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Abstract Low-temperature micro-photoluminescence

spectroscopy (μ-PLS) is applied to investigate shallow

layers of laser-processed silicon for solar cell applications.

Micron-scale measurement (with spatial resolution down to

1 μm) enables investigation of the fundamental impact of

laser processing on the electronic properties of silicon as a

function of position within the laser-processed region, and

in particular at specific positions such as at the boundary/

edge of processed and unprocessed regions. Low-temper-

ature μ-PLS enables qualitative analysis of laser-processed

regions by identifying PLS signals corresponding to both

laser-induced doping and laser-induced damage. We show

that the position of particular luminescence peaks can be

attributed to band-gap narrowing corresponding to different

levels of subsurface laser doping, which is achieved via

multiple 248 nm nanosecond excimer laser pulses with

fluences in the range 1.5–4 J/cm2 and using commercially

available boron-rich spin-on-dopant precursor films. We

demonstrate that characteristic defect PL spectra can be

observed subsequent to laser doping, providing evidence of

laser-induced crystal damage. The impact of laser param-

eters such as fluence and number of repeat pulses on laser-

induced damage is also analyzed by observing the relative

level of defect PL spectra and absolute luminescence

intensity. Luminescence owing to laser-induced damage is

observed to be considerably larger at the boundaries of

laser-doped regions than at the centers, highlighting the

significant role of the edges of laser-doped region on laser

doping quality. Furthermore, by comparing the damage

signal observed after laser processing of two different

substrate surface conditions (chemically–mechanically

polished and tetramethylammonium hydroxide etched), we

show that wafer preparation can be an important factor

impacting the quality of laser-processed silicon and solar

cells.

1 Introduction

Since laser doping was introduced in the 1960s for local

doping of silicon diodes [1], the technique has been used

for various silicon solar cell fabrication steps such as the

formation of p–n junctions [2], contact opening [3, 4], and

edge isolation [5]. After the introduction of localized p–n

junctions [6] for achieving high-efficiency silicon solar

cells, many researchers are now motivated to use laser

doping for low-cost, high-efficiency silicon solar cell fab-

rication [7–9]. As opposed to the conventional methods to

achieve local doping, including complex patterning and

diffusion sequences, laser doping is able to minimize

processing complexity.

However, laser doping has been known to induce defects or

dislocations in silicon [10–12]. Moreover, characterization of

laser-doped regions is quite challenging using conventional

characterization methods due to the micron-scale features

typically produced via laser processing. Although numerous

characterization methods for laser-doped regions have been

introduced and developed, they still require the formation of

specific test structures [13, 14] and thus usually do not rep-

resent fundamental characterization of small laser-processed

regions typically employed in cell fabrication.

Therefore, a method that is able to investigate the fun-

damental impacts of laser processing directly on small-
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sized features represents a significant advantage over cur-

rent techniques. In this paper, we utilize low-temperature

micro-photoluminescence spectroscopy (μ-PLS) to inves-

tigate shallow layers of laser-doped silicon, exploring the

impacts of laser processing on both subsurface doping and

damage.

Temperature-controlled μ-PLS is already being

employed as a nondestructive and precise characterization

method in silicon photovoltaics. By utilizing μ-PLS tech-

niques, micron-scale defects [15] or impurities [16] in

crystalline silicon can be detected. Furthermore, μ-PLS has

been used to extract minority carrier lifetimes and doping

densities [17]. Low-temperature μ-PLS also enables the

identification of heavily doped shallow layers on a silicon

wafer [18], with two distinct peaks observed, one corre-

sponding to band-to-band emission from the underlying

silicon wafer, and a second peak from the heavily doped

region occurring at longer wavelengths due to band-gap

narrowing effects [19, 20]. These peaks cannot be readily

observed at room temperature due to their broadening, but

become apparent at temperatures below 120 K [18]. In

addition, sub-band-gap emission from defects or disloca-

tions is also only observable at lower temperatures, since at

higher temperatures the carriers trapped at the defect levels

are thermally excited back to the band edges [21, 22].

