
Journal of Visualized Experiments
 

X-ray Beam Induced Current Measurements for Multi-Modal X-Ray Microscopy of
Solar Cells

--Manuscript Draft--
 

Article Type: Invited Methods Article - JoVE Produced Video

Manuscript Number: JoVE60001R3

Full Title: X-ray Beam Induced Current Measurements for Multi-Modal X-Ray Microscopy of
Solar Cells

Keywords: X-ray beam induced current;  X-ray fluorescence;  lock-in amplification;  solar cell;  X-
ray microscopy;  Cu(In,Ga)Se2

Corresponding Author: Michael Stueckelberger
Deutsches Elektronen-Synchrotron
Hamburg, GERMANY

Corresponding Author's Institution: Deutsches Elektronen-Synchrotron

Corresponding Author E-Mail: michael.stueckelberger@desy.de

Order of Authors: Christina Ossig

Tara Nietzold

Bradley West

Mariana Bertoni

Gerald Falkenberg

Christian G. Schroer

Michael Stueckelberger

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Open Access (US$4,200)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

DESY in 22607 Hamburg, Germany

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



   

 

TITLE:  1 
X-ray Beam Induced Current Measurements for Multi-Modal X-Ray Microscopy of Solar Cells 2 
 3 
AUTHORS AND AFFILIATIONS:  4 
Christina Ossig1,3, Tara Nietzold2, Bradley West2, Mariana Bertoni2, Gerald Falkenberg1, 5 
Christian G. Schroer1,3, Michael E. Stuckelberger1 6 
1Deutsches Elektronen-Synchrotron, Hamburg, Germany 7 
2School of Electrical, Computer and Energy Engineering, Arizona State University, Tempe (AZ), 8 
USA 9 
3Department Physik, Universität Hamburg, Hamburg, Germany 10 
 11 
Corresponding Author:  12 
Michael E. Stuckelberger 13 
michael.stuckelberger@alumni.ethz.ch 14 
 15 
Email Addresses of Co-authors: 16 
Christina Ossig   (christina.ossig@desy.de) 17 
Tara Nietzold   (tnietzol@asu.edu) 18 
Bradley West   (bradwest2@gmail.com) 19 
Mariana Bertoni  (bertoni@asu.edu) 20 
Gerald Falkenberg  (gerald.falkenberg@desy.de) 21 
Christian Schroer  (christian.schroer@desy.de) 22 
Michael Stuckelberger (michael.stuckelberger@desy.de) 23 
 24 
KEYWORDS: 25 
X-ray microscopy, X-ray beam induced current, X-ray beam induced voltage, XBIC, XBIV, lock-in 26 
amplification, synchrotron radiation, solar cell, photovoltaics, CIGS, multi-modal 27 
 28 
SUMMARY: 29 
A setup for X-ray beam induced current measurements at synchrotron beamlines is described. 30 
It unveils the nanoscale performance of solar cells and extends the suite of techniques for 31 
multi-modal X-ray microscopy. From wiring to signal-to-noise optimization, it is shown how to 32 
perform state-of-the-art XBIC measurements at a hard X-ray microprobe. 33 
 34 
ABSTRACT: 35 
X-ray beam induced current (XBIC) measurements allow mapping out the nanoscale 36 
performance of electronic devices such as solar cells. Ideally, XBIC is employed simultaneously 37 
with other techniques within a multi-modal X-ray microscopy approach. An example is given 38 
herein combining XBIC with X-ray fluorescence to enable point-by-point correlations of the 39 
electrical performance with chemical composition. For the highest signal-to-noise ratio in XBIC 40 
measurements, lock-in amplification plays a crucial role. By this approach, the X-ray beam is 41 
modulated by an optical chopper upstream of the sample. The modulated X-ray beam induced 42 
electrical signal is amplified and demodulated to the chopper frequency using a lock-in 43 
amplifier. By optimizing low-pass filter settings, modulation frequency, and amplification 44 
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amplitudes, noise can efficiently be suppressed for the extraction of a clear XBIC signal. A 45 
