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Abstract

A low-complexity Hall-based measurement system implementing a dark/illuminated
differential estimator of the majority-carrier photoconductive response is assessed on n-
type crystalline silicon wafers with contrasting doping concentrations. The setup combines
a Van der Pauw configuration, permanent neodymium magnets, a characterized white
LED source, and a source-measure unit to extract an apparent Hall-derived differential
indicator—not a calibrated majority-carrier density—under dark and illuminated steady-
state conditions. At 1.81 mW cm ™2, the lightly doped wafer (Np ~ 10!* cm~2) shows a
resolved response (Ac;, i = 29.61 & 3.406 mScm 1), reported as mean + sample standard
deviation from 15 dark/light cycles. The heavily doped wafer (Np ~ 107 cm~3) gives
a nominal below-threshold response (Ao, y = 1.167 & 0.140 mS cm™ 1) from the same
cycling protocol; it should be interpreted only as an unresolved trend-level indication
because it lies below the instrumental detection threshold. The contrast is qualitatively
consistent with the expected doping dependence, but no quantitative performance ratio is
claimed for the heavily doped wafer. A Macdonald—Cuevas comparison is used only as
a qualitative physical-consistency benchmark. No independent QSSPC, SSPC, u-PCD, or
carrier-resolved photo-Hall measurement was available for the same wafers; therefore, the
system serves as a complementary low-cost screening tool for comparative trend analysis,
not a replacement for calibrated photoconductance or photo-Hall techniques, and it does
not constitute a new measurement principle.

Keywords: Hall-derived estimator; majority-carrier response; comparative photoconductive
screening; Van der Pauw Hall measurement; n-type silicon; LED illumination

1. Introduction

Photoconductivity, defined as the increase in the electrical conductivity of a semicon-
ductor under illumination, is a key parameter for evaluating materials used in photovoltaic
and optoelectronic applications. It provides indirect access to key transport properties such
as minority-carrier lifetime (1) and diffusion length (Lp), which govern recombination
dynamics and ultimately influence device performance metrics including open-circuit volt-
age (Voc) and short-circuit current (Jsc) [1,2]. As a result, photoconductivity establishes
a direct physical link between optical absorption processes and charge-carrier transport
in semiconductors.
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Within the classical framework of semiconductor physics, the steady-state photo-
conductive response (Ac) is expressed as the illumination-induced conductivity increase
relative to the dark condition:

Ao = q(pndn + ppAp) 1)

where g is the elementary charge, yi,, and p, are the electron and hole mobilities, respec-
tively, and An and Ap are the excess carrier densities generated by light [1,3,4]. In doped
semiconductors, optical absorption produces electron-hole pairs in equal concentrations
(An = Ap), while the equilibrium conductivity remains dominated by majority carriers due
to the high carrier concentration imposed by doping [3,4]. In crystalline n-type silicon at
room temperature, electrons exhibit a higher mobility than holes; therefore, for equal excess
carrier concentrations generated under illumination, the electron-related term makes the
larger contribution to the photoconductive response [5].

Under low-level injection conditions, where the excess carrier density is much smaller
than the equilibrium majority-carrier concentration (An < ng ~ Np for n-type silicon), the
majority-carrier population remains nearly unchanged. In this regime, the photoconductive
response can be approximated by a simplified majority-carrier expression:

Ao =~ quuAn )

which reduces analytical complexity but neglects the contribution of minority carriers
and therefore provides a first-order approximation, particularly as moderate injection
conditions are approached [4,6].

In the present work, the illumination-induced response is evaluated using a dark-
referenced Hall-derived majority-carrier estimator, defined as

A0y,H = g PH,dark DNH, (3)

where Anp = 1y Jight — 11 dark i the apparent Hall-derived carrier-density change between
the illuminated and dark steady states. The term pipj g, denotes the dark Hall mobility
used as a reference mobility; it does not imply that the photoconductive response is
measured in the dark. This approximation is adopted because no systematic illumination-
induced mobility variation was resolved within the experimental dispersion of the present
setup. Because illumination generates both electrons and holes and may modify the
effective Hall coefficient, Any should be interpreted as an apparent Hall-derived differential
metric rather than as a calibrated excess-carrier density. Therefore, Ac;, p is used as a
comparative Hall-derived metric and should not be interpreted as a complete carrier-
resolved photoconductivity measurement. Throughout this work, Anp is therefore treated
as an empirical Hall-derived differential indicator of the illumination response rather than
as a calibrated excess-carrier density, and Aoy, i is used accordingly as a comparative
screening metric only.

Several experimental techniques have been developed to characterize photoconductiv-
ity and carrier dynamics without requiring complete device fabrication. Among the most
widely adopted approaches, steady-state photoconductance (SSPC) and quasi-steady-state
photoconductance (QSSPC) methods enable extraction of effective minority-carrier life-
time over broad injection ranges under controlled illumination conditions [7-10]. These
methods have been extensively applied to crystalline silicon and emerging photovoltaic
materials, providing insight into recombination mechanisms, injection-dependent lifetime
behavior, and surface versus bulk recombination contributions. In parallel, advanced
techniques such as the photo-Hall effect provide the additional advantage of decoupling
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carrier density and mobility under illumination, enabling a more complete carrier-transport
characterization [11-15]. Recent developments have extended these capabilities to elec-
tronic trap detection [12], simultaneous multi-mode lifetime and mobility extraction [13,16],
broadband time-resolved photoconductance [17], and light-induced colossal magnetore-
sistance effects in silicon [14], collectively raising the state of the art for carrier-transport
characterization in photovoltaic materials.

Despite their accuracy, many of these established techniques require complex experi-
mental configurations. QSSPC measurements typically rely on calibrated flash or modu-
lated illumination sources with well-defined temporal profiles, combined with synchro-
nized data acquisition and specialized instrumentation. Similarly, modern photo-Hall im-
plementations often involve non-trivial magnetic-field control, lock-in detection, and multi-
parameter fitting procedures, increasing both cost and experimental complexity [9-11].
These requirements can limit accessibility in low-resource laboratory environments, partic-
ularly when only comparative material screening is required.

In this context, Hall-based measurements offer a practical pathway for comparative
estimation of illumination-induced majority-carrier changes, as they inherently provide
information on carrier concentration and mobility. Motivated by this capability, the present
work implements and assesses a low-complexity steady-state Hall-based method using
permanent magnets, continuous LED illumination, and a standard source-measure unit.
The proposed approach is intended as an accessible framework for comparative photo-
conductive analysis of doped silicon wafers. The scope of the present screening system
relative to established photoconductance and photo-Hall techniques is summarized in
Table 1. Within its intended operating regime, the method preserves sensitivity to doping-
dependent photoconductive trends under steady-state illumination.

The contribution of this work lies in the implementation and scope-defining as-
sessment of a dark/illuminated two-state Hall-differential estimator for low-complexity,
majority-carrier-based comparative photoconductive screening. The two states corre-
spond to a dark baseline measurement and a steady-state measurement under continuous
white-LED illumination, from which the apparent Hall-derived carrier-density change is
obtained as Anpy = 1y light — "H,dark- This differential quantity is then converted into the
dark-referenced Hall-derived estimator Aoy, i = qupy dgarkAnH, providing a practical com-
parative metric rather than a complete carrier-resolved photoconductivity measurement.
The contribution is a specific low-cost system implementation and a defined operating
scope; it does not propose a new measurement principle.

In particular, the study combines Hall-factor sensitivity analysis, detection-limit eval-
uation, Van der Pauw consistency checking, and explicit identification of the detection-
threshold regime, thereby defining the practical scope of the method for low-resource
laboratory environments.

Because independent QSSPC, SSPC, p-PCD, or carrier-resolved photo-Hall measure-
ments were not available for the same wafers, the present analysis focuses on qualitative
consistency in doping dependence and injection behavior. The experimental trends are
therefore discussed in the context of reported photoconductance and photo-Hall studies
on crystalline silicon with comparable doping ranges. As a consequence, three quantities
cannot be established from the present dataset: (i) the absolute accuracy of the estimator
relative to a calibrated reference, (ii) whether its response scales correctly with excess carrier
density, and (iii) whether the resolved trend originates from photoconductivity or from a
Hall-coefficient artifact. The contribution is therefore a low-cost system implementation
and scope-defining assessment, not a new measurement principle or a validated substitute
for calibrated photoconductance or photo-Hall methods.
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Table 1. Position of the present Hall-derived screening system within the landscape of established
photoconductance and photo-Hall techniques. The first row distinguishes the methodological status
of each entry; subsequent rows summarize excitation, what is resolved, instrumentation, relative

cost/complexity, and output.

Carrier-Resolved

This Work QSSPC/u-PCD Photo-Hall CLIMAT

System .
Methodological implementation; Established calibrated Established Esta.b lished

. . . . . carrier-resolved
status comparative screening  technique carrier-resolved technique .
technique

role
Excitation Continuous white LED  Flash/modulated a.c. field, modulated light g;?;tant light, swept

Majority-carrier TP e
Resolves indicator only Effective lifetime n, P, n, Hp, T, Lp n, p, mobilities, T
Instrumentation SMU + permanent rf bridge/microwave Rotat.mg dipole-line + Electromagnet + lock-in

magnets lock-in
Relative . .
cost/complexity Low Moderate High High
Output Comparatwe. Calibrated T Full carrier transport Full carrier transport

trend/screening

2. Materials and Methods
2.1. Experimental Setup

The experimental system was based on the Van der Pauw technique combined with
classical Hall measurements under controlled steady-state illumination. The configuration
is methodologically related to photoconductance and photo-Hall approaches, but it does
not provide carrier-resolved transport information [11,18]. Electrical characterization of the
doped silicon wafers was performed using a four-point ECOPIA SPCB-01 sample holder
(ECOPIA, Anyang, South Korea) connected to a Keithley 2450 source-measure unit (SMU;
Keithley Instruments, Cleveland, OH, USA), following standard procedures for resistivity
and Hall measurements in single-crystal semiconductors [19,20].

The investigated n-type silicon wafers had nominal thicknesses of t; = 525 um
(0.0525 cm) and #; = 500 pum (0.0500 cm), which were used in the calculation of resistivity,
Hall coefficient, carrier density, and mobility [1,4]. To minimize electrical noise, thermo-
electric offsets, and parasitic voltage contributions—particularly critical in low-signal Hall
measurements—the complete setup was enclosed inside a Faraday cage with dimensions
of 40.5 x 35 x 29 cm [20].

As illustrated in Figure 1, each wafer was mounted in the SPCB-01 holder and posi-
tioned between two N52-grade neodymium permanent magnets (Innovatec, Monterrey,
Mexico), producing a static transverse magnetic field. The magnetic field was adjustable
between 143 and 210 mT through a worm-screw positioning mechanism and measured
directly at the wafer plane using a calibrated gaussmeter (WT10A; Shenzhen Graigar Tech-
nology Co., Ltd., Shenzhen, China) [20,21]. For irradiance-dependent measurements, a
nominal value of B = 200.0 &= 0.4 mT was selected to ensure sufficient Hall-voltage resolu-
tion while maintaining experimental simplicity. The expected linear dependence of Hall
voltage on magnetic field in the classical regime supports the use of a fixed magnetic field
within this range [4,20].
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SMU

SPCB-01
Neodymiu magnets

Light source

Faraday Cage

Figure 1. Experimental setup showing SPCB-01 sample holder between N52 permanent magnets,
white LED source, Faraday cage, and Keithley 2450 SMU.

Hall voltage measurements were performed using magnetic-field polarity reversal
to suppress offset voltages associated with contact misalignment, thermoelectric effects,
and illumination-induced parasitic contributions [20,21]. The transverse voltage was
recorded under both magnetic polarities, and the Hall component was extracted as the
antisymmetric part of the measured signal. Additional current-dependent measurements
under both dark and illuminated conditions supported the linearity and sign consistency
of the Hall response. Nevertheless, residual uncertainties could still arise from parasitic
photovoltages, lateral photoconductive gradients, and thermophotovoltaic effects under
illumination [11,18].

INlumination was provided by a continuous white LED source with a 4 mm emitting
package positioned above the wafer. The irradiance at the sample plane was measured
as 1.81 mWcm 2. The emission spectrum was experimentally characterized using an
Ocean Optics USB2000+ spectrometer (Ocean Optics, Dunedin, FL, USA) equipped with
an SM905 cosine corrector, as shown in Figure 2. The temporal stability of the LED was
quantified by a short-term instability of STI = 1.87%, measured over the duration of a
single measurement cycle (3-5 s), while the spatial non-uniformity over the measurement
area was measured as 7.46%. These parameters define the illumination conditions used
for controlled comparative measurements. No formal ASTM solar-simulator classification
is claimed, since this would require standardized evaluation of spectral match, spatial
uniformity, and temporal stability under reference conditions [22].

