
spatial distribution of both dislocations and secondary defects
located below the wafer surfaces.
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