similar setup can be used to measure the X-ray beam induced voltage (XBIV). Beyond standard 46 
XBIC/XBIV measurements, XBIC can be measured with bias light or bias voltage applied such 47 
that outdoor working conditions of solar cells can be reproduced during in-situ and operando 48 
measurements. Ultimately, the multi-modal and multi-dimensional evaluation of electronic 49 
devices at the nanoscale enables new insights into the complex dependencies between 50 
composition, structure, and performance, which is an important step towards solving the 51 
materials’ paradigm. 52 
 53 
INTRODUCTION: 54 
In a world where the demand for electrical energy is constantly rising, a clean and sustainable 55 
energy source is increasingly necessary. One possibility to tackle these demands are 56 
photovoltaic (PV) systems1–3. For a directed and efficient way of developing next-generation 57 
solar cells, it is necessary to understand how the composition and structure of the solar cells 58 
affect their performance4. Typical questions in solar cell development include: Which types of 59 
defects are most detrimental, and where are they located5,6? Are there inhomogeneities in the 60 
elemental distribution, and what is their impact7–9? How do the solar cells change upon module 61 
assembly and aging10,11?  62 
 63 
As a solar cell is only as good as its weakest part, it is especially important to understand the 64 
effect of compositional and structural variation on the performance in polycrystalline solar cells 65 
that suffer inherently from inhomogeneities7,8. This is particularly true for thin film (TF) solar 66 
cells, which contain absorber layers with crystallite sizes in the micrometer range. Here, the 67 
effect of grain boundaries on performance is of highest interest, but their small size and the fact 68 
that they are buried in an entire layer stack pose unique characterization challenges. 69 
Furthermore, the complex chemistry of multi-component absorber layers with co-existing 70 
phases and internal gradients require sophisticated characterization methods12.  71 
 72 
Synchrotron-based hard X-ray microscopes are able to meet the characterization challenges of 73 
TF solar cells: they provide X-ray spot sizes down to the nanometer scale13–16 and the 74 
penetration depth of hard X-rays allows to probe the different device layers17, including buried 75 
absorber layers. With a wealth of different measurement techniques at a scanning X-ray 76 
microscope, it becomes possible to simultaneously study not just one but many different 77 
aspects of solar cells within multi-modal measurements and to correlate the observed 78 
characteristics. For example, X-ray beam induced current (XBIC) measurements have 79 
successfully been combined with X-ray fluorescence (XRF)7,18,19, X-ray excited optical 80 
luminescence (XEOL)20,21, and X-ray diffraction (XRD)22 to correlate the electrical performance 81 
with composition, optical performance, and structure, respectively23. 82 
 83 
During XBIC measurements of solar cells or other devices under test (DUT)24,25, the incident X-84 
ray photons set off particle showers consisting of electrons and photons, resulting in a 85 
multitude of excited electron-hole pairs per incident X-ray photon in the semiconducting 86 
absorber material. Finally, the electron-hole pairs thermalize to the band edges of the solar cell 87 
absorber. Therefore, these X-ray excited charge carriers can be treated like charge carriers that 88 