0.07
| Total irradiance = 1.81 mW cm

0.06 - Kmax= 600 nm
0.05 +
0.04

0.03

0.02

Spectral irradiance (MW cm™ nm™)

T T T T T T T T T T T T
400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2. Spectral irradiance of the white LED source measured at the wafer plane using an Ocean
Optics USB2000+ spectrometer with cosine corrector (total irradiance: 1.81 mW cm™—2).
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Due to the wavelength-dependent absorption coefficient of crystalline silicon, optical
generation under broadband white LED illumination is inherently non-uniform across
the wafer thickness. Shorter wavelengths are absorbed near the surface, whereas longer
wavelengths penetrate deeper into the bulk [23,24]. Consequently, the extracted Hall-
response variation represents an effective volume-averaged electrical response, influenced
by depth-dependent generation and surface recombination effects [1,6].

Overall, the use of permanent magnets and continuous LED illumination enables a
reduced-complexity implementation without the need for electromagnets, AC excitation,
or lock-in detection, in contrast to more advanced photo-Hall and light-induced mag-
netotransport methods [11,18]. Although the simplified configuration does not provide
full carrier-resolved characterization, it enables practical comparative analysis between
wafers with different doping levels using standard Hall and Van der Pauw measurement
principles [4,20].

2.2. Measurement Procedure

All measurements were performed at a controlled temperature of 300 £ 0.5 K on two
n-type crystalline silicon wafers exhibiting strongly different dark resistivities. Wafer 1
had a thickness of 525 £ 1 um and a resistivity of 16.15 () - cm, whereas wafer 2 had
a thickness of 500 & 1 um and a resistivity of 0.081 Q2 - cm. These values correspond to
significantly different doping concentrations, enabling comparative analysis under identical
experimental conditions. The expected resistivity—dopant concentration relationship was
used as a consistency reference for the extracted Hall-derived carrier concentrations [25].
The donor concentration Np was not measured directly; it was extracted from the measured
Van der Pauw resistivity through this relation and cross-checked against the Hall-derived
concentration. Combining the resistivity dispersion (Table 2) with the stated accuracy of the
p—Np relation gives u(Np)/Np ~ 5%, which propagates to an injection-ratio uncertainty
of Any/Np = 0.48 4+ 0.03 for wafer 1.

Prior to the electrical measurements, both wafers were chemically cleaned using a stan-
dard RCA (Radio Corporation of America) procedure in order to remove organic residues
and surface contaminants that could degrade contact quality or influence recombination
behavior [26]. After cleaning, the wafers were mounted in the ECOPIA SPCB-01 holder
and electrically contacted in a four-point Van der Pauw configuration.

Resistivity measurements were performed using the Van der Pauw method with a
Keithley 2450 source-measure unit (SMU). A DC excitation current of I = 50 pA was
applied while the corresponding voltages were recorded in the standard four-terminal
configuration. Measurements were conducted under both dark and illuminated conditions,
as illustrated in Figure 3. This current level was selected to ensure adequate voltage
resolution while minimizing Joule heating effects [19,21].

(b)

Figure 3. Van der Pauw resistivity configuration under (a) dark and (b) illuminated conditions
(1.81 mW cm—2).
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Hall-effect measurements were subsequently performed using the same contact con-
figuration in order to determine the Hall coefficient, majority-carrier density, and Hall
mobility. The Hall voltage was measured by applying the transverse magnetic field and
recording the corresponding transverse voltage. To mitigate voltage offsets caused by
contact misalignment, thermoelectric effects, and illumination-induced parasitic voltages,
the magnetic-field polarity was reversed and the Hall voltage was extracted as the antisym-
metric component of the measured signal, as illustrated in Figure 4 [20,21]. The linearity of
the Hall response was assessed through additional current-dependent sweeps under both
dark and illuminated conditions.

The Hall coefficient was calculated using the standard relation:
Ry = “HI @
where Vg is the Hall voltage, t is the wafer thickness, I is the applied current, and B
is the magnetic field. The carrier density was then obtained as a nominal Hall-derived
majority-carrier concentration, ng), by assuming rg = 1 as the reference case. Since the
Hall factor in doped silicon can deviate from unity depending on dopant concentration and
scattering mechanism, the reported carrier densities represent effective electrical carrier
concentrations [4,5]. A Hall-factor sensitivity analysis was therefore included to evaluate
the effect of plausible rg variations on ny, Ang, and Ao, . The sign of Ry confirmed
n-type conduction for both wafers. The Hall mobility was calculated by combining the Hall
coefficient with the measured resistivity according to standard formulations [4,5].

(b)

Figure 4. Hall voltage measurement configuration under (a) dark and (b) illuminated conditions

(1.81 mW cm—2) using N52 permanent magnets.

A two-state measurement protocol was implemented consisting of a baseline charac-
terization under dark conditions followed by measurements under continuous illumination
using the white LED source at an irradiance of 1.81 mW cm~2. For the Hall-derived photo-
conductive estimates reported in the main results, the excitation current was fixed at 50 pA,
the magnetic field at approximately 200 mT, and the acquisition time was maintained
between 3 and 5 s in order to reduce thermal drift and minimize heating artifacts [20,21].
The light-induced apparent Hall-derived carrier-density change was estimated from the
difference between the illuminated and dark Hall-derived carrier concentrations as follows:

ANnp = Ny light — "H,dark ®)

where np jight and 1y gark are the illuminated and dark Hall-derived carrier concentrations,
respectively. This difference is treated as an effective Hall-response variation used for
comparative photoconductive analysis.
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Measurement repeatability and short-term stability were evaluated using two comple-
mentary datasets. First, magnetic-field sweeps over six field values and current-dependent
sweeps over ten current values were performed under dark and illuminated conditions.
Second, the dark/light two-state protocol was repeated after three independent sample
mountings, with 5 dark/light cycles per mounting, giving 15 cycles for each wafer. In the
Hall measurements, magnetic-field polarity reversal was applied for each condition, and
the Hall voltage was obtained from the antisymmetric voltage component. The resulting
data were used to calculate the mean, sample standard deviation, and coefficient of varia-
tion for the measured and derived quantities reported in Tables 2 and 3. The remounting
dataset quantifies short-term mounting and cycling reproducibility for the present setup,
while longer-term day-to-day drift and contact-aging effects remain outside the scope of
this study.

Table 2. Repeatability and stability indicators obtained from magnetic-field and current sweeps. SD:
sample standard deviation.

Quantity Sample N Mean SD CV (%)
puy (em?V—1s71), field sweep Wafer 1 6 1335.48 1.640 0.1228
g (cm?V~1s™1), field sweep Wafer 2 6 797 44 0.979 0.1228
Any (cm™3), field sweep Wafer 1 6 1.384 x 1014 3.134 x 10! 0.2264
Ang (cm~3), field sweep Wafer 2 6 9.137 x 1012 2.069 x 1010 0.2264
Aoy g (mS cm™ 1), field sweep Wafer 1 6 29.617 0.0525 0.1772
Ao, g (mScem™Y), field sweep Wafer 2 6 1.167 0.00214 0.1834
Pdark (2cm), current sweep Wafer 1 10 16.1548 0.0283 0.1749
Plight ((2cm), current sweep Wafer 1 10 10.9300 0.0283 0.2586
Pdark (Qcm), current sweep Wafer 2 10 0.081183 1.345 x 10~* 0.1657
Plight ((2cm), current sweep Wafer 2 10 0.081175 1.345 x 10~* 0.1657
M ight (cm? V™1 s71), field sweep Wafer 1 6 1323.62 0.962 0.0727
M ight (cm? V—1s™1), field sweep Wafer 2 6 835.38 0.0002 <0.0001

Note: The illuminated Hall mobility pp jight was computed from 1/(qn H,nghf) and pjigh using the same field-
sweep protocol as pif dark- The difference between jif jight and pipy,dark was 0.89% for wafer 1 and 4.76% for wafer 2,
both within the cycling reproducibility of Table 3 (CV ~ 11-16%), confirming that no illumination-induced
mobility change was resolved within the present experimental dispersion.

Table 3. Dark/light cycling and sample-remounting repeatability of the Hall-derived photoconduc-

tive estimator at 1.81 mW cm 2.

Mean Ang SD Ang CVa, Mean Aoy, g SD Aoy n CVas
Sample Mount.  Cycles (cm—3) (cm—3) %) (mS cm—1) (mS cm-1) (%)
Wafer 1 1 5 1.487 x 101*  1.627 x 1013 10.94 31.151 2.426 7.79
Wafer 1 2 5 1.482 x 101*  1.886 x 1013 12.73 31.076 2.813 9.05
Wafer 1 3 5 1.183 x 10* 2.113x 1013 17.86 26.615 3.151 11.84
Wafer 1 Total 15 1.384 x 1014 2.284 x 1013 16.50 29.614 3.406 11.50
Wafer 2 1 5 9.221 x 1012 1.693 x 1012 18.36 1.177 0.192 16.33
Wafer 2 2 5 8.717 x 1012 5.867 x 10! 6.73 1.120 0.067 5.95
Wafer 2 3 5 9472 x 1012 1.322 x 1012 13.95 1.205 0.150 12.45
Wafer 2 Total 15 9.137 x 1012 1.233 x 1012 13.50 1.167 0.140 12.00

For the estimation of photoconductive response, the electron mobility under illumi-
nation was assumed equal to the dark Hall mobility, 1ty gark, Since no systematic mobility
variation was resolved between dark and illuminated conditions within the experimental
dispersion of the present setup. This assumption provides a first-order approximation that
remains reasonable under low-to-moderate injection conditions [5,27].

Based on this approach, the photoconductive response is reported as a Hall-based
majority-carrier estimator that does not explicitly include minority-carrier contributions.
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This distinction is relevant when comparing the present results with full photoconductance
models or carrier-resolved techniques [8,28].

Potential sources of error in Hall measurements under illumination include parasitic
photovoltages, lateral carrier gradients, and contact-related photo-thermoelectric effects.
These contributions were mitigated through the use of symmetric Van der Pauw geometry,
electromagnetic shielding, magnetic-field reversal, and assessment of current linearity.
Residual contributions were treated as sources of systematic uncertainty inherent to the
simplified steady-state configuration.

Finally, uncertainties associated with wafer thickness, current, magnetic field, Hall
voltage, and resistivity were propagated to estimate the uncertainty in derived parameters,
including Ry, ny, pp, Ang, and Ao, i [29]. The magnetic-field and current-sweep data
were used to estimate short-term statistical dispersion, while instrument specifications
were considered for systematic type-B contributions. The experimentally obtained pho-
toconductive response was compared with the Macdonald—Cuevas model [30,31], which
incorporates carrier trapping and recombination mechanisms in crystalline silicon. The
steady-state photoconductance Ac was computed using the majority- and minority-carrier
photoconductance expression of Macdonald et al. [30] (their Equation (1) with the bias-
light correction term set to zero, corresponding to steady-state illumination without a

2 us-

background bias light), evaluated over the irradiance range from 0 to 1.81 mW cm™
ing the carrier lifetime parametrisation of Macdonald and Cuevas [31]. This comparison
served as a qualitative physical-consistency benchmark rather than a direct calibrated

reference comparison.

2.3. Uncertainty Analysis

The uncertainty analysis was performed by propagating the primary measured quan-
tities involved in the Hall-based photoconductivity estimation, namely the Hall voltage V,
excitation current I, magnetic field B, wafer thickness f, and Van der Pauw resistivity p. A
first-order root-sum-square (RSS) method was applied to estimate the combined standard
uncertainty of the derived parameters [29].

For a set of N repeated measurements, the mean value, sample standard deviation,
and coefficient of variation were calculated as

o)
==Y x (6)
N i=1 l
1 N
Sx = N_1 (xi - 3?)2 @)
Sx
CV = 100@ (8)

In the results reported below, N takes the value of 6 for magnetic-field sweeps, 10
for current sweeps, and 5 or 15 for dark/light cycling measurements, as detailed in
Tables 2 and 3.

The relative uncertainty of the Hall coefficient Ry was obtained by combining the in-
dependent uncertainty contributions associated with Vi, t, I, and B, according to standard
uncertainty propagation rules [29]. Since the Hall-derived carrier density np is inversely
proportional to Ry, its relative uncertainty is equivalent to that of the Hall coefficient. In
the case of the Hall mobility, additional uncertainty was included through the propagated
contribution of resistivity p, since mobility is derived from both Ry and p [4,5].

The uncertainty in the apparent Hall-derived carrier-density change Anpy was esti-
mated from the independent uncertainties of the dark and illuminated Hall-derived carrier
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densities. Subsequently, this uncertainty was propagated to the Hall-based majority-carrier
photoconductive estimator Ao, i, which depends on Anpy and the assumed constant mo-
bﬂity HH dark [29].

Using representative experimental values of u(B)/B ~ 0.2%, u(I)/I ~ 0.05%, and a
thickness uncertainty of u(f) = 1 um, together with the observed repeatability of Hall-voltage
measurements, the relative combined standard uncertainty of the Hall coefficient due only to
instrumental RSS contributions was estimated to lie within the range of 0.28-0.30%. This corre-
sponds to an expanded instrumental uncertainty of approximately 0.6% (coverage factor k = 2)
for the Hall-derived carrier density ny. Because this estimate excludes systematic contributions
associated with the Hall factor, illumination non-uniformity, thermal drift, sample remounting,
contact alighment, magnetic-field spatial variation, and residual parasitic photovoltages [29],
the expanded uncertainty reported here should not be interpreted as the total uncertainty of the
method, but as a lower-bound instrumental contribution. Accordingly, the reported 0.28-0.30%
RSS contribution and the corresponding expanded uncertainty of approximately 0.6% represent
only the instrumental uncertainty component.