With the advantages of high spatial and spectral reso-

lution of low-temperature μ-PLS, we investigate the impact

of laser pulses by observing the luminescence at specific

locations within the laser-processed regions, such as at the

center of the doped region, the boundary/edge of processed

and unprocessed regions, and the boundary between two

overlapped laser pulses, as shown in Fig. 1a.

When a silicon wafer with a heavily doped, shallow

(typically\2 µm) surface layer that has been introduced

via laser doping is irradiated with appropriate moderate-

intensity laser light over a micron-scale spot size (an

excitation laser), carrier generation occurs and a region of

localized high carrier injection results. If the carrier life-

time is sufficiently low, as a result of Auger recombination

due to the very high local carrier density, the excited region

is confined to a volume corresponding approximately to the

absorption depth of the incident irradiation. The ensuing

recombination from that region gives rise to specific PLS

signals from the heavily doped layer and the underlying

silicon substrate. Radiative recombination of free carriers

between the two indirect band edges of the silicon substrate

is represented as a peak at around 1130 nm. A second

luminescence peak corresponding to the heavily doped

layer is subject to band-gap narrowing effects and therefore

shifted slightly to longer wavelengths. Other signals

detected at longer wavelengths represent sub-band-gap

emission from defects, caused in this case by the laser

processing. These defect signals can include some specific

peaks associated with the well-known dislocation-related

‘D-lines’ [23] or may consist of broadband signals above

1200 nm due to continuous deep defect levels within the

band gap.

Based on these spectra, we are able to analyze qualita-

tively the effect of laser processing on silicon. Firstly, we

demonstrate the impact of laser damage itself from PL

spectra of laser-irradiated samples without the introduction

of dopants. Secondly, we show PL spectra of laser-doped

samples at the center, at edge, and at overlapping laser-

doped regions to observe the level of doping and to

determine where laser damage is most prevalent within

laser-doped regions. Lastly, we study the effect of sample

surface conditions on damage introduced via the laser

doping process.

Fig. 1 Microscopic images of laser-doped regions (4 J/cm2) on a CMP and b TMAH-etched substrates, indicating PLS measurement locations;

the center, the edge and the overlapped regions
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2 Experimental setup and sample preparation

We prepared two sets of samples, one set with polished

surface conditions and the other set with relatively rough

surface conditions as present in typical solar cell devices.

Polished surfaces were achieved via standard chemical–

mechanical polish (CMP). The rougher surfaces were

formed by chemical etching in tetramethylammonium

hydroxide (TMAH) solution for 10 min, employed typi-

cally to remove saw damage from as-cut wafers. The

resultant surface conditions of CMP and TMAH sub-

strates can be compared from microscopic images in

Fig. 1. Apart from the surface condition, all other prop-

erties of both substrates were kept consistent. Both

sample substrates were phosphorus-doped n-type float

zone silicon wafers with resistivity of around 6 Ω cm,

corresponding to a background doping level of around

7 9 1014 cm−3. Prior to depositing the dopant precursor,

both substrates were RCA cleaned to remove any pre-

cipitates. B155 poly-boron spin-on dopant (SOD) from

Filmtronics was then applied using a benchtop spinner at

2000 RPM for 50 s. The dopant source was subsequently

baked at 90 °C for 20 min to remove solvents. We then

employed a 248-nm KrF excimer laser under nitrogen

processing gas flow (to reduce oxidation and other parti-

cle contamination) at atmospheric pressure and at room

temperature, with a homogeneous 320 9 320 μm2 rect-

angular-shaped beam and 25 ns pulse duration, to melt a

shallow layer (typically in the order of 1 µm or less), thus

introducing dopants into the melted layer subsequent to

recrystallization. A variety of single or multiple repeat

pulses, up to 10, were employed with various fluences in

the range of 1.5–4 J/cm2. Consecutive laser pulses were

spaced by 300 μm to form an overlapped region about

20 μm wide.