   

 

are generated by the absorption of photons with energies just above the bandgap during 89 
normal solar cell operation, and the resulting current or voltage can be measured as X-ray beam 90 
induced current23,26,27 or voltage (XBIV)28,29 similar to more common measurements like 91 
electron-beam induced current (EBIC) or laser-beam induced current (LBIC). Consequently, the 92 
XBIC/XBIV signal not only depends on the thickness of the absorber layer, but also on the 93 
electric performance of the DUT, both at the microscopic and macroscopic level, including the 94 
local bandgap, Fermi-level splitting, and recombination. Thus, we are able to map local 95 
variations of the charge-carrier collection efficiency that is defined as the probability that an 96 
externally excited electron-hole pair in the absorber layer is collected at the electrical contacts 97 
of the DUT.  98 
 99 
Note that only electron-hole pairs that are generated in the absorber layer of the DUT 100 
contribute to the XBIC/XBIV signal. Charge carriers generated in other layers such as the 101 
metallic contacts or substrate will immediately recombine, as they have no possibility of being 102 
separated by the junction. Therefore, other layers only affect XBIC/XBIV measurements via 103 
secondary effects such as parasitic X-ray absorption or the emission of secondary photons and 104 
electrons that may be re-absorbed in the absorber layer. In contrast, all layers potentially 105 
contribute to the XRF signal. 106 
 107 
Given that the XBIC and XBIV signals can be small (often, variations in the sub-picoampere and 108 
nanovolt range are of interest), the signals are easily buried in noise. Therefore, we suggested 109 
to utilize lock-in amplification to extract the XBIC and XBIV signals30. For this purpose, the 110 
incoming X-ray beam is modulated by an optical chopper as indicated in Figure 1. This 111 
modulation carries over to the signal produced by the DUT. Before the signal is fed into the 112 
lock-in amplifier (LIA), a pre-amplifier (PA) is typically used to match the raw signal intensity 113 
with the range of the analog-to-digital converter at the input of the digital LIA. The LIA mixes 114 
the modulated measurement signal with the reference signal. By employing a low-pass filter, 115 
only frequencies close to the reference signal are passed through and amplified31. This allows 116 
for an effective extraction of the XBIC or XBIV signal from a noisy background. 117 
 118 
In the protocol, we introduce the prerequisites and motions necessary for taking successful 119 
XBIC measurements including the raw signal (direct current, DC) and the modulated signal 120 
(alternating current, AC). Beyond describing technical details, we discuss an XBIC setup in the 121 
context of multi-modal measurements at beamline P06 at PETRA III13. Please note that, 122 
compared to most laboratory experiments, the environment of hutches at hard X-ray 123 
nanoprobes requires particular planning and consideration. Specifically, multi-modal 124 
measurements with nanometer-scale resolution challenge the experimentalists with a variety 125 
of specific constraints. For example, electronic noise is often present with great amplitudes 126 
from piezo-driven motors and other equipment, such as the power supplies of detectors. 127 
Furthermore, a multitude of devices and detectors needs to be arranged at optimized geometry 128 
without interfering with each other nor inducing vibrations. Figure 1 depicts a typical setup for 129 
XBIC measurements in combination with XRF and small/wide angle X-ray scattering 130 
(SAXS/WAXS) measurements. 131 
 132 



   

 

PROTOCOL: 133 
 134 
1. Setting up the measurement environment 135 
 136 
1.1. Requirements for lock-in amplified XBIC measurements 137 
 138 
1.1.1. Make sure to have the following available: a nano- or micro- focusing X-ray beamline; an 139 
X-ray chopper that absorbs periodically the majority of the X-rays; a PA; a LIA; modules for 140 
remote control of the chopper, PA, and LIA; a data acquisition (DAQ) system; a DUT. 141 
 142 
1.2. Sample holder fabrication 143 
 144 
1.2.1. Use a kinematic base for the sample holder. This makes it possible to re-position 145 
samples to within micrometer precision and saves valuable beamtime. Furthermore, it allows to 146 
position samples across different measurement platforms with different mounting systems. 147 
 148 
1.2.2. Design the sample holder in a way that it provides maximum freedom to place different 149 
detectors in proximity around the sample, while also being compatible with X-ray transparent 150 
samples and measurement techniques such as SAXS or WAXS. Typically, this translates into 151 
minimal sample holder size, stiffness down to the nanometer scale and being lightweight. 152 
 153 
1.2.3. Design a printed circuit board (PCB) to be used as a mount for the electronic device for 154 
XBIC measurements. Although a dedicated PCB with direct connection to a coaxial cable is 155 
strictly speaking not necessary, it can play a substantial role in the reduction of noise in 156 
comparison to loose wiring, where the wires act as antennae.  157 
 158 
NOTE: Ideally, a Faraday cage would shield the sample from electromagnetic fields. However, 159 
this is in most cases not compatible with measurement geometries. 160 
 161 
1.3. Sample contacting 162 
 163 
1.3.1. Glue the electronic DUT onto the PCB. Depending on the materials and requirements for 164 
later removal of the DUT, it is recommended to use nail polish, instant glue, composite glue, or 165 
silicon glue. 166 
 167 
1.3.2. Ensure that no mounting part or wiring blocks the incident X-ray beam nor obstructs the 168 
line of sight of any other detectors employed such as for XRF measurements. 169 
 170 
1.3.3. Contact both terminals of the DUT. 171 
 172 
NOTE: There are various ways to contact electronic devices, and the best choice depends on 173 
specific sample properties, where adhesion, chemical or mechanical resistance, and available 174 
space are arguments for one or another contacting method. 175 
 176 