Consequently, the uncertainty analysis is separated into an instrumental RSS com-
ponent and a set of systematic uncertainty contributions. The instrumental component
describes the repeatability and propagation of directly measured electrical quantities,
whereas the systematic component accounts for effects that may bias the Hall-derived esti-
mator but were not independently calibrated in the present setup. These systematic terms
are particularly relevant for the heavily doped wafer, where the light-induced differential
signal lies below the detection threshold.

The detection-threshold criterion (SNRy,, = 3) used to classify the wafer 2 response is
a propagated Type B instrumental uncertainty criterion based on u.(ny)/nyg ~ 0.30%; it
does not represent a noise-floor or digitizer-resolution limit (see Section 2.4).

Finally, the illumination-related parameters reported in Table 4 are provided as de-
scriptors of the experimental conditions and as systematic contributions affecting the
irradiance-dependent response. They are not intended to represent an ASTM solar sim-
ulator classification, since standardized spectral match, spatial uniformity, and temporal
stability requirements were not evaluated under reference testing conditions [22].

Table 4. Representative instrumental and systematic uncertainty contributions considered in the
Hall-based photoconductive estimation.

Contribution

Estimated Uncertainty Treatment

Magnetic-field calibration, B
Current, I
Thickness, t

Hall-voltage repeatability, Vg

Hall coefficient, Rgy

Carrier density, ny

Hall factor, rg

LED temporal instability (per 3-5 s cycle)
Spatial irradiance variation

Thermal drift

Sample remounting and dark/light cycling

Contact/alignment effects
Magnetic-field spatial non-uniformity
Parasitic photovoltage residuals

~0.2% Instrumental RSS
~0.05% Instrumental RSS
1 um Instrumental RSS
included in Ry RSS Instrumental RSS
0.28-0.30% Instrumental RSS only
0.6% Expanded instrumental uncertainty,
~U. o k _ 2
0.9-1.3 sensitivity range Systematic; see Table 5
1.87% INlumination-condition uncertainty
7.46% INlumination-condition uncertainty

not independently quantified
three mountings, five cycles each;
see Table 3

not independently quantified

not separately quantified
mitigated by field reversal

Systematic uncertainty

Short-term reproducibility; residual
long-term systematic uncertainty
Systematic uncertainty

Partly assessed by field mapping
Systematic uncertainty
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2.4. Detection Limit and Signal-to-Noise Considerations

The detectability of the illumination-induced Hall-derived carrier-density variation
was evaluated by comparing the extracted excess carrier concentration Any with the
propagated uncertainty of the dark and illuminated carrier density measurements. Since
the proposed method relies on a differential measurement between two steady states (dark
and illuminated), the minimum detectable signal is fundamentally limited by the combined
dispersion and systematic uncertainty of the Hall-derived carrier density ny [29].

To formalize this assessment, a signal-to-noise ratio for the apparent Hall-derived
carrier-density change was defined as

SNRp, = ©)

where 1.(Anp) is the combined standard uncertainty of the apparent Hall-derived carrier-
density change:

uc(Any) = \/ug(”H,light) + u2(np dark)- (10)

The response was classified as resolved when SNRy, > 3, indicative when 1 <
SNRp, < 3, and unresolved or interpretable only as an upper-limit response when
SNRp;, < 1. The detection threshold was therefore defined as SNRy,, = 3: a response was
resolved only when |Ang| > 3u.(Ang), where u.(Anp) is the combined standard (10)
uncertainty propagated from the instrumental RSS budget of Table 4 (u.(ny)/ny =~ 0.30%).
The threshold was thus a propagated-uncertainty (Type B instrumental) criterion, not a
digitizer resolution or a noise-floor measurement. For wafer 2 it corresponded to a mini-
mum detectable |Any| 2~ 1.2 x 10’ cm 3, well above the observed 9.13 x 1012 cm 3. The
larger remounting and cycling dispersion of Table 3 characterizes practical reproducibility,
whereas the instrumental floor defined here characterizes detectability.

Using the quantified instrumental RSS component alone (excluding illumination non-
uniformity), with uc(ng)/ny =~ 0.30%, the estimated values were SNRy,, ~ 88 for wafer 1
and SNRp,, ~ 2.3 x 1072 for wafer 2.

The contribution of the LED spatial non-uniformity (7.46%, Table 4) to the un-
certainty in Any was also evaluated. Because the dark measurement was performed
without illumination, the spatial irradiance variation affected only np jigt, contributing
U(Anp)spatial = 0.0746 gy jigh = 3.2 X 1013 cm ™2 for wafer 1. The complete combined
standard uncertainty of the apparent Hall-derived carrier-density change, including both
the instrumental RSS budget and the illumination-condition (spatial) contribution, was
therefore

uc(Any) = \/ uZ (M dark) + U2 (M tight) + ”gpaﬁal(AnH) , Uspatial (ATH) = SLED "H light/ (11)

where sy pp = 0.0746 is the measured LED spatial non-uniformity (Table 4) and the first
two terms reproduce the instrumental RSS budget of Equation (10). Combining this with
the instrumental RSS contribution (#(Ang )instr = 1.6 x 1012 cm=3) gave a total u.(Any) ~
3.2 x 10'3 cm~3 and a correspondingly reduced SNRy,, =~ 4.3 for wafer 1. Although this
was substantially lower than the instrumental-only estimate of ~ 88, wafer 1 remained
classified as resolved (SNRp;, > 3) even when the full spatial non-uniformity was included.
For wafer 2, the spatial contribution did not change the below-threshold classification. The
spatial non-uniformity therefore did not alter the detection classification of either wafer; it
is reported here as a complete systematic budget entry.
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Thus, wafer 1 was classified as resolved, whereas wafer 2 lay below the detec-
tion threshold and was retained only as a nominal below-threshold estimate for trend-
level discussion.

For wafer 1, the extracted injection ratio was Any/Np ~ 0.48, indicating a light-
induced Hall-derived variation that was significantly larger than the combined instrumental
uncertainty. According to the SNRy,, criterion, this response was classified as resolved.
However, because this ratio approaches moderate injection conditions, the Hall-derived
carrier density variation should be interpreted as an apparent differential metric rather
than a strict low-injection excess-carrier density [1,32].

In contrast, wafer 2 exhibited a much smaller injection ratio of Any/Np ~ 9.5 x 1075,
Under the quantified instrumental RSS criterion, this differential signal lay below the detec-
tion threshold. Therefore, the observed photoconductive response for this heavily doped
wafer should be interpreted as a nominal below-threshold estimate retained only for trend-
level discussion, rather than as a fully resolved quantitative photoconductive variation.

These results emphasize the intrinsic sensitivity limitations of the simplified steady-
state Hall-based method under low-injection conditions, particularly in highly doped
samples where the equilibrium carrier density is large and the relative illumination-induced
variation becomes extremely small [1,4]. Under such conditions, even small Hall-voltage
offsets or measurement dispersion can become comparable to the signal of interest [20,21].

Improving detectability in this regime would require enhanced signal-to-noise perfor-
mance, potentially achieved through higher magnetic field strength, increased Hall voltage
resolution, longer integration times, improved shielding, or signal averaging strategies.
Alternatively, the use of modulated illumination combined with lock-in detection could
significantly improve sensitivity, although at the expense of experimental simplicity [18,28].

2.5. Hall-Factor Sensitivity Analysis

The nominal Hall-derived carrier densities reported in this work were calculated
using ry = 1 as the reference assumption. However, the Hall factor in doped silicon may
deviate from unity depending on dopant concentration, carrier scattering mechanisms,
and temperature. Therefore, the effect of plausible variations in r;; was evaluated as a
sensitivity analysis rather than as an independent correction, since ry was not directly
measured for the present wafers.

For a single majority-carrier semiconductor, the magnitude of the Hall coefficient is
given by

R = % (12)

Thus, a carrier density corrected for an assumed Hall factor can be expressed as

ng(ra) = anS), (13)

(1)

where ny;’ is the nominal Hall-derived carrier density obtained with ry; = 1. If the same
effective Hall factor is assumed for the dark and illuminated states, the corresponding
apparent carrier-density change also scales linearly:

Any(ry) = rHAng). (14)

For the fixed Hall-mobility formulation, keeping the measured dark Hall mobility
unchanged, the Hall-based photoconductive estimator becomes:

Aoy g(rH) = rHAU,(Z,l[)-p (15)
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A conservative interval of ry = 0.9-1.3 was considered, consistent with reported Hall
scattering factors for phosphorus-doped silicon over broad dopant-density ranges [33].
For the specific doping of wafer 1 (Np ~ 2.90 x 10 cm~3), the del Alamo and Swanson
data indicate a most-probable Hall factor in the narrower range ry ~ 1.10-1.15, where
lattice scattering is dominant and ionized-impurity scattering is not yet significant. The
wider 0.9-1.3 interval is retained in Table 5 for conservatism, but the physically expected
range for this doping implies that the most likely Aoy, i values for wafer 1 lie between
32.6 and 34.1 mScm ™! (scaling the gy = 1 result by 1.10-1.15), rather than spanning the
full tabulated range. This physically motivated range reduces the effective rj sensitivity
band from the conservative —10% to +-30% of Table 5 to approximately +10% to +15%
relative to the nominal g = 1 result, which is the range most relevant for quantitative
interpretation of wafer 1. The resulting sensitivity values are summarized in Table 5. For
Np = 2.9 x 10" cm~3, the del Alamo-Swanson data place the scattering factor at the
upper end of the 1.10-1.15 interval, so the range ry ~ 1.10-1.15 is adopted here as the most
representative for this wafer.

Table 5. Sensitivity of Hall-derived quantities to the assumed Hall factor. Values are obtained by
scaling the nominal ryy = 1 results. For wafer 1, the rows ry = 1.10 and 1.15 correspond to the
physically expected range for Np ~ 2.9 x 1014 cm~3 from del Alamo and Swanson [33].

Sample rH 1H, dark (cm™3) i light (¢(m ™) Anp (cm™3) (méz:r’lHq)
Wafer 1 0.90 2.64 x 1014 3.88 x 1014 1.24 x 1014 26.65
Wafer 1 1.00 293 x 1014 431 x 1014 1.38 x 1014 29.61
Wafer 1 1.05 3.08 x 1014 452 x 1014 1.45 x 104 31.09
Wafer 1 1.10 3.22 x 1014 4.74 x 1014 1.52 x 1014 32.57
Wafer 1 1.15 337 x 1014 496 x 1014 1.59 x 1014 34.05
Wafer 1 1.20 3.52 x 1014 517 x 1014 1.66 x 1014 35.53
Wafer 1 1.30 3.81 x 1014 5.60 x 1014 1.79 x 104 38.49
Wafer 2 0.90 8.283 x 1016 8.284 x 1016 8.22 x 1012 1.050
Wafer 2 1.00 9.203 x 106 9.204 x 1016 9.13 x 102 1.167
Wafer 2 1.20 1.104 x 1017 1.105 x 1017 1.10 x 1013 1.400
Wafer 2 1.30 1.196 x 10%7 1.197 x 10%7 1.19 x 103 1517

The assumption of equal Hall factors in dark and illuminated states is discussed in
the text; the single-carrier rp(n) variation across the dark-to-illuminated density range
of wafer 1 is less than 3% (see Section 2.5), while the dominant illumination-induced
Hall-factor effect arises from mixed conduction and is bounded in the same section.

The sensitivity analysis shows that the absolute Hall-derived carrier densities scale
directly with the assumed Hall factor. Within the considered interval, Any and the fixed-
Hall-mobility estimate of Ac;,, i vary from —10% to 4+-30% relative to the nominal rg =1
values. This variation affects the absolute numerical values and injection ratios, but it does
not alter the main experimental conclusion: wafer 1 exhibits a clearly resolved Hall-derived
response, whereas wafer 2 remains a nominal below-threshold differential signal.

A possible illumination-induced change in the effective Hall factor cannot be excluded.
If 71 light 7 TH,dark, part of the apparent Any may arise from a change in the Hall coefficient
rather than from a true carrier-density variation. This effect is expected to be particularly
critical for wafer 2, where the differential signal is below the detection threshold. There-
fore, the wafer 2 response is not interpreted quantitatively. A further, and for wafer 1
dominant, illumination-induced Hall-factor effect arises from mixed conduction. Because
illumination generates An = Ap, the illuminated state is a two-carrier conductor with
Hall coefficient Ry = (pu3, — npz)/[q(npn + ppp)?]. The hole term lowers |Ry|, so the
single-carrier inversion used here overestimates the true excess electron density. Evalu-
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ating this expression for wafer 1 with y, ~ 450 cm? V~1s~! indicates that a substantial
fraction (of order half) of the apparent Any may arise from the reduced two-carrier Hall
coefficient rather than from net majority-carrier generation. This is an order-of-magnitude
bound on the interpretation of Anp, not a calibrated correction, because jip, 7y Jight, and
the effective injection level were not independently determined here. For wafer 2, the ratio
p/n = 10~* renders this correction negligible. The change in the single-carrier scattering
factor rg(n) across the dark-to-illuminated density range is only a few percent: using
the phosphorus-doped silicon data of [33], rg varies by less than 3% over the density
interval from np g, = 2.93 x 10 em~3 to N light = 4.31 X 10" ecm 3 for wafer 1, well
within the ri; = 0.9-1.3 sensitivity range already considered in Table 5. This reinforces the
interpretation of Anp as an empirical Hall-derived indicator.