The employed μ-PLS system in this study was a Horiba

T64000 with a liquid-nitrogen-cooling cryostat to maintain

the sample temperature at 79 K. The excitation source was

a continuous 532 nm diode-pumped solid state (DPSS)

laser, with incident spot size down to about 1 μm diameter

on the sample using a 509 objective lens, and an excitation

power kept at approximately 6 mW for all measurements.

The absorption depth of the excitation light at 79 K in

silicon is estimated to be about 3 μm [24]. The emitted PL

signal was measured by a liquid-nitrogen-cooled InGaAs

detector. The spectral response of the entire system was

determined with a calibrated tungsten halogen lamp. A

more detailed description of this µ-PLS system setup and

measurement configuration has been described previously

by Nguyen et al. [18, 25].

3 PL spectra of excimer laser-damaged silicon
substrate

In order to assess the impact of damage induced via the

laser doping process, it is useful to decouple the PL signals

observable due to damage and due to doping. To achieve

this, we first observe the defect PL signal from silicon

substrates that have been processed by the excimer laser

without inclusion of the dopant precursor, but using laser

parameters known to be compatible with doping.

Figure 2 shows normalized PL spectra of the excimer

laser-processed samples measured at different positions

Fig. 2 Normalized micro-PL spectra measured on excimer laser-

irradiated samples without dopant precursor at a the center, b the

edge, and c pulse overlapped regions, and on both TMAH-etched and

CMP substrates. Excitation is achieved with a 532 nm laser, and

substrate temperature is 79 K
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within the laser-processed region. The plots also contain

the PL spectra measured for the same substrate types, but

prior to any laser processing; it is worth noting that in this

case the observed signal was identical for both CMP and

TMAH samples, and hence, only one spectrum is plotted.

Compared to the spectra of the unprocessed Si, most

spectra of laser-processed samples show specific local

peaks at around 1230 and 1280 nm. These two peaks are

quite small (in this case, a log scale is used for the y-axis,

while for later plots we use a linear axis to better illustrate

features present after laser doping) but are distinctive

compared to the spectra observed on the unprocessed

substrates.

The locations of these two deep-level peaks are close to

the so-called D4 and D3 lines, which are emitted from

intrinsic dislocations in crystalline silicon and are partic-

ularly observable near liquid nitrogen temperatures [25,

26]. The characteristic wavelength reported in the literature

for the D4 line is consistent with our observed 1230 nm

peak in Fig. 2, whereas the characteristic wavelength cor-

responding to the D3 is slightly lower than the literature

value reported to vary between 1290 and 1305 nm

depending on the relative position around dislocation sites

[25]. We are not able to observe these luminescence peaks

at all on unprocessed silicon, and therefore, we can rea-

sonably conclude that the two deep-level peaks at 1230 and

1280 nm observed in Fig. 2 are emitted from dislocations

caused by the laser irradiation. The fact that we did not

observe the other two deep-level lines D1 and D2, which

are known to originate from secondary defects and

impurities trapped by the strain field around dislocations

[26], suggests that the laser irradiation (without the dopant

precursor) has created dislocations where such additional

defects and impurities are not incorporated.

Furthermore, the intensities and widths of the 1230 and

1280 nm peaks are low and narrow, so the density of dis-

locations is low unless employing high fluence. We

observed that the presence of both the 1230 and 1280 nm

peaks is dependent upon laser parameters and the mea-

surement location.

Table 1 summarizes the presence of specific 1230 (as ●
in the table) and 1280 nm (as ◌ in the table) peaks as well

as the presence of a high level of broadband luminescence

in the range of 1200–1500 nm (here referred to as broad-

band defects, as ◊ in the table), as observed in PL spectra of

laser-damaged CMP and TMAH samples and for a variety

of typical laser parameters.

PL spectra corresponding to low fluences (1.5 J/cm2) at

edges and at overlapped regions are excluded, since in

these cases the laser process itself produced minimal or no

visible impact on the wafer surface, and therefore, precise

positioning of the excitation laser beam at the edge or

overlapped regions was not possible. Note that the

boundary of the processed pulse is only visible for fluences

above 2.0 J/cm2. However, the positioning at the center of

the region could more easily be achieved, because of the

relatively large beam size, so PL spectra corresponding to

the low fluence (1.5 J/cm2) at centers are included.