   

 

1.3.4. Connect the front contact (the upstream contact facing the incident X-ray beam) with 177 
the shield of the coaxial cable. 178 
 179 
1.3.5. Connect the back contact (the downstream contact) with the core of the coaxial cable. 180 
 181 
1.3.6. Ground the front contact (shield of the coaxial cable). 182 
 183 
NOTE: The incoming beam leads to the ejection of electrons from the DUT, which leads to a 184 
compensation current in the measurement circuit that is easily misinterpreted as XBIC. 185 
Therefore, the front contact should be grounded23. It may be necessary to test different 186 
grounding methods to minimize the potential variations. 187 
 188 
1.3.7. Consider Figure 2 as an example of a sample holder consisting of a kinematic base, an 189 
aluminum holder, and a PCB with a solar cell connected to one of the two coaxial connectors.  190 
 191 
1.4. Arrangement of sample and detectors 192 
 193 
1.4.1. Mount the sample on the holder. 194 
 195 
1.4.2. Mount the sample holder on the sample stage. 196 
 197 
1.4.3. Place the center of rotation of the stage into the focus of the X-ray beam. 198 
 199 
1.4.4. Place the sample into the center of rotation of the rotation stage. 200 
 201 
1.4.5. Rotate the stage such that the plane of interest is perpendicular to the incident beam to 202 
minimize the beam footprint and maximize the spatial resolution. 203 
 204 
1.4.6. In case of multi-modal measurements, place the detector(s) around the sample. 205 
 206 
NOTE: Depending on the X-ray optics, there is little room to place detectors upstream of the 207 
sample. For non-X-ray-transparent samples, the fluorescence detector should be looking at the 208 
X-ray focus point under an angle of 10-20° to the sample plane such that self-absorption for the 209 
elements of interest and counts from scattering are minimized. 210 
 211 
1.5. Chopper installation 212 
 213 
1.5.1. Mount a motorized stage, with the ability to move perpendicularly to the X-ray beam, 214 
upstream of the sample. 215 
 216 
NOTE: While this motorized stage is not necessary, it allows for moving the chopper in and out 217 
of the X-ray beam without entering the hutch, thus enabling higher throughput and greater 218 
stability. 219 
 220 



   

 

1.5.2. Install an optical chopper onto the motorized stage to modulate the incoming signal. 221 
 222 
NOTE: Ideally, the chopper is placed far upstream of the sample such that it does not induce 223 
any vibrations on the X-ray optics or the sample by the motor or air turbulence, respectively. 224 
Nevertheless, good results with vibration amplitudes below 100 nm have been obtained with 225 
the chopper wheel being as close as 10 mm to the sample, while chopping at > 6 kHz. 226 
 227 
1.6. Reduction of background light 228 
 229 
1.6.1. Turn off sources of light in the hutch whenever possible and shield any others, including 230 
any small lights on the LIA and chopper wheel controller. At some beamlines, there is a light 231 
that is turned on when the hutch is searched. However, this light should not remain on during 232 
the measurement.  233 
 234 
2. Setting up XBIC measurements 235 
 236 
2.1. See Figure 1 for a schematic representation of necessary hardware components and 237 
wiring. 238 
 239 
2.2. Setup of a pre-amplifier 240 
 241 
2.2.1. Place a PA in proximity of the sample. 242 
 243 
NOTE: Some LIAs come with an integrated PA. In this case, PA settings are applied in a similar 244 
manner to the settings for the LIA.  245 
 246 
2.2.2. Connect the PA to a control unit outside of the hutch to enable the remote change of 247 
amplification settings without entering the hutch. Ideally, the control unit is connected to the 248 
beamline control, and the PA settings are automatically recorded. 249 
 250 
2.2.3. Power the PA from a clean power circuit.  251 
 252 
NOTE: Devices like vacuum pumps can pollute the power circuit and should therefore be 253 
powered separately from high-precision electronics such as PA and LIA that can transfer 254 
variations in the power supply to the measurement signal. For this reason, beamlines usually 255 
have clean and polluted power circuits. Many amplifiers can even be operated from batteries. 256 
 257 
2.2.4. Connect the sample through the BNC connector on the sample mount.  258 
 259 
2.2.5. Ensure that the sample wiring is strain-relieved so that it will not restrict the sample 260 
movements. 261 
 262 
2.2.6. Apply a bias voltage via the PA, if the XBIC signal shall not be measured under short-263 
circuit conditions. Do not apply any bias voltage, if the XBIV signal shall be measured under 264 