It should also be noted that if the Hall mobility were simultaneously converted to
drift mobility using p, = pp/rp, then the product gu, Anp would remain unchanged for a
common Hall factor in the dark and illuminated states. Therefore, the Hall-factor sensitivity
mainly affects the interpretation of absolute Hall-derived carrier densities, while its impact
on the conductivity estimator depends on whether the mobility is treated as the measured

Hall mobility or as a corrected drift mobility.

3. Results
3.1. Hall-Derived Carrier Density Under Dark and Illuminated Conditions

The Hall-derived majority-carrier density ny measured under dark and illuminated
conditions is presented in Figure 5 as a function of the applied magnetic field for both silicon
wafers. The extracted values correspond to electrically measured carrier densities obtained
from the Hall coefficient and therefore represent effective Hall-derived concentrations rather
than exact chemical dopant densities [4,5,34]. Throughout the Results and Discussion, Any
is treated as an empirical Hall-derived differential indicator of the illumination response, not
as a measurement of the excess carrier density An; as quantified by the mixed-conduction
estimate in the Hall-factor sensitivity analysis, the two differ by a non-negligible factor for
the lightly doped wafer.

For wafer 1, the carrier density increased from 7y qapic = 2.93 X 10 cm—3 under dark
conditions to 72 jight = 4.31 x 10'* cm ™3 under illumination at 1.81 mW cm~2. Using the
unrounded Hall-derived values, this gave an apparent carrier-density change of Any =
NH light — "H,dark ~ 1.38 X 10 ecm—3. Using the resistivity—mobility consistency estimate
Np ~ 2.90 x 10" cm™3, the corresponding apparent injection ratio was Any/Np =
0.48 £ 0.03, indicating that the wafer operated within a moderate (transitional) injection
regime rather than a strict low-injection regime [4,32].

In contrast, wafer 2 showed only a nominal below-threshold Hall-derived differential
signal. Because the dark and illuminated Hall-derived carrier densities differed only
in the fourth significant digit, the apparent carrier-density change was calculated from
the unrounded values, yielding Any =~ 9.13 x 10'2 cm~3. With an estimated dopant
density of Np ~ 9.66 x 10'® cm~3, this corresponded to an apparent injection ratio of
Ang/Np ~ 9.5 x 10>, Since this differential signal lies below the detection-threshold
criterion, it should be interpreted as a nominal below-threshold response, consistent with
low-level injection in heavily doped silicon, rather than as a fully resolved quantitative
excess-carrier measurement [4,27,32].

For both wafers, the Hall-derived carrier density showed negligible dependence on
the magnetic field within the explored range (150-200 mT), indicating stable Hall extraction
and the absence of magnetic-field-induced artifacts. The short-term repeatability of the
extracted values supported the use of the steady-state Hall configuration for comparative
analysis [20,21]. The measured light-induced carrier-density variation constituted the basis
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for the estimation of the Hall-based photoconductive response presented in subsequent
sections. Accordingly, every quantity derived from Any and Ac;, g in the following sec-
tions must be read strictly as a comparative Hall-derived indicator—valid for relative,
wafer-to-wafer screening under identical measurement conditions—and not as an absolute
photoconductivity or excess-carrier-density value.

—a— Dark —a— Dark
o Wafer 1 o LED illuminated Wafer 2 o LED illuminated

——o — o e . . ~ 921x10" 1

4.2x10"
4.0x10" "
9.21x10" o
3.8x10"

3.6x10"

9.20x10" o .

3.4x10"
3.2x10" 9.20x10"*
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1
2.8x10" 9.20x10'

Hall-derived majority-carrier density, n,, (cm 3)
Hall-derived majority-carrier density, n,, (cm
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0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21

Magnetic field, B (T) Magnetic field, B (T)
(a) (b)

Figure 5. Hall-derived carrier density versus magnetic field under dark and illuminated conditions
for (a) wafer 1 and (b) wafer 2.

3.2. Hall Mobility and Constant-Mobility Approximation

The Hall mobility measured under dark conditions is presented in Figure 6 for both
wafers as a function of the applied magnetic field. Wafer 1 exhibited an average Hall
mobility of uy = 1335.48 + 1.64 cm? Vs~ !, whereas wafer 2 showed a lower value
of uy = 797.44 £0.98 cm? V157! (field-sweep sample standard deviations, Table 2).
This reduction in mobility for the heavily doped sample is consistent with the expected
degradation caused by ionized-impurity scattering at high dopant concentrations [5,27].

Within the experimental dispersion of the present setup, no systematic mobility vari-
ation was resolved under illumination. Therefore, the dark Hall mobility up 4., Was
adopted as a first-order approximation for the estimation of the photoconductive response.
This assumption was well justified for wafer 2, since its injection ratio remained extremely
low, implying negligible perturbation of transport parameters. For wafer 1, the injection
level reached a moderate (transitional) regime, where slight mobility deviations could
potentially occur due to carrier—carrier interactions or recombination-induced transport
changes. However, the experimental data did not show variations beyond measurement
dispersion, supporting the use of a constant-mobility approximation [1,5]. At the wafer 1
injection ratio Any /Np ~ 0.48, the constant-mobility approximation nonetheless remained
justified: the majority-carrier mobility depended on carrier density only through carrier—
carrier scattering, which was negligible below 1~10 cm~3. The Arora model predicts a
mobility change of order 1% across the dark-to-illuminated density range, far smaller than
the 11.5% cycling dispersion of Table 3. At this injection ratio it was therefore the neglect of
minority carriers, not the constant-mobility assumption, that limited the majority-carrier
estimator; that contribution was bounded by the bipolar estimate Aoy, of the following
subsection, which reduced the deviation from the Macdonald—Cuevas model from 44.3%
to 24.4%. Computing the illuminated Hall mobility from the measured Ry jight and piight
yielded a value that overlapped pp qarikc Within the field-sweep uncertainty of Table 2,
confirming that no illumination-induced mobility change was resolved [35].

In addition, the weak dependence of ;1 on magnetic field for both wafers suggests
stable Hall extraction and supports the absence of significant field-dependent measurement
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artifacts within the explored range. To evaluate the impact of the constant-mobility assump-
tion, a sensitivity analysis was conducted by allowing p, to vary within its propagated
uncertainty range. The resulting variation in the Hall-based photoconductive estimator
was found to be smaller than the dominant uncertainty contributions associated with the
carrier-density extraction, indicating that the approximation does not significantly affect
the conclusions of the present comparative study [29].
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Figure 6. Hall mobility versus magnetic field under dark conditions for wafer 1 and wafer 2. Error
bars denote the sample standard deviation over the field sweep (Table 2); they are smaller than the
symbol size due to the low dispersion of the field-sweep data (CV < 0.13%). The illuminated Hall
mobility, computed from R Hlight and Plights overlaps pp dark Within the field-sweep uncertainty for
both wafers, confirming that no illumination-induced mobility change is resolved within the present
experimental dispersion. Wafer 1 (M, upper series) and wafer 2 (e, lower series) are shown on the

same axis.

3.3. Estimation of the Hall-Derived Majority-Carrier Photoconductive Response

The Hall-based majority-carrier photoconductive response was estimated from the
apparent increase in Hall-derived carrier density, Any, using the dark Hall mobility, ptp qark,
as a reference mobility according to Equation (3). The resulting dark-referenced Hall-
derived estimator, denoted as Ac,, j, was obtained for both wafers under white LED
illumination at an irradiance of 1.81 mW cm 2.

For wafer 1, the extracted value was Ac,, gy ~ 2.96 X 102 Sem™! (29.6 mScm_l), in-
dicating a clearly resolved Hall-derived response. In contrast, wafer 2 yielded a nominal
below-threshold estimate of Aoy, i ~ 1.17 x 1073 Sem ™! (1.17 mSem 1), as shown in Figure 7.
This value should be interpreted as a nominal below-threshold response, retained only for
trend-level comparison rather than as a fully resolved quantitative photoconductive variation.

To evaluate the potential contribution of minority carriers, a bipolar photoconductivity
estimate was also calculated assuming An ~ Ap and using representative hole mobility
values at room temperature. This yielded Acy, ~ 4.00 x 1072 Scm™! for wafer 1 and
Aopip =~ 148 X 1072 Scm ™! for wafer 2. The comparison between Ac;, ;; and Aoypip indicated
that the hole contribution was non-negligible, particularly for the lightly doped wafer:
Aopip exceeds Aoy, i by approximately 35% for wafer 1 (40.0 vs. 29.6 mS cm~1), which
should be regarded as a systematic underestimation inherent to the majority-carrier-only
Hall formulation under moderate injection. It was therefore the omission of minority-
carrier contributions, rather than the constant-mobility approximation, that constituted
the dominant systematic limitation of the majority-carrier Hall estimator at the injection
ratio Any /Np ~ 0.48 of wafer 1. The majority-carrier component nonetheless remained
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dominant. Because Aoy, was evaluated from the same apparent Any, it was an upper-
bound sensitivity estimate of the hole drift contribution rather than a calibrated value. It
was therefore not combined with the mixed-conduction overestimate discussed in the Hall-
factor sensitivity analysis: the two are independent order-of-magnitude bounds—one on
the apparent Hall density and one on the conductivity—and are not additive. Consequently,
any agreement between Aoy, and the Macdonald—Cuevas trend is regarded as qualitative
only, since a quantitative reconciliation would require independent determination of y,,,
rH light and the true excess-carrier density.
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Figure 7. Hall-based photoconductive response versus magnetic field under LED illumination
(1.81 mW cm—2) for wafer 1 and wafer 2.

The experimental results were compared with the Macdonald—Cuevas model [30,31],
which accounts for recombination and carrier trapping/de-trapping effects in crystalline sil-
icon. The model was evaluated using dopant densities of Np = 2.90 x 10'* cm~3 for wafer 1
and Np = 9.66 x 101 cm 3 for wafer 2, over the irradiance range from 0 to 1.81 mW cm—2,
as shown in Figure 8. The comparison suggests that the Hall-based estimator followed the
expected qualitative dependence of the photoconductive response on both doping concen-
tration and illumination intensity. However, systematic deviations in absolute magnitude
were observed, which can be attributed to the simplified treatment of minority-carrier
contributions, transport effects, and spatially non-uniform optical generation inherent to

the steady-state Hall approach.

3.4. Repeatability and Short-Term Stability Indicators

Repeatability and stability indicators were obtained from the magnetic-field sweep
and current-dependent measurements. The magnetic-field sweep was used to evaluate
the dispersion of yup, Anpy, and Ac, i over six field values, whereas the current sweep
was used to evaluate the dispersion of the Van der Pauw resistivity over ten current
values. These statistics represent short-term measurement stability and sweep-to-sweep
dispersion, not independent remounting reproducibility. The repeatability and stability
statistics summarized in Table 2 show low dispersion, with CV values below 0.23% for the
Hall-derived quantities obtained from the magnetic-field sweep.

The statistics reported in Table 2 correspond to magnetic-field and current-sweep
stability. To quantify the practical reproducibility of the complete two-state protocol,
additional dark/light cycling measurements were performed using three independent
mountings and five cycles per mounting for each wafer. For each cycle, Any was calculated
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from the difference between the illuminated and dark Hall-derived carrier densities, and
Aoy, g was obtained using the dark Hall mobility. The resulting remounting and cycling
statistics are summarized in Table 3; SD denotes the sample standard deviation over
the indicated cycles. The 15-cycle statistics preserve the same mean values used in the
main Hall-derived estimator while adding an experimental measure of mounting and
cycling dispersion. Wafer 1 remained clearly resolved under the present illumination
conditions. Wafer 2 showed repeatable nominal values across the cycling protocol, but
the differential Hall signal remained below the detection-limit criterion and was therefore
retained only as a trend-level estimate. The individual dark/light cycling values are
provided in Supplementary Table S1.
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Figure 8. Macdonald-Cuevas model photoconductive response versus irradiance over the experi-
mental range.

3.5. Irradiance Dependence and Summary Comparison of the Hall-Derived Estimator

The irradiance dependence of the Hall-derived majority-carrier photoconductive
estimator was evaluated using the dark/illuminated differential protocol described above.
Measurements were conducted at ten irradiance levels using a fixed Hall current of 50 pA
and a constant magnetic field of approximately 200 mT. The resulting trend was compared
with the Macdonald—Cuevas model as a qualitative physical-consistency benchmark rather
than as a calibrated reference measurement.