With increasing fluence and repeat pulses, the 1230 nm

peak becomes evident, whereas the 1280 nm peak

Table 1 A qualitative indication of the presence of the defect-related

1230 and 1280 nm luminescence peaks and broadband defects PL

spectra of CMP and TMAH laser-processed (but undoped) samples

for a range of laser fluence and pulse repeats, and observed at center,

edge and overlapped laser pulse regions

Fluence Pulse

Center Edge Overlapped

1 2 3 5 10 1 2 3 5 10 1 2 3 5 10

CMP

1.5 J/cm2 ●+◌ ●+◌ ●+◌ N/A N/A

2 J/cm2 ●/◌ ●+◌ ●+◌ ● ◌ ◌ ◌ ◌ ◌ ●+◌ ●+◌ ●+◌ ●+◌ ●+◌
2.5 J/cm2 ● ● ● ● ● ◌ ●+◌ ●+◌ ●+◌ ●+◌ ●+◌ ● ● ● ●
3 J/cm2 ● ● ● ● ● ◌ ●+◌ ●+◌ ●+◌ ● ●+◌ ● ● ● ◊
4 J/cm2 ● ● ● ● ● ◌ ● ● ◊ ◊ ● ● ◊ ◊ ◊
TMAH

1.5 J/cm2 ●+◌ ●+◌ ●+◌ N/A N/A

2 J/cm2 ◌ ●/◌ ●+◌ ●+◌ ● ◌ ◌ ◌ ◌ ◌ ●+◌ ●+◌ ●+◌ ●+◌ ●+◌
2.5 J/cm2 ● ● ● ● ● ◌ ◌ ◌ ●+◌ ● ●+◌ ● ● ● ◊
3 J/cm2 ● ● ● ● ● ◌ ●+◌ ●+◌ ●+◌ ◊ ● ● ● ● ◊
4 J/cm2 ● ● ● ● ● ◌ ● ● ◊ ◊ ● ● ◊ ◊ ◊

The presence of both peaks in a pair indicated as ●+◌
●: 1230 nm peak, ◌: 1280 nm peak, ◊: broadband defects
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disappears. When lower fluence is applied, both the 1230

and 1280 nm peaks are observed, but the 1230 nm peak

only is seen as fluence increases. Interestingly, PL spectra

measured at the edge region processed with lower fluence

or single pulse show 1280 nm peak alone unlike the

presence of both peaks in a pair at other regions. Moreover,

the edge and overlapped regions show a high level of

broadband defects when the regions are processed with

very high fluence with multiples pulses. When comparing

the presence of those peaks on different surface conditions

in Table 1, the presence of those peaks is not much

dependent on the surface conditions, apart from evidence

of more broadband defects on TMAH samples under high

fluence irradiation.

4 PL spectra of excimer laser boron-doped silicon
substrates

The observations of PL spectra relating to laser processing

without any dopant introduction, as described in the pre-

ceding section, provide good evidence of damage induced

by the laser-induced melt and recrystallization process

itself. However, most processes of interest involving a

significant melt and recrystallization event at the substrate

surface are accompanied by the introduction of dopants to

form heavily doped n-type or p-type silicon. We therefore

investigate doping and damage, resulting from a laser

doping process, observed via PL spectra of laser-doped

samples. The normalized PL spectra of a variety of laser-

doped samples, as measured at the center of the laser-

processed region, are demonstrated in Fig. 3. The spectrum

observed for an unprocessed silicon sample is also plotted

for comparison.

We observe firstly the evidence of heavy doping via the

local peak at around 1160 nm. This luminescence emission

from heavily doped subsurface layers is due to band-gap

narrowing, while the peak around 1130 nm comes from the

underlying silicon substrate. It is well known that a higher

dopant or carrier concentration results in a reduction in the

band gap of silicon, resulting in radiative recombination at

a lower energy (longer wavelength emission).