   

 

open-circuit conditions. 265 
 266 
2.2.7. Measure the signal amplitude of the DUT under measurement conditions (i.e., usually in 267 
dark) and under working conditions (e.g., with room light and beamline microscope light on) to 268 
test the signal range. 269 
 270 
2.2.8. Make sure that the signal amplitude of the DUT matches the input range of the PA, and 271 
take precautions to avoid oversaturation under high signal conditions (e.g., turned on room 272 
light), as oversaturation can destroy the PA. 273 
 274 
2.2.9. Make sure that the sensitivity of the PA matches its output range and the input range of 275 
the LIA. It is good practice to keep the amplification of the PA at the minimum sensitivity 276 
whenever no measurement is going on to avoid accidental oversaturation. 277 

 278 
2.2.10. Connect the DUT to the PA. Given the small signal amplitude, it is critical to keep the 279 
wiring short. 280 
 281 
NOTE: Cables carrying XBIC signal should not be intertwined with other cables as these might 282 
induce noise. Sources of noise include scanning stages and detectors as they are used for XRF. 283 
Different wire positions may be tested to minimize noise. For further noise reduction, the wire 284 
can be wrapped in grounded aluminum foil or triaxial cables can be used. 285 
 286 
2.2.11. Split the pre-amplified signal into three parallel signal branches to separately record the 287 
DC (positive and negative) and modulated AC components. 288 
 289 
2.2.12. Connect two signal branches to voltage-to-frequency (V2F) converters, one of which 290 
with inverted input signal range to accept the negative DC signal. 291 
 292 
2.3. Electrical setup of a lock-in amplifier 293 
 294 
2.3.1. Connect the LIA to a control unit outside of the hutch to enable the remote change of 295 
amplification settings without entering the hutch. Ideally, the control unit is connected to the 296 
beamline control, and the LIA settings are automatically recorded. 297 
 298 
2.3.2. Power the LIA from a clean power circuit and keep it at a distance from possibly noisy 299 
instruments. 300 
 301 
2.3.3. Make sure that the output of the PA matches the input of the LIA under all conditions, 302 
as oversaturation can damage the LIA. It is good practice to keep the LIA input range at its 303 
maximum whenever no measurement is going on to avoid accidental oversaturation. 304 
 305 
2.3.4. Feed the modulation frequency from the optical chopper as reference signal into the 306 
LIA. 307 
 308 



   

 

NOTE: The reference frequency can either be provided by an oscillator of the LIA, driving the 309 
chopper and thus allowing remotely controlling it, or being input from the chopper controller as 310 
a reference to the LIA. A combination of both is also possible. 311 
 312 
2.3.5. Connect the third branch of the pre-amplified XBIC signal to the LIA input. 313 
 314 
2.3.6. Output the root-mean-squared (RMS) amplitude 𝑅 of the lock-in amplified signal as 315 
analog AC signal of the DUT. 316 