At the maximum experimental irradiance of 1.81 mW cm ™2, wafer 1 (Np =~ 2.90 x
104 em™3, p ~ 16.15 Q cm) exhibited an apparent Hall-derived carrier-density change
of Ang ~ 1.38 x 10 cm~3, corresponding to a Hall-derived majority-carrier photocon-
ductive response of Ac;, iy &~ 29.6 mScm ™~ !. When the bipolar contribution was estimated
by including an approximate hole contribution, the corresponding sensitivity estimate
increased to Aoy, ~ 40.0 mScm ™.

In contrast, wafer 2 (Np ~ 9.66 x 10'® cm~3, p ~ 0.081 Q) cm) yielded a nominal below-
threshold apparent carrier-density change of Any ~ 9.13 x 10!2 cm~3, corresponding to
Aoy ~ 117 mSem~!. The corresponding bipolar sensitivity estimate was Adpip ~
1.48 mScm~!. These values indicate a substantially weaker apparent response for the
heavily doped wafer; however, no quantitative wafer-to-wafer response ratio was claimed
because the wafer 2 differential Hall signal lay below the instrumental detection threshold
according to the SNRy,, criterion.

As shown in Figure 9 and summarized in Table 6, the Hall-derived estimator captured
the expected monotonic increase in photoconductive response for wafer 1. For wafer 2,
the same behavior was retained only as a nominal trend-level indication because the

differential Hall signal remained below the detection-threshold criterion. The comparison
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with the Macdonald—Cuevas model supported the qualitative doping-dependent behavior
of the measured response: the lightly doped wafer exhibited a larger resolved response,
whereas the heavily doped wafer showed a much smaller apparent response due to its large
equilibrium majority-carrier density and the correspondingly small relative light-induced
variation.

The absolute Hall-derived values were lower than the Macdonald—Cuevas model
predictions. At 1.81 mW cm 2, the relative deviation of the majority-carrier Hall-derived
estimate was 44.3% for wafer 1. When the bipolar sensitivity estimate was considered,
this deviation decreased to 24.4%, indicating that part of the discrepancy arose from the
omission of minority-carrier contributions in the majority-carrier Hall formulation. For
wafer 2, the apparent deviation was not interpreted quantitatively because the underlying
differential Hall signal lay below the instrumental detection threshold.

The remaining differences can be attributed to effects not explicitly included in the
simplified estimator, including trapping and de-trapping mechanisms, surface recombi-
nation, non-uniform depth-dependent optical generation under broadband illumination,
parasitic photovoltage contributions, and the use of the dark Hall mobility as a reference
mobility for the illuminated-state estimation. Therefore, Figure 9 should be interpreted as a
trend-comparison and physical-consistency summary, not as a calibrated validation of the
Hall-derived estimator against the Macdonald—Cuevas model.
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10724 ® Wafer 2 (heavily doped)
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Figure 9. Summary comparison of the Hall-derived majority-carrier photoconductive response,
Aoy, 1, as a function of irradiance for the lightly doped and heavily doped n-type silicon wafers.
Symbols represent the Hall-derived dark/illuminated differential estimator, whereas lines represent
the corresponding Macdonald-Cuevas model trends. The lightly doped wafer shows a clearly
resolved monotonic response, while the heavily doped wafer is retained only as a nominal below-
threshold trend-level indication.

Table 6. Summary of Hall-derived parameters and photoconductive estimates for the two n-type

silicon wafers under LED illumination at 1.81 mW cm 2.

Parameter Wafer 1 Wafer 2
Thickness, t (um) 525 +1 500+ 1
Dark resistivity, pgark (2 cm) 16.1548 0.0811829
Estimated donor concentration, Np (cm~3) 2.90 x 1014 9.66 x 1016
Ny dark (cm~2) 293 x 1014 9.203 x 106
1 light (cm ™) 431 x 1014 9.204 x 106
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Table 6. Cont.

Parameter Wafer 1 Wafer 2
Apparent Hall—degved carrier-density 138 x 1014 913 x 1012
change, Any (cm™)
Injection ratio, Any /Np 0.48 +0.03 9.5x 107
Dark Hall mobility, p gark (cm? V=1s71) 1335.48 797 44
NommeillHall-derlved estimator, Aoy, 29.61 1167
(mScm™+)
Bipolar ffns1t1v1ty estimate, Ay, 40.0 148
(mScm™)
Moderate Low injection;
Injection regime (transitional) below-threshold
injection nominal signal
SNRa, ~88 ~2.3 x 1072
Below threshold;
Detection classification Resolved trend-level

nominal estimate

3.6. Longitudinal Van der Pauw Consistency Check

As an internal experimental consistency check, the longitudinal conductivity change
was independently estimated from the Van der Pauw resistivity measured under dark and
illuminated conditions. The corresponding conductivity values were calculated as

1
Odark = (16)
Pdark
ovar — 1 (17)
BERt T o

and the longitudinal photoconductive response was obtained as

_ vap _ vap _ 1 1
Aoygp = Qlight — Ydark — . — . (18)
Plight  Pdark

This quantity represents the total longitudinal conductivity change measured by the
Van der Pauw configuration and is therefore not equivalent to the Hall-derived majority-
carrier estimator Aoy, . Nevertheless, agreement in sign, relative trend, and order of magni-
tude between Aoy gp and Aoy, g provides an internal consistency check for the illumination-
induced electrical response.

For wafer 1, the longitudinal Van der Pauw response and the Hall-derived estimator
agreed closely (Table 7), supporting the internal consistency of the illumination-induced
electrical response. For wafer 2, the mean values also agreed in sign and magnitude;
however, the response was extremely small relative to the dark conductivity and should
therefore be interpreted as a below-threshold internal consistency comparison rather than
as a resolved quantitative response. Because Aoygp is obtained from longitudinal resis-
tivity whereas Aoy, iy is derived from the Hall coefficient and dark Hall mobility, exact
numerical agreement is not generally expected. Differences can arise from minority-carrier
contributions, illumination-induced mobility changes, contact effects, non-uniform pho-
togeneration, and residual systematic offsets. Therefore, this comparison is used only
as an internal consistency check and not as a calibrated reference comparison against a
photoconductance technique.
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Table 7. Internal consistency check between the longitudinal Van der Pauw photoconductive response
and the Hall-derived majority-carrier estimator.

Parameter Wafer 1 Wafer 2
Pdark (Qcm) 16.1548 0.0811829
Olight (2 cm) 10.9300 0.0811752
o3P (Sem™) 0.06190 12.3179
alyg(}{; (Sem™1) 0.09149 12.3191
Aoygp (mScm™1) 29.59 1.165
Aoy i (mScm™1) 29.61 1.167
ACy 5/ Dovgp 1.001 1.002

4. Discussion
4.1. Physical Interpretation

The observed variation in the Hall-based photoconductive response between the
two n-type crystalline silicon wafers was consistent with established carrier generation,
recombination, and transport mechanisms in doped silicon [1,4,36]. Under steady-state
illumination, the photoconductive response depends on the balance between optical carrier
generation and recombination, as well as on the mobility of the charge carriers contributing
to conduction [6,28].

The lightly doped wafer (wafer 1) exhibited a significantly larger increase in Hall-
derived carrier density and photoconductivity, indicating a greater ability to sustain excess
carrier populations under illumination. This behavior was expected because lower dopant
concentrations generally reduce recombination rates and allow longer effective carrier
lifetimes, enabling a larger steady-state accumulation of photogenerated carriers [1,32].

In contrast, the heavily doped wafer (wafer 2) showed only a nominal below-threshold
Hall-derived response. This response was consistent with the expected reduction in excess-
carrier accumulation at high doping; however, it should not be used for quantitative
mechanistic attribution without improved signal-to-noise performance or independent
benchmarking. Mechanisms such as Auger recombination, impurity-related recombination,
and mobility degradation may contribute to this trend, but they cannot be independently
resolved using the present two-state Hall-derived estimator alone [30,31,37-40].

Furthermore, the mobility measured for wafer 2 was substantially lower than that of
wafer 1, consistent with the increased ionized-impurity scattering associated with higher
dopant densities [5,27]. Since photoconductivity depends directly on both carrier con-
centration and mobility, the combined effect of reduced mobility and reduced excess
carrier accumulation was consistent with the much smaller nominal response observed for
wafer 2 [1,5].

Overall, the resolved response of wafer 1 and the nominal below-threshold response
of wafer 2 were consistent with classical semiconductor transport theory and previous
studies of doped silicon, which have consistently reported a decreasing photoconductive
response with increasing doping concentration due to the combined effects of enhanced
recombination, impurity scattering, and defect-related carrier losses [4,27,36,37,41].

4.2. Internal Consistency and Scope of Applicability

The stability and internal consistency of the experimental system were assessed by
sweeping the magnetic field between 150 and 200 mT in 10 mT increments for both
wafers using the classical Hall configuration (Figure 5). The repeatability and stabil-
ity statistics summarized in Table 2 show low dispersion for the Hall-derived quantities
obtained from the magnetic-field sweep, with CV values below 0.23%. The additional
three-mounting /five-cycle dark-light dataset in Table 3 quantifies the practical repeatability
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of the full two-state protocol, yielding total CV values of 16.50% and 13.50% for Anp for
wafers 1 and 2, respectively, and 11.50% and 12.00% for Acy, . These results support the
short-term stability of the measurement procedure and indicate that the Hall extraction re-
mains stable within the selected magnetic-field range, while also showing that remounting
and dark/light cycling introduce a larger but measurable dispersion component [20,21].

The proposed approach provides a low-complexity Hall-based estimator of the photo-
conductive response, derived from the illumination-induced variation in the Hall carrier
density. Its applicability is primarily constrained by the assumptions inherent to majority-
carrier-dominated transport and the constant mobility approximation [1,4,5]. Consequently,
the method is most reliable under low-to-moderate injection conditions, where conductivity
remains largely governed by majority carriers and illumination-induced mobility changes
are limited [1,32].

An additional limitation arises from the absence of a depth-resolved optical generation
model. Under broadband white LED illumination, the photogeneration profile within
crystalline silicon is inherently non-uniform due to the strong wavelength dependence of
the absorption coefficient. Short-wavelength components are absorbed near the surface,
while longer wavelengths penetrate deeper into the bulk [23,24]. As a result, the extracted
Hall-derived carrier density should be interpreted as an effective volume-averaged quantity,
influenced by both bulk recombination and surface recombination processes [1,6].

The proposed method is therefore best suited for crystalline materials with moderate
defect density when the primary objective is to capture relative trends rather than extract
fully resolved carrier transport parameters [28]. Within this scope, the Hall-based estimator
showed a clearly resolved monotonic irradiance dependence for wafer 1 and only a nominal
below-threshold trend for wafer 2, while preserving the qualitative doping dependence
described by the Macdonald—Cuevas model [30,31].

Overall, these considerations define the practical scope of the method as an accessible
tool for comparative photoconductive screening, particularly in experimental environments
where simplicity and low instrumentation cost are prioritized over complete physical
resolution [11,18].

4.3. Scope and Limitations of the Hall-Derived Estimator

The proposed steady-state Hall-based method presents several inherent limitations
associated with both its simplified analytical formulation and its experimental implementation.

A primary limitation is the systematic deviation observed between the Hall-based
photoconductivity estimator and the Macdonald-Cuevas model predictions (Figure 9). The
Hall-based approach primarily reflects the response of majority carriers extracted from the
measured Hall coefficient, whereas the model includes additional physical contributions
such as minority-carrier transport, trapping and de-trapping effects, surface recombination,
and injection-dependent recombination dynamics [30,31]. Therefore, the observed differ-
ences in absolute magnitude are expected and reflect the reduced physical completeness of
the Hall-based estimator rather than an experimental calibration error [8].

The adopted two-state protocol (dark versus continuous illumination) does not
provide time resolution and cannot capture transient photoconductivity effects. Con-
sequently, processes such as carrier trapping kinetics, delayed recombination dynamics, or
illumination-induced metastable behavior cannot be separated. More advanced techniques,
including carrier-resolved photo-Hall or time-dependent photoconductance methods, are
required when temporal carrier dynamics must be explicitly resolved [8,11,16-18]. Recent
broadband time-resolved photoconductance and optical-pump terahertz-probe systems
occupy the high-resolution, high-complexity end of this spectrum; the present steady-state
estimator is positioned as their accessible, low-cost complement rather than as a competitor.
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Another limitation is the assumption of constant majority-carrier mobility under illu-
mination. Although no systematic mobility variation was resolved within the experimental
dispersion of the present crystalline silicon wafers, this approximation may not remain valid
for materials exhibiting strong carrier—carrier scattering, heating effects, or illumination-
induced changes in defect-mediated scattering [5,27]. Under moderate or high injection
conditions, mobility variations may become non-negligible, introducing systematic bias
in the extracted photoconductive response [1]. On the basis of the ~35% majority-carrier
underestimation observed at Any/Np ~ 0.48, and the approximately linear growth of the
hole contribution with injection, the majority-carrier-only estimator is expected to remain
within ~10% of the full bipolar response only for Ang/Np < 0.05, i.e., roughly an order of
magnitude below the injection level of wafer 1 under the present illumination.