For dopant density profiles that are not homogenous

with depth, for example a typical dopant profile resulting

from a tube diffusion or laser doping process, the degree of

band-gap narrowing also varies with depth, and hence,

emission occurs over a range of wavelengths. Nonetheless,

if the excitation irradiance is absorbed strongly near the

substrate surface, as is the case for 532 nm laser light, and

if generated carriers and hence recombination is confined

Fig. 3 Normalized micro-PL spectra measured on excimer laser-doped samples with a, b 1.5 J/cm2 or c, d 4 J/cm2 at the center regions on a,
c TMAH-etched and b, d CMP substrates. Excitation is achieved with a 532 nm laser, and substrate temperature is 79 K
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to the absorption zone, by using high intensity irradiance

and hence ensuring Auger-limited carrier diffusion, then

recombination in the most heavily doped region just below

the surface dominates, and the emission spectra peak

becomes a proxy for the surface dopant density. Therefore,

we can estimate the relative degree of surface dopant

density by observing the wavelength at the local PLS peak

corresponding to the heavily doped layers (here referred to

as the doping peak).

Figure 4 plots the wavelengths of the doping peaks and

sheet resistances as a function of the number of repeat

pulses and for three fluences. The range of applied fluences

has shown to yield a wide range of doping levels. The µ-
PLS spectra have been measured at the center of laser-

doped regions on both TMAH-etched and CMP samples.

Since the doping peak is broad, low and asymmetric,

particularly at low fluence or very high fluence with mul-

tiple pulses, the peak wavelength is determined by taking

the median of wavelengths having PL intensities larger

than 99.5 % of the maximum value within 1140 and

1200 nm. By comparing Fig. 4a–d, we conclude that the

surface condition does not greatly affect the resultant level

of doping since the figures do not exhibit clear differences.

Moreover, both samples show similar trends with both

fluence and the number of repeat pulses.

The total dose and depth of doping of laser-doped

samples are determined by the fluence and the number of

repeat pulses. The initial laser pulse melts the silicon

subsurface layer while simultaneously incorporating

dopant atoms from the dopant precursor into the melt, at

the same time and in particular for higher fluences

removing or ablating some or all of the dopant precursor

film itself, prior to complete recrystallization. A higher

fluence generally leads to more dopant atoms being intro-

duced, but also to a larger melt depth and longer melt

period and hence to a deeper and flatter distribution of

dopants within the recrystallized layer. Hence, at higher

fluences we observe lower sheet resistance, owing both to

higher dose and to deeper doping, and lower wavelength of

the doping peak, owing to a lower surface dopant density

associated with the deeper and flatter dopant profile. Sub-

sequent pulses typically introduce little or no additional

dopant atoms for higher fluences (the dopant precursor

being completely consumed or removed by the initial

pulse, e.g., for 2.5 and 4 J/cm2 in this experiment) but do

introduce some additional dopants for lower fluences

(1.5 J/cm2 in this case).

The dominant mechanism associated with repeat pulses

is the re-melt and re-distribution of the existing dopant

atoms within the melt layer, similar to the effect of a tra-

ditional thermal ‘drive-in’ step and resulting in a dopant

profile characterized by both lower surface dopant density

and greater depth [27, 28]. A deeper and flatter profile

yields a lower sheet resistance, even for the same total

dose, simply because carrier mobility increases with

decreasing dopant density [29]. Hence, we readily observe

that subsequent pulses generally reduce sheet resistance

while also reducing the wavelength of the doping peak.

Fig. 4 Wavelengths of doping

peaks and sheet resistances from

laser-doped silicon substrates

with a, c CMP surface and b,
d TMAH-etched surface finish,

as a function of number of

repeat laser pulses and for a

range of laser fluences, observed

via µ-PLS measured at the

center of laser-doped regions.

Error bars indicate a range of

wavelengths having PL

intensities larger than 99.5 % of

the doping peak intensity
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We note that such a change is generally more evident

after the second pulse than after subsequent pulses since,

on the first hand, the dopant precursor being partly or

wholly removed by the first pulse means that more intense

laser irradiation actually reaches the silicon surface for

second and subsequent pulses, and secondly because the

actual diffusion of dopants within the molten phase nec-

essarily reduces with each pulse as the dopant gradient

lowers. Additionally, we observe here that for higher flu-

ences it appears that many repeat pulses may even result in

material ablation and removal of doped silicon and hence a

resultant increase in sheet resistance.