 317 
NOTE: As 𝑅 is always positive, a splitting of the signal and inverting of one branch is not 318 
necessary so long as the signal input at the V2F converter is not negative. If the phase 319 
information shall also be recorded, it is recommended to output the phase 𝜃 in addition to 𝑅, 320 
or the in-phase component 𝑋 and quadrature component 𝑌. 321 
 322 
2.3.7. Connect the output of the LIA to a third V2F channel. 323 
 324 
2.3.8. Connect the V2F converters to the DAQ units and beamline software to store the three 325 
XBIC signal components with corresponding time and pixel information.  326 
 327 
NOTE: There are alternative methods to V2F converters for XBIC DAQ. For example, the voltage 328 
output from PA and LIA can be digitized directly, or digital readout of the amplifiers can be 329 
integrated in the beamline control system. However, the presented approach is compatible 330 
with most synchrotron beamlines, as V2F converters are generally available. 331 
 332 
3. XBIC measurements 333 
 334 
3.1. Choose well-suited XBIC measurement conditions in the trade-off of scanning speed, 335 
chopper frequency, and low-pass filter settings as discussed later in the manuscript. 336 
 337 
3.2. Optimizing XBIC measurement parameters 338 
 339 
3.2.1. Make sure that the DUT is shielded from all lights in the hutch. 340 
 341 
3.2.2. Set all amplifications of PA and LIA to the minimum, and input ranges to the maximum 342 
to avoid oversaturation. 343 
 344 
3.2.3. Set the frequency of the chopper, which is the modulation frequency of the signal and 345 
the reference frequency for its demodulation.  346 
 347 
NOTE: As a rule of thumb, the frequency selected should be as high as possible under the 348 
constraints of (a) fast enough response of the DUT, (b) fast enough amplification chain, (c) 349 
acceptable level of vibrations induced by the chopper. Furthermore, frequencies that are 350 
multiples of common noise frequencies such as 50/60 Hz or 45 kHz should be avoided. 351 
 352 



   

 

3.2.4. Set the amplification of the PA such that (a) the maximum output amplitude is well 353 
within the maximum input range of the LIA and (b) the response of the PA is fast enough for the 354 
chosen chopper frequency. For the optimization of the amplifier settings in this tradeoff, we 355 
refer to the subsection (b) of the discussion. 356 
 357 
CAUTION: Before allowing more photons onto the DUT (e.g., when entering the hutch), set the 358 
amplifiers again to their maximum input range and to their minimum amplification to avoid 359 
overloading. Ideally, this is implemented directly in the scan commands. 360 
 361 
3.2.5. Set the input range of the LIA to match the signal amplitude after pre-amplification for 362 
the region of interest with the strongest signal. 363 
 364 
3.2.6. In the LIA, split and mix the signal from the DUT with the reference signal from the 365 
chopper and a 90° phase-shifted reference signal as discussed in section (c) of the 366 
Representative Results. 367 
 368 
3.2.7. Set the low-pass filter frequency of the LIA to the minimum that is compatible with the 369 
scanning speed.  370 
 371 
NOTE: As a rule of thumb, set it to at least an order of magnitude below the chopping 372 
frequency, and an order of magnitude above the sampling rate. Ideally, the low-pass filter 373 
frequency should be chosen such that common noise frequencies are not passed, most 374 
importantly below 50/60 Hz to cut off the grid frequency.  375 
 376 
3.2.8. Set the amplification scale for the analog output of the lock-in amplified signal such that 377 
it matches the input range of the V2F and does not exceed it. 378 
 379 
3.2.9. Set soft- or hardware limits for amplifier outputs according to the input range of the 380 
following devices to prevent saturation. 381 
 382 
3.3. Taking XBIC measurements 383 
 384 
NOTE: With proper amplification parameters set for XBIC measurements, and automated 385 
control and readout implemented, there is no further action required to take XBIC 386 
measurements apart from starting a scan. 387 
 388 
3.4. Post-processing of XBIC Data 389 
 390 
3.4.1. Go along the signal chain from the DUT to the data acquisition unit, where the signal is 391 
saved as count rate 𝑓DAQ (Hz), to convert the count rate back to a current.  392 

 393 
3.4.1.1. Get the amplification factor 𝐴PA (V/A) at the PA, where the 𝑆XBIC signal (measured in 394 
ampere) is amplified and converted to a voltage  395 
 396 



   

 

3.4.1.2. Get the amplification factor 𝐴LIA (V/V) at the LIA.  397 
 398 
3.4.1.3. Get the voltage acceptance range 𝑅V (V) of the V2F converter that is projected onto the 399 
frequency range 𝑅f (Hz).  400 
 401 
3.4.1.4. Consider additional waveform factors: The output signal of the LIA is the RMS 402 
amplitude, but the signal of interest is the peak-to-peak value of the modulated input signal.  403 
 404 
3.4.2. Multiply the count rate of each pixel with the conversion term 𝐻conv  in the following 405 
equation to get the XBIC values in ampere from the frequency values sorted by the DAQ: 406 