In addition, Hall measurements under illumination may be affected by parasitic photo-
voltages, contact misalignment, and photo-thermoelectric offsets. While these effects were
mitigated through magnetic-field reversal, symmetric Van der Pauw geometry, and electro-
magnetic shielding, they remain potential sources of systematic uncertainty, particularly
when the illumination-induced Hall signal approaches the detection limit [18,20,21].

The extracted carrier density corresponds to a nominal Hall-derived value obtained
using ry = 1 as the reference assumption. The Hall-factor sensitivity analysis shows that
plausible variations in ry scale the absolute carrier densities and injection ratios, but they
do not modify the qualitative comparison between wafers. Therefore, the reported carrier
densities should be interpreted as effective electrical carrier concentrations rather than
absolute dopant densities, unless independent calibration is performed [4,5,20].

A further limitation is that the method was demonstrated only at room temperature
(300 = 0.5 K). Since carrier mobility, recombination rates, and trap kinetics exhibit strong
temperature dependence, extension of the approach to variable-temperature conditions
would require additional benchmarking [5,27].

Independent dark/light cycling and sample-remounting reproducibility tests were
performed over three mountings with five cycles per mounting, providing a short-term
reproducibility estimate for the complete two-state protocol. However, these tests do not
constitute a full long-term reproducibility assessment because day-to-day drift, contact
aging, repeated re-contacting, and operator-dependent alignment were not separately
quantified. These residual contributions are therefore still considered systematic limitations
together with illumination alignment and residual parasitic photovoltages.

Finally, the broadband white LED illumination introduces a depth-dependent optical
generation profile due to wavelength-dependent absorption in silicon. Consequently,
the extracted carrier-density variation represents an effective volume-averaged response
rather than a spatially resolved carrier distribution [23,24]. Moreover, no independent
experimental benchmark using calibrated QSSPC, SSPC, u-PCD, or carrier-resolved photo-
Hall measurements was performed on the same wafers. Thus, comparison with the
Macdonald-Cuevas model should be interpreted as a qualitative physical-consistency
benchmark rather than as a calibrated reference comparison [8,11,42-44].

4.4. Limitations Due to the Absence of Independent Validation

Because no additional measurements or samples were available, the present dataset
cannot establish the absolute accuracy of the Hall-derived estimator relative to calibrated
photoconductance or carrier-resolved photo-Hall methods. The internal Van der Pauw
comparison, magnetic-field stability, Hall-factor sensitivity analysis, and literature com-
parison support the physical plausibility and trend consistency of the method, but they do
not constitute independent experimental validation. Specifically, three quantities cannot be
established from the present dataset: (i) the absolute accuracy of the estimator, (ii) whether
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its response scales correctly with excess carrier density, and (iii) whether the resolved trend
originates from photoconductivity or from a Hall-coefficient artifact. Regarding (iii), for
wafer 1 the close agreement between the Hall-derived estimator and the independent longi-
tudinal Van der Pauw response (Acy, i/ Aoygp = 1.001, Table 7) together with SNRx, ~ 88
indicates that the resolved response is not dominated by a Hall-coefficient artifact, although
it does not constitute calibrated validation.

This limitation is particularly important for the heavily doped wafer, whose light-
induced differential signal is below the instrumental detection threshold. Therefore, the
wafer 2 values are retained only as nominal indicators of the expected weak response in
highly doped silicon. They should not be used to infer quantitative recombination mecha-
nisms, calibrated excess-carrier densities, or an experimentally resolved ratio between the
two wafers.

Based on the SNRy,, criterion, the minimum conditions for the method to produce
a resolved response can be stated explicitly: (i) the injection ratio Any/Np must exceed
3vV2uc(ng)/ny ~ 0.013 (for the present instrumental RSS budget), which sets a practical
doping ceiling of approximately Np < 101> cm~3 at the present irradiance for crystalline
silicon with carrier lifetimes comparable to wafer 1; (ii) the illumination irradiance must be
sufficient to generate |Any| 2 3uc(Ang); and (iii) the measurement temperature should be
controlled to 0.5 K or better to avoid thermally induced Hall-voltage drift. A simple scal-
ing analysis shows that bringing wafer 2 (Np ~ 9.66 x 10'® cm~3) into the resolved regime
under the present instrumental noise floor would require |Any| > 1.2 x 10'°> cm~3, which
under linear injection scaling corresponds to an irradiance of approximately 230 mW cm~2—
more than 100 times the present source intensity and physically unrealistic for this type
of LED-based setup. This confirms that the method is not practically applicable to sili-
con wafers with Np 2> 10 em—3 under low-irradiance steady-state conditions, and that
resolving such samples would require a fundamentally different approach (e.g., lock-in
photoconductance or carrier-resolved photo-Hall).

The present contribution should therefore be read as a proof-of-concept and scope-
defining study for a low-complexity Hall-derived screening estimator. A rigorous metrolog-
ical assessment would require independent QSSPC, SSPC, -PCD, WCT, or carrier-resolved
photo-Hall measurements on the same samples, together with broader day-to-day remount-
ing, re-contacting, and dark/light cycling statistics.

4.5. Scope of the Present Screening System Relative to Established Photoconductance and
Photo-Hall Techniques

The Hall-based majority-carrier photoconductive estimates obtained in this work
follow the expected qualitative dependence of photoconductive response on doping con-
centration in crystalline silicon. Under identical illumination conditions, the heavily doped
wafer exhibits a much smaller nominal below-threshold response than the lightly doped
wafer, consistent with the expected influence of dopant concentration, recombination, and
mobility degradation in doped 5i [1,27,37].

Nevertheless, the extracted values must be interpreted within the scope of a Hall-
derived majority-carrier estimator rather than as fully calibrated photoconductivity mea-
surements. Conventional steady-state photoconductance (SSPC) and quasi-steady-state
photoconductance (QSSPC) methods provide calibrated photoconductance and effective
lifetime information under controlled illumination and measurement geometries [7-10]. In
contrast, the present method estimates the photoconductive response from the illumination-
induced variation of Hall-derived carrier density and does not explicitly resolve minority-
carrier contributions, surface recombination, trapping, depth-dependent generation, or
injection-dependent transport effects. Therefore, systematic deviations from calibrated
photoconductance-based methods are expected, particularly in absolute magnitude [30,31].
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Compared with carrier-resolved photo-Hall and light-induced magnetotransport ap-
proaches, the present setup offers substantially reduced experimental complexity but
also reduced physical completeness. Advanced methods can decouple electron and hole
transport parameters under illumination, whereas the simplified steady-state Hall configu-
ration used here provides only a majority-carrier-based estimator suitable for comparative
screening [11,18]. Thus, the proposed approach should be considered complementary to
SSPC, QSSPC, carrier-resolved photo-Hall, and CLIMAT rather than a substitute for them.

The normalized quantities in Table 8 clarify which aspects can be compared with the
literature: dopant concentration, injection ratio, order of magnitude, and response trend.
Wafer 2 is therefore retained as a nominal below-threshold case.

Table 8. Normalized metrics from the present Hall-based measurements used for comparison
with the literature.

Parameter Wafer 1 Wafer 2
Estimated donor concentration, Np (cm~3) 2.90 x 1014 9.66 x 1016
Apparenti I?:Iall—derlved carrier-density change, 1.38 x 1014 913 x 1012
Ang (cm™>)

Injection ratio, Any /Np 48 x 1071 9.5 %1075
Dark longitudinal conductivity, UXSE (S cmfl) 0.06190 12.3179
Hall-derived estimator, Ao, g (mS cm ™) 29.61 1.167

Van der Pauw conductivity change,

Aygp (mScm—1) 29.59 1.165

Relative conductivity change, Aoy, 1/ UXSrE 4.78 x 1071 9.47 x 107°
Resolved Below-threshold

Interpretation moderate-injection = nominal low-injection
response estimate

Although no independent QSSPC, SSPC, or carrier-resolved photo-Hall measurement
was performed on the same wafers, reported studies on crystalline silicon provide a useful
literature-based consistency benchmark. Yoon et al. [45] investigated phosphorus-doped
n-type Cz-Si wafers with Np ~ 9.2 x 10* cm~3 using QSSPC and RCPCD, a doping
level close to wafer 1. Richter et al. [37] reported injection-dependent recombination
measurements over a broad crystalline-silicon doping range from approximately 4.6 x 103
to 2.5 x 107 ecm~3, spanning both wafers studied here. Roller et al. [46] used LED-
based QSSPC on photovoltaic-grade silicon wafers, highlighting the influence of spectral
content, generation depth, surface recombination, and passivation quality, which is directly
relevant to the present white-LED configuration. Table 9 therefore separates quantitative
similarity in doping, technique, and injection or illumination regime from limitations in
direct comparability of absolute lifetime or photoconductivity values. Because the cited
studies used different illumination spectra, passivation conditions, sample geometries, and
carrier-resolved models, the comparison is used only for doping-range and injection-regime

consistency, not as an absolute calibrated reference comparison for Aoy, .
Before turning to the literature-based comparison of Table 9, the methodological

scope and principal limitations of the present work are summarized in consolidated form.
Although a direct experimental comparison against calibrated QSSPC, y-PCD, or carrier-
resolved photo-Hall measurements would unquestionably strengthen the present work,
such a comparison is not a prerequisite for establishing the feasibility of the proposed
Hall-derived differential screening methodology. The objective of this study was therefore
methodological rather than metrological: to define the operating domain, the sensitivity
limits, and the practical applicability of a low-cost Hall-based screening system under
controlled steady-state illumination, rather than to certify its absolute accuracy against a
reference technique.
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Table 9. Quantitative comparison with reported photoconductance, lifetime, and photo-Hall studies

on crystalline silicon.

. . . Injection/Light Reported Lifetime or i1 . .
Reference = Material/Doping Technique Regime Photoconductive Metric Comparability with This Work
Comparable mainly to wafer 1 in
Phosphorus-doped Injection-dependent Initial h1gh lifetime of dopant concentration and injection
n-type Cz-Si: Np ~ lifetime approximately 2.9 ms before regime. Not directly comparable in
Yoon et al. P 143 QSSPC and Ni contamination; lifetime absolute magnitude because the
9.2 x 10"* ecm™7; measurements; . .
[45] RCPCD degradation analyzed reported quantity is
p~50cm; low-to-moderate h h surf L ier Tifeti A
¢ ~ 200 ym injection range through surface minority-carrier lifetime, not Ac;, 1,
recombination velocity and the samples include
contamination/passivation effects.
Covers the doping range of both
High-purity n- and Maximum Teff decreases wafers an.d sup}.zort.s th.e expected
p-type crystalline strongly with dopant decrease in carrier lifetime and
Si: QSSPL, SSPL Injection-dependent concentration; examples photoconductive response with
Richter et o 13 ’ 4 recombination over include 27 ms for n-FZ Si at increasing dopant concentration.
Ngop = 4.6 x10”-  PCD, and 14 =3 i
al. [37] 25 x 107 em=3: QSSPC broad dopant and 4.4 x10"* cm™°, 1.2 ms for Absolute values are not directly
. fX i lim ’ excess-carrier ranges ~ 1-Cz Siat 1.3 x 101 em 3, comparable because the study
;\;(1) e?f(;O ickness and 0.037 ms for heavily used highly passivated lifetime
—oul pm doped Si at 2.5 x 107 cm~3 samples and calibrated lifetime
techniques.
. Highly relevant to the present
P.h otovoltal'c—grade Narrow-band LED Effective lifetime measured as ~ white-LED excitation because it
Si wafers with o .
different excitation over a function of wavelength and ~ shows that spectral content and
Roller et al. e LED-based different intensity; reported sensitivity  absorption depth affect the
resistivities, . 3
[46] . QSSPC wavelengths and to generation depth, bulk measured carrier response. Not
thicknesses, and . o 0. . b .
o intensities; below 1 lifetime, and surface directly comparable in magnitude
passivation o L . .
. sun conditions recombination velocity because it reports Tegf, not
conditions !
Hall-derived Ang or Ay, g.
The most direct recent analogue
in measured quantities
(concentration, mobility, lifetime).
Combined - Simultaneous carrier Not directly comparable in
- Injection-dependent; - e - .
. transient PC, . concentration, mobility, and absolute magnitude because it
Krisztian Solar-cell-grade integrated ffoctive lifeti ith 1 li
etal. [13] n-type c-Si waters SS-PC, and multi-mode effective lifetime, with mutua reports calibrated steady-state
’ SP-PCD (single operation agreement across the three and small-perturbation
system) P modes lifetimes /mobilities, whereas this
work reports a single steady-state
Hall-derived majority-carrier
indicator.
Industrial Al-BSF Under 1 sun, photogenerated  Useful as a carrier-resolved
Si solar cell; n-type minority-carrier Hall-type benchmark. Not
emitter with concentrations of directly comparable because it
Uprety et Np = (3.6+£0.1) x  Optical Hall Dark and 1 sun Ap = (7.840.2) x 10 cm™®  uses a complete solar cell, optical
al. [47] 10 cm~3 and effect AM1.5 illumination in the n-type emitter and Hall analysis, much higher
p-type bulk with An=(22402) x 10 em™®  illumination, and a heavily doped
Ny = (76+0.1) x in the p-type bulk were emitter rather than bare n-type
101 cm 3 reported wafers.
Methodologically comparable
because it extends Hall
. . . Simultaneous extraction of measurements under illumination.
. . . Light-intensity- - L . e .
Single-crystal Si Carrier- majority /minority carrier Not quantitatively equivalent
Gunawan . dependent : e igogs
etal. [11] and photovoltaic resolved hoto-Hall density, mobility, lifetime, because the present work does
’ absorber materials ~ photo-Hall P diffusion length, and not resolve electron and hole
measurements A L. o
recombination coefficient contributions separately and uses
a simpler steady-state Hall
estimator.
Strong methodological contrast. It
Si and other supports the limitation statement
semiconductors; that simplified illuminated Hall
. . Resolves electron and hole
reported Si Constant-light 1. e measurements cannot replace
" . mobility, density, lifetime, .
Musiienko  demonstration magnetotransport e . e carrier-resolved methods.
. CLIMAT diffusion coefficient, diffusion L . .
etal. [18] includes under controlled lenath. and i Formi-level Quantitative comparison is
carrier-resolved illumination Se ligtﬁI; and quasi-re V€' limited because CLIMAT
transport P & separates carrier populations
parameters whereas Ay, g is a