As shown earlier, damage and defects caused by laser

processing are represented in the PL spectra in the wave-

length range of 1200–1500 nm. This similar feature has

been reported in laser-annealed silicon, which show a

multitude of broad bands at around 1360 nm [30], whereas

distinctive D1–D4 lines are observed by other authors [31].

Moreover, a specific luminescent peak at around 1270 nm,

showing similar features compared to dislocation-related

luminescent peaks at a sub-grain boundary of a mc-Si, is

also observed near the edge of laser-doped regions [11].

Compared to the PL spectra in Figs. 2, 3 shows elevated PL

signal in this range without specific dislocation peaks being

evident. In fact, dislocation peaks such as D3 and D4 lines

may still be present, but might be masked by the PL signal

of continuous deep levels formed by the laser doping

process [11]. It is additionally possible that the density of

intrinsic dislocations (D3 and D4) might actually be sup-

pressed due to the dislocation pinning effect of boron

dopants in the laser-doped region, as reported previously

for heavily doped silicon [32, 33].

This damage signal rises as higher fluences and a larger

number of repeat pulses are applied. Moreover, the rise in

the defect signal is observed to be greater at the edge of the

doping or at overlapped regions, indicating the introduction

of more severe damage at the silicon recrystallization

boundaries (the interface between the laser melt region and

surrounding region which remains solid throughout—not-

ing that for the overlapping pulse regions the silicon has

solidified and completely cooled between subsequent pul-

ses). This difference in PL spectra among all measurement

positions is only modest up to moderate fluence (\3 J/cm2),

but becomes noteworthy at high fluence.

Figure 5 demonstrates the normalized PL spectra at the

edge and overlapped laser-doped regions at 4 J/cm2 for

different numbers of repeat pulses and on different sub-

strate surfaces. As seen in the figure, the magnitude of the

PL signal corresponding to laser-induced damage at the

edge and overlapped regions is much greater than observed

Fig. 5 Normalized micro-PL spectra measured on excimer laser-doped samples with a, b the edge and c, d the overlapped regions on a,
c TMAH-etched and b, d CMP substrates. Excitation is achieved with a 532 nm laser, and substrate temperature is 79 K
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for measurements taken at the center of doped regions in

Fig. 3.

Furthermore, the PL peak due to the heavily doped

region is not readily observable for some measurements,

since it is buried underneath the dominant laser damage

spectrum; indeed, the intrinsic silicon signal itself is for

some of these samples barely recognizable owing to the

very high level of laser-induced damage and hence the

dominance of defect-related recombination. It is difficult

therefore to make any assessment of peak dopant density at

those measurement positions. In addition, measurements at

the edge/overlapped regions yielded more irregular PL

spectra than measurements at the center. Measurement at

multiple points along the same edge or overlapped regions

typically resulted in considerably different spectra for

many samples, indicating that damage at the micron scale

can be quite non-uniform for these interface regions. This

observation is consistent with the visual appearance of

these edge and overlapped regions at high magnification,

having generally a rough and pitted appearance in com-

parison with the center of doped regions. This fact also

explains the difference between PL spectra observed here

and those reported by Nguyen et al. [11], despite both

samples being processed under the same conditions. On the

other hand, the center gives reasonably consistent PL

spectra over different measurement points.

The effect of initial wafer surface conditions on the level

of laser doping damage can be observed by comparing PL

spectra of Fig. 3c, d or of Fig. 5a, b. At low fluence (1.5 J/

cm2), measurement at the center region of both surfaces

emits similar PL spectra as shown in Fig. 3a, b, with rel-

atively low defect-related PL signals. However, the two

different surfaces yield markedly different PL spectra at

high fluence processing (4 J/cm2) as seen both in Fig. 3c, d

and in Fig. 5. This difference is particularly clear for µ-PLS
measurements taken at the doped region edge and at

overlapped regions, with TMAH-etched surfaces resulting

for all cases in a larger degree of defect-related

recombination.