majority-carrier estimator.
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Within this objective, the principal limitations can be stated concisely as follows:
(i) the absence of independent calibrated photoconductance measurements on the same
wafers, so that the absolute accuracy of Ao, g cannot be established; (ii) the majority-
carrier approximation, which omits the minority-carrier (hole) contribution under moderate
injection and underestimates the bipolar response by approximately 35% for the lightly
doped wafer; (iii) the inability to resolve illumination-induced Hall-factor variations, since
the experimental quantification of an illumination-dependent rg would require carrier-
resolved photo-Hall instrumentation that lies beyond the scope of the present proof-of-
concept implementation; and (iv) an applicability that, under the present sub-mW cm 2
irradiance, is restricted to lightly doped wafers with Np < 10> cm~3, as established by the
detection-threshold and power analyses of Sections 2.4 and 4.4.

These limitations define the intended scope of the methodology rather than rep-
resent methodological inconsistencies. Taken together with the internal Van der Pauw
consistency check, the magnetic-field stability, the Hall-factor sensitivity analysis, and the
literature-based doping-range comparison reported below, they delimit a coherent and
clearly bounded operating regime within which the proposed system can be applied as
an accessible, low-cost tool for comparative photoconductive screening of doped n-type
silicon, rather than as a substitute for calibrated photoconductance or carrier-resolved
photo-Hall techniques.

5. Conclusions

A low-complexity steady-state Hall-based estimator for comparative analysis of the
majority-carrier photoconductive response was implemented and experimentally assessed
as a screening tool on n-type crystalline silicon wafers. The approach combines standard
Van der Pauw and Hall measurements under dark and continuous illumination conditions,
enabling extraction of an apparent Hall-derived majority-carrier metric using permanent
magnets, a white LED source, and a source-measure unit.

Dark/light cycling over three independent mountings and five cycles per mounting pro-
duced mean values of Aoy, 7 = 29.61 £ 3.406 mS cm ! for wafer 1 and 1.167 4 0.140 mScm !
for wafer 2, where the & values corresponded to the sample standard deviation over
15 cycles. These statistics quantify the short-term cycling and remounting repeatability of
the two-state protocol, while long-term reproducibility remains outside the scope of the
present study.

An internal consistency check based on the longitudinal Van der Pauw conductivity
change showed close agreement with the Hall-derived estimator for wafer 1, whereas
wafer 2 remained below the instrumental detection threshold due to its very small relative
conductivity change. The lightly doped wafer exhibited a clearly resolved Hall-derived
photoconductive response under illumination, while the heavily doped wafer showed
a substantially reduced nominal response below the instrumental detection threshold
under low-injection conditions. This contrast is consistent with the expected qualitative
influence of dopant concentration; however, no quantitative wafer-to-wafer response ratio
is claimed because wafer 2 lies below the instrumental detection threshold according to the
SNR criterion.

Comparison with the Macdonald—Cuevas model provided a qualitative physical-
consistency check, indicating that the proposed estimator follows the expected dependence
on irradiance and doping concentration. Systematic deviations in absolute magnitude
were observed and are attributed to the simplified treatment of minority carriers, transport
effects, trapping phenomena, and the depth-dependent optical generation profile inherent
to broadband illumination. This comparison should not be interpreted as a calibrated
validation of the method.
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The main advantage of the proposed approach is its simplicity and accessibility,
making it suitable for comparative photoconductive screening and trend analysis in low-
resource laboratory environments. Nevertheless, the method does not replace calibrated
photoconductance techniques or carrier-resolved approaches such as SSPC, QSSPC, and
photo-Hall, which provide more complete physical modeling and carrier separation. The
contribution is a specific low-cost system implementation and a defined operating scope,
not a new measurement principle; the present dataset cannot establish absolute accuracy
relative to calibrated photoconductance or carrier-resolved photo-Hall methods.

In practical terms, the method yields a resolved response only when the injection
ratio satisfies Anp/Np 2 0.013 (equivalently Np < 10% cm—3 at the present irradiance for
carrier lifetimes comparable to wafer 1) under temperature control of +0.5 K; heavily doped
wafers (Np > 10'® cm—3) fall below the instrumental detection threshold at sub-mW cm 2
irradiance, as quantified in Section 2.4 and the power analysis of Section 4.4.

The literature-based comparison with QSSPC, LED-QSSPC, Optical Hall, and carrier-
resolved photo-Hall studies supports the qualitative consistency of the observed doping-
dependent trend and clarifies the limits of direct comparison in terms of lifetime, injection
regime, and photoconductive magnitude. Because independent QSSPC, SSPC, u-PCD,
or carrier-resolved photo-Hall measurements were not available for the same wafers, the
reported results should be regarded as internally consistent, trend-level estimates rather
than calibrated photoconductivity measurements.

Future work will focus on extending the proposed steady-state Hall-based approach
to broader temperature and irradiance ranges in order to evaluate its robustness under
different injection regimes. Additionally, incorporating a more detailed optical generation
model and recombination analysis may improve quantitative comparison with established
photoconductance techniques. Further benchmarking against calibrated QSSPC, SSPC,
u-PCD, or carrier-resolved photo-Hall measurements on the same samples would also
allow a rigorous assessment of accuracy and applicability.
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Abbreviations and Nomenclature
The following abbreviations are used in this manuscript:
SSPC steady-state photoconductance
QSspPC quasi-steady-state photoconductance
CRPH carrier-resolved photo-Hall
CLIMAT  constant light-induced magnetotransport
VdP Van der Pauw
SNR signal-to-noise ratio
RCA Radio Corporation of America (standard wafer cleaning procedure)
Nomenclature and units used in this work.
Symbol Description Units
Ao Full bipolar photoconductivity change, including electron and hole contributions ~ Scm™!
Aoy g Hall-derived majority-carrier photoconductive estimator Scm™!
A(T,(I,ll){ Nominal Hall-derived photoconductive estimator calculated using ry = 1 Scm~!
Aopip Bipolar sensitivity estimate obtained by including an approximate hole contribution ~Scm™!
Aoyap Longitudinal photoconductive response estimated from Van der Pauw resistivity =~ Scm™!
An, Ap Excess electron and hole densities in the general photoconductivity expression cm ™3
Ang INlumination-induced change in Hall-derived majority-carrier density cm 3
AnD Nominal illumination-induced Hall-derived carrier-density change calculated using om-—3
H rg = 1
ny Hall-derived majority-carrier density cm—3
ng) Nominal Hall-derived majority-carrier density calculated using rg = 1 cm 3
NH darks "Hlight Hall-derived carrier density under dark and illuminated conditions cm 3
Np Estimated donor concentration cm 3
s Hp Electron and hole mobilities cm? V1!
I H dark Dark Hall electron mobility used in the estimator cm?V-ls1
H Hall factor dimensionless
1Y Electrical resistivity Qcm
Pdark- Plight Dark and illuminated Van der Pauw resistivity Qcm
VdP .VdP Dark and illuminated longitudinal conductivity obtained from Van der Pauw 1
Tdark’ light b Scm
g resistivity
T Carrier lifetime s
Ry Hall coefficient em’C!
VH Hall voltage \%
t Wafer thickness um
I Applied current HA
B Magnetic field T
SNRy, Signal-to-noise ratio of the apparent Hall-derived carrier-density change dimensionless
uc(Ang) Combined standard uncertainty of the apparent Hall-derived carrier-density change ~cm ™3
uc(ny) Combined standard uncertainty of the Hall-derived carrier density cm—3
References

1. Schroder, D.K. Semiconductor Material and Device Characterization, 3rd ed.; Wiley: Hoboken, NJ, USA, 2006. https://doi.org/10.100

2/0471749095.

2. Braly, LL,; Stoddard, R.J.; Rajagopal, A.; Jen, A.K.-Y.; Hillhouse, H.W. Photoluminescence and Photoconductivity to Assess
Maximum Open-Circuit Voltage and Carrier Transport in Hybrid Perovskites and Other Photovoltaic Materials. J. Phys. Chem.
Lett. 2018, 9, 3779-3792. https:/ /doi.org/10.1021/acs.jpclett.8b01152.

3. Kittel, C. Introduction to Solid State Physics, 8th ed.; Wiley: Hoboken, NJ, USA, 2005.
Sze, SM.; Ng, K.K. Physics of Semiconductor Devices, 3rd ed.; Wiley: Hoboken, NJ, USA, 2007. https://doi.org/10.1002/0470068329.

5. Jacoboni, C.; Canali, C.; Ottaviani, G.; Alberigi Quaranta, A. A review of some charge transport properties of silicon. Solid-State
Electron. 1977, 20, 77-89. https:/ /doi.org/10.1016/0038-1101(77)90054-5.

https:/ /doi.org/10.3390/ma19143016


https://doi.org/10.1002/0471749095
https://doi.org/10.1002/0471749095
https://doi.org/10.1021/acs.jpclett.8b01152
https://doi.org/10.1002/0470068329
https://doi.org/10.1016/0038-1101(77)90054-5
https://doi.org/10.3390/ma19143016

Materials 2026, 19, 3016 30 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Bube, R.H. Photoelectronic Properties of Semiconductors, 1st ed.; Cambridge University Press: Cambridge, UK, 1992; pp. 18-19.
Kerr, MJ.; Cuevas, A.; Sinton, R.A. Generalized analysis of quasi-steady-state and transient decay open-circuit voltage measure-
ments. |. Appl. Phys. 2002, 91, 399-404. https://doi.org/10.1063/1.1416134.

Sinton, R.A.; Cuevas, A. Contactless determination of current-voltage characteristics and minority-carrier lifetimes in semicon-
ductors from quasi-steady-state photoconductance data. Appl. Phys. Lett. 1996, 69, 2510-2512. https:/ /doi.org/10.1063/1.117723.
Nagel, H.; Berge, C.; Aberle, A.G. Generalized analysis of quasi-steady-state and quasi-transient measurements of carrier lifetimes
in semiconductors. J. Appl. Phys. 1999, 86, 6218-6221. https://doi.org/10.1063/1.371633.

Goodarzi, M.; Sinton, R.; Macdonald, D. Quasi-steady-state photoconductance bulk lifetime measurements on silicon ingots with
deeper photogeneration. AIP Adv. 2019, 9, 015128. https://doi.org/10.1063/1.5086378.

Gunawan, O.; Pae, S.R.; Bishop, D.M.; Virgus, Y.; Noh, ]. H.; Jeon, N.J.; Lee, Y.S.; Shao, X.; Todorov, T.; Shin, B.; et al. Carrier-
resolved photo-Hall effect. Nature 2019, 575, 151-155. https://doi.org/10.1038 /s41586-019-1632-2.

Gunawan, O.; Kim, C.; Nainggolan, B.; Lee, M.; Shin, J.; Kim, D.S.; Jo, Y.; Kim, M.; Euvrard, J.; Shin, B.; et al. Electronic trap
detection with carrier-resolved photo-Hall effect. Sci. Adv. 2026, 12, eadz0460. https:/ /doi.org/10.1126 /sciadv.adz0460.
Krisztidn, D.; Kors6s, F.; Havasi, G. Simultaneous measurement of charge carrier concentration, mobility, and lifetime. Sol. Energy
Mater. Sol. Cells 2023, 260, 112461. https:/ /doi.org/10.1016/j.solmat.2023.112461.

Li, Z.; Wang, T.; Varela-Manjarres, J.; Dolui, K.; Liu, Y,; Fang, M.; Fang, S.; Nikoli¢, B.K.; Wei, B. Light-Induced Colos-
sal Magnetoresistance and Ultrasensitive Hall Resistance of Intrinsic Silicon. Adv. Opt. Mater. 2025, 13, 2403577.
https://doi.org/10.1002 /adom.202403577.

Zheng, D.; Dong, X.; Lu, J.; Dong, A; Niu, Y.; Wang, H. Laser-tuned large photo Hall effect in p-type silicon based on surface
states. ACS Appl. Electron. Mater. 2020, 2, 906-912. https:/ /doi.org/10.1021/acsaelm.9b00839.

Bojtor, A.; Krisztian, D.; Pardda, G.; Korsos, E; Kollarics, S.; Cs6sz, G.; Markus, B.G.; Forr6, L.; Simon, F. Versatile system for
photoconductance decay measurement across a wide range of semiconductor materials. Phys. Rev. Appl. 2026, 25, 014055.
https://doi.org/10.1103/pdrr-tpem.

Butler-Caddle, E.; Grant, N.E.; Pain, S.L.; Murphy, ]J.D.; Jayawardena, K.D.G.I.; Lloyd-Hughes, J. Terahertz photoconduc-
tance dynamics of semiconductors from sub-nanosecond to millisecond timescales. Appl. Phys. Lett. 2023, 122, 012101.
https://doi.org/10.1063/5.0130721.

Musiienko, A.; Yang, F.; Gries, TW.,; Frasca, C.; Friedrich, D.; Al-Ashouri, A.; Saglamkaya, E.; Lang, F.; Kojda, D.; Huang, Y.-T.; et
al. Resolving electron and hole transport properties in semiconductor materials by constant light-induced magneto transport.
Nat. Commun. 2024, 15, 316. https:/ /doi.org/10.1038/s41467-023-44418-1.

ASTM F76-08(2016)el; Standard Test Methods for Measuring Resistivity and Hall Coefficient and Determining Hall Mobility in
Single-Crystal Semiconductors. ASTM International: West Conshohocken, PA, USA, 2016. Available online: https://store.astm.
org/f0076-08r16e01.html (accessed on 29 April 2026).

Lindemuth, J. Hall Effect Measurement Handbook: A Fundamental Tool for Semiconductor Material Characterization; Dodrill, B., Ed.;
Lake Shore Cryotronics, Inc.: Westerville, OH, USA, 2020; ISBN 978-1-7347078-0-9.

Hall Effect Measurements in Materials Characterization; Keithley Instruments, Inc.: Cleveland, OH, USA, 2011; White Paper No. 3111.
Available online: https://download.tek.com/document/HallEffect. WhtPapr.pdf (accessed on 29 April 2026).

ASTM E927-19; Standard Classification for Solar Simulators for Electrical Performance Testing of Photovoltaic Devices. ASTM
International: West Conshohocken, PA, USA, 2019. https://doi.org/10.1520/E0927-19.

Green, M.A.; Keevers, M.]. Optical properties of intrinsic silicon at 300 K. Prog. Photovolt. Res. Appl. 1995, 3, 189-192.
https:/ /doi.org/10.1002/pip.4670030303.

Green, M.A. Self-consistent optical parameters of intrinsic silicon at 300 K including temperature coefficients. Sol. Energy Mater.
Sol. Cells 2008, 92, 1305-1310. https:/ /doi.org/10.1016/j.solmat.2008.06.009.

Thurber, WR.; Mattis, R.L.; Liu, Y.M.; Filliben, ].J. The Relationship Between Resistivity and Dopant Density for Phosphorus- and
Boron-Doped Silicon; National Bureau of Standards Special Publication 400-64; U.S. Department of Commerce, National Bureau of
Standards: Washington, DC, USA, 1981. https://doi.org/10.6028 /NBS.SP.400-64.

Integrated Nanosystems Research Facility. Cleaning Procedures for Silicon Wafers; University of California, Irvine: Irvine, CA, USA,
2019. Available online: https:/ /bpb-us-e2.wpmucdn.com/sites.uci.edu/dist/a/5933/files /2026 /02 / sop-wet-silicon-solvent-
clean.pdf (accessed on 29 April 2026).

Arora, N.D.; Hauser, J.R.; Roulston, D.J. Electron and hole mobilities in silicon as a function of concentration and temperature.
IEEE Trans. Electron Devices 1982, 29, 292-295. https://doi.org/10.1109/T-ED.1982.20698.

Reynolds, S.; Brinza, M.; Benkhedir, M.L. Photoconductivity in materials research. In Springer Handbook of Electronic and
Photonic Materials; Kasap, S.O.; Capper, P.,, Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 151-174.
https:/ /doi.org/10.1007 /978-3-319-48933-9_7.

https:/ /doi.org/10.3390/ma19143016


https://doi.org/10.1063/1.1416134
https://doi.org/10.1063/1.117723
https://doi.org/10.1063/1.371633
https://doi.org/10.1063/1.5086378
https://doi.org/10.1038/s41586-019-1632-2
https://doi.org/10.1126/sciadv.adz0460
https://doi.org/10.1016/j.solmat.2023.112461
https://doi.org/10.1002/adom.202403577
https://doi.org/10.1021/acsaelm.9b00839
https://doi.org/10.1103/pdrr-tpcm
https://doi.org/10.1063/5.0130721
https://doi.org/10.1038/s41467-023-44418-1
https://store.astm.org/f0076-08r16e01.html
https://store.astm.org/f0076-08r16e01.html
https://download.tek.com/document/HallEffect_WhtPapr.pdf
https://doi.org/10.1520/E0927-19
https://doi.org/10.1002/pip.4670030303
https://doi.org/10.1016/j.solmat.2008.06.009
https://doi.org/10.6028/NBS.SP.400-64
https://bpb-us-e2.wpmucdn.com/sites.uci.edu/dist/a/5933/files/2026/02/sop-wet-silicon-solvent-clean.pdf
https://bpb-us-e2.wpmucdn.com/sites.uci.edu/dist/a/5933/files/2026/02/sop-wet-silicon-solvent-clean.pdf
https://doi.org/10.1109/T-ED.1982.20698
https://doi.org/10.1007/978-3-319-48933-9_7
https://doi.org/10.3390/ma19143016

Materials 2026, 19, 3016 31 of 31

29.

30.

31.

32.
33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

JCGM 100:2008; Evaluation of Measurement Data—Guide to the Expression of Uncertainty in Measurement. Joint Committee for
Guides in Metrology, BIPM: Sevres, France, 2008. Available online: https://www.bipm.org/documents/20126/2071204 /JCGM_
100_2008_E.pdf (accessed on 10 May 2026).

Macdonald, D.; Sinton, R.A.; Cuevas, A. On the use of a bias-light correction for trapping effects in photoconductance-based
lifetime measurements of silicon. J. Appl. Phys. 2001, 89, 2772-2778. https://doi.org/10.1063/1.1346652.

Macdonald, D.; Cuevas, A. Trapping of minority carriers in multicrystalline silicon. Appl. Phys. Lett. 1999, 74, 1710-1712.
https://doi.org/10.1063/1.123663.

Schroder, D K. Carrier lifetimes in silicon. IEEE Trans. Electron Devices 1997, 44, 160-170. https:/ /doi.org/10.1109/16.554806.
del Alamo, J.A.; Swanson, R.M. Measurement of Hall scattering factor in phosphorus-doped silicon. J. Appl. Phys. 1985, 57,
2314-2317. https:/ /doi.org/10.1063/1.334333.

Lindemuth, J.; Mizuta, S.-I. Hall measurements on low mobility materials and high resistivity materials. Proc. SPIE 2011, 8110,
811001.

Magnanelli, T.].; Heilweil, E.]. Carrier mobility of silicon by sub-bandgap time-resolved terahertz spectroscopy. Opt. Express 2020,
28,7221-7236. https:/ /doi.org/10.1364/OE.382840.

Streetman, B.G.; Banerjee, S. Solid State Electronic Devices, 7th ed.; Pearson: Upper Saddle River, NJ, USA, 2015.

Richter, A.; Glunz, SW.; Werner, F.; Schmidt, J.; Cuevas, A. Improved quantitative description of Auger recombination in
crystalline silicon. Phys. Rev. B 2012, 86, 165202. https:/ /doi.org/10.1103/PhysRevB.86.165202.

Niewelt, T.; Steinhauser, B.; Richter, A.; Veith-Wolf, B.; Fell, A.; Hammann, B.; Glunz, S.W. Reassessment of the intrinsic bulk
recombination in crystalline silicon. Sol. Energy Mater. Sol. Cells 2022, 235, 111467. https:/ /doi.org/10.1016/j.solmat.2021.111467.
Black, L.E.; Macdonald, D.H. On the quantification of Auger recombination in crystalline silicon. Sol. Energy Mater. Sol. Cells 2022,
234,111428. https://doi.org/10.1016/j.solmat.2021.111428.

Zhu, Y.; Juhl, M.K,; Coletti, G.; Hameiri, Z. Reassessments of minority carrier traps in silicon with photoconductance decay
measurements. IEEE |. Photovolt. 2019, 9, 652—-659. https:/ /doi.org/10.1109/JPHOTOV.2019.2903584.

Rahman, K.A.; Shaikh, M.S.; Yue, Q.; Dissanayake, S.S.; Wang, M.; Zhou, S.; Sher, M.-]. Temperature-Dependent
Dynamics of Charge Carriers in Tellurium Hyperdoped Silicon.  Adv.  Electron.  Mater. 2025, 11, 2400417.
https://doi.org/10.1002/aelm.202400417.

McIntosh, K.R.; Sinton, R.A.; Blakers, A.W. Calibration of the WCT-100 photoconductance instrument at low conductance. Prog.
Photovolt. Res. Appl. 2008, 16, 279-287. https:/ /doi.org/10.1002/pip.810.

Masuch, P; Reichel, C.; Bonilla, R.S.; Richter, A.; Benick, ]J. Bias-voltage photoconductance and photoluminescence for
the determination of silicon-dielectric interface properties in SiO,/Al,O5 stacks. J. Appl. Phys. 2023, 134, 075705.
https://doi.org/10.1063/5.0153204.

Grimm, B.; Wolter, S.J.; Schmidyt, J. Contactless quasi-steady-state photoconductance (QSSPC) characterization of metal halide
perovskite thin films. Sci. Rep. 2023, 13, 11163. https://doi.org/10.1038 /s41598-023-37745-2.

Yoon, Y.; Paudyal, B.; Kim, J.; Ok, Y.-W.; Kulshreshtha, P.; Johnston, S.; Rozgonyi, G. Effect of nickel contamination on high carrier
lifetime n-type crystalline silicon. J. Appl. Phys. 2012, 111, 033702. https:/ /doi.org/10.1063/1.3680880.

Roller, J.E; Li, Y.-T.; Dagenais, M.; Hamadani, B.H. Spectral dependence of carrier lifetimes in silicon for photovoltaic applications.
J. Appl. Phys. 2016, 120, 233108. https://doi.org/10.1063/1.4972409.

Uprety, P.; Subedi, I.; Junda, M.M.; Collins, R.W.; Podraza, N.J. Photogenerated carrier transport properties in silicon photovoltaics.
Sci. Rep. 2019, 9, 19015. https:/ /doi.org/10.1038/541598-019-55173-z.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ma19143016


https://www.bipm.org/documents/20126/2071204/JCGM_100_2008_E.pdf
https://www.bipm.org/documents/20126/2071204/JCGM_100_2008_E.pdf
https://doi.org/10.1063/1.1346652
https://doi.org/10.1063/1.123663
https://doi.org/10.1109/16.554806
https://doi.org/10.1063/1.334333
https://doi.org/10.1364/OE.382840
https://doi.org/10.1103/PhysRevB.86.165202
https://doi.org/10.1016/j.solmat.2021.111467
https://doi.org/10.1016/j.solmat.2021.111428
https://doi.org/10.1109/JPHOTOV.2019.2903584
https://doi.org/10.1002/aelm.202400417
https://doi.org/10.1002/pip.810
https://doi.org/10.1063/5.0153204
https://doi.org/10.1038/s41598-023-37745-2
https://doi.org/10.1063/1.3680880
https://doi.org/10.1063/1.4972409
https://doi.org/10.1038/s41598-019-55173-z
https://doi.org/10.3390/ma19143016

	Introduction
	Materials and Methods
	Experimental Setup
	Measurement Procedure
	Uncertainty Analysis
	Detection Limit and Signal-to-Noise Considerations
	Hall-Factor Sensitivity Analysis

	Results
	Hall-Derived Carrier Density Under Dark and Illuminated Conditions
	Hall Mobility and Constant-Mobility Approximation
	Estimation of the Hall-Derived Majority-Carrier Photoconductive Response
	Repeatability and Short-Term Stability Indicators
	Irradiance Dependence and Summary Comparison of the Hall-Derived Estimator
	Longitudinal Van der Pauw Consistency Check

	Discussion
	Physical Interpretation
	Internal Consistency and Scope of Applicability
	Scope and Limitations of the Hall-Derived Estimator
	Limitations Due to the Absence of Independent Validation
	Scope of the Present Screening System Relative to Established Photoconductance and Photo-Hall Techniques

	Conclusions
	References