In order to demonstrate the impact of surface condition

more clearly, Fig. 6 plots normalized PL spectra of laser

processed (both with and without the introduction of

dopants) for both TMAH-etched and CMP substrates,

measured at the center, at the edge and at the overlapped

pulse regions. Apparently, less laser doping-related damage

is induced on the smoother CMP surface, whereas more

laser doping damage is induced on the rougher surface,

although in both cases the damage created by the laser

process is considerably greater than when processing takes

place without dopant introduction. Moreover, the damage

signal is amplified at the edge and the overlapped regions.

Therefore, major electronic quality degradation in laser

doping processes can be concluded to come from the pulse

edge and overlapped regions.

In this paper, all PL spectra are normalized to the silicon

band–band PL peak, to show clearly specific features in the

PL spectra relating to laser damage. However, the effect of

laser damage is also reflected in the absolute measurement

of silicon band–band radiative recombination PL intensity,

which is correlated with the minority carrier lifetime and

thus the crystalline quality. Thus, provided that the exci-

tation intensity and luminescent escape and detection

fraction are identical in each case, the measured band–band

intensity of different samples can be compared directly.

Fig. 6 Normalized micro-PL spectra measured on excimer laser-

doped/laser-damaged (without dopant precursor) samples with 4 J/

cm2 and 3 repeat pulses at a the center, b the edge, and c pulse

overlapped regions, and on both TMAH-etched and CMP substrates.

Excitation is achieved with a 532 nm laser, and substrate temperature

is 79 K
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Figure 7 summarizes the silicon band–band luminescent

peak intensity of the doped and undoped samples measured

at the center of the processed regions for CMP and TMAH-

etched surface conditions. We confirm that higher fluences

and larger number of repeat pulses result in a lower

absolute band–band PL emission, indicative of crystalline

degradation of the substrate. In addition, while this same

trend is still observed, in the case of laser-doped substrates

the band–band PL intensity is also lower. These observa-

tions are consistent with the preceding observations and

conclusions regarding, for example, the formation of more

dislocations and defects with a higher fluence/more repeat

pulses and the creation of greater broadband defects when

dopants are introduced during laser processing.

We note, however, that this trend can only be seen in

CMP samples, where the smooth surface results in minimal

optical difference between samples and between measure-

ment locations and hence where the amount of excitation

irradiance coupled into and luminescent emission coupled

out (and subsequently detected) is consistent between

samples. As shown in Fig. 1, TMAH samples show in

contrast a much varied surface before and after laser pro-

cessing. As a result, significantly different amounts of light

could be coupled into and out of the air and silicon inter-

face when measured at different positions, since the

irradiated region is small in comparison with the surface

feature sizes. Therefore, the absolute PL intensity of

TMAH samples cannot be easily used to indicate crys-

talline quality.

5 Conclusion

Utilizing μ-PLS, we have characterized qualitatively the

fundamental impact of laser doping processes, in particular

the presence of doping and dislocations. The formation of

dislocations in the laser-processed regions is confirmed by

observing specific D4 and D3 lines in PL spectra measured

at laser-irradiated (without dopant precursor) samples. The

heavily doped layers are also characterized from the local

PLS peak at around 1160 nm, and we analyze the impact of

laser parameters on the peak dopant density in the sub-

surface layer. We also demonstrate that higher fluence and

larger number of pulses result in the crystalline degradation

of the substrate by observing characteristic defect PL

spectra and absolute luminescence intensity. The high

spatial resolution of μ-PLS enables to identify the defective

pulse edge or overlapped regions, showing a higher level of

broadband luminescence in range of 1200–1500 nm than

PLS signal measured at the center, particularly when high

fluence is applied. Moreover, different surface conditions

appear to affect significantly the impact of the laser doping

processes, with a considerably greater level of broadband

defect luminescence observed on rougher surfaces than on

smoother surfaces.
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