𝑆XBIC = 𝑓DAQ ∙ 𝐻conv    with    𝐻conv =
2∙𝑊ff∙𝑅V

𝐴PA∙𝐴LIA∙𝑅f
 ,   (1) 407 

where 𝑊ff is a factor which depends on the waveform of the modulation32.  408 
 409 

NOTE: For an incoming sine wave, 𝑊ff = √2; for a triangle wave, 𝑊ff = √3; and for a square 410 
wave, 𝑊ff = 1.  Typical values for the measurement of thin-film solar cells at hard X-ray 411 
nanoprobes are: 𝐴PA = 1 MV A⁄ , 𝐴LIA = 100 V V⁄ , 𝑅V = 10 V, 𝑅F = 106 Hz. 412 
 413 
3.4.3. For the eventual correction of the raw XBIC signal  𝑆XBIC for topological variations, use28: 414 

𝑆XBIC
∗ ≈

𝑆XBIC

1−exp (− ∑ 𝛼𝑖∙𝑚𝑖𝑖 )
 ,    (2) 415 

with 𝛼𝑖 =
𝜇𝑖

𝜌𝑖
 [

cm2

g
] being the X-ray attenuation coefficient33 and 𝑚𝑖  [

g

cm2] the mass density for 416 

the absorber element 𝑖 which can be measured through simultaneous XRF measurements17. 417 
 418 
3.4.4. For the eventual conversion of the XBIC signal into charge collection efficiency, 𝜂, use23: 419 

𝜂 ∶=
𝑁

e−/h+
coll

𝑁
e−/h+
gen =

𝑁
e−/h+
coll

𝐶∙𝑁ph
in =

𝑆XBIC
𝑞

𝐶∙𝑁ph
in  ,    (3) 420 

where 𝑁
e−/h+
gen

 and 𝑁e−/h+
coll  are the generation and collection rate of electron-hole pairs, 𝑁ph

in  is 421 

the rate of incident photons, 𝑞 is the elementary charge, and 𝐶 is a material constant.  422 
 423 
3.4.5. For the eventual calculation of the material constant 𝐶, use: 424 

𝐶 ∶=
𝑁

e−/h+
gen

𝑁ph
in ≈

𝐸abs

𝛼∙𝐸g
 ,      (4) 425 

where 𝐸abs is the energy deposited in the absorber layer of the DUT per incident X-ray photon, 426 
𝐸g is the bandgap of the absorber material, and 𝛼 is a constant. 427 

 428 
NOTE: The factor 𝛼 accounts for the energy efficiency of electron-hole pair generation. It is 429 
often approximated23,34 as 𝛼 ≈ 3. 430 
 431 
 432 
3.4.6. For the eventual estimation of the injection level, 𝑔, from the XBIC signal, use:  433 

𝑔 =

𝑆XBIC

𝐴
𝐽sc

⁄  ,      (5) 434 



   

 

where 𝑔 is interpreted as the number of sun equivalents, 𝐴 is the X-ray beam cross-section, and 435 
𝐽sc is the short-circuit current density under standard measurement conditions35. 436 
 437 
REPRESENTATIVE RESULTS: 438 
The key advantage of using lock-in amplification for XBIC measurements is the dramatic 439 
increase of the signal-to-noise ratio as compared to measurements with standard amplification. 440 
The measurement settings that are particularly critical for successful lock-in-amplified XBIC 441 
measurements will be discussed in the first five sections. They are: (a) signal modulation; (b) 442 
pre-amplification; (c) signal mixing in the LIA; (d) low-pass filter frequency of the LIA; (e) low-443 
pass filter roll-off of the LIA. 444 
 445 
Illustrations of the impacts of these settings are demonstrated in Figures 3-5. For the 446 

measurements, a laboratory setup used a red laser (𝜆 = 650 nm) in place of an X-ray beam, 447 
modulated at 𝑓mod = 2177.7 Hz by an optical chopper. Fluorescent tubes served as source for 448 
bias light. The DUT was a thin-film solar cell with a Cu(In,Ga)Se2 (CIGS) absorber. Although 449 
different measurement settings would be chosen for other DUT, the general guidelines 450 
described here to find suited settings are valid for a variety of DUT such as solar cells with 451 
different absorber layers or nanowires. The PA was used with an amplification factor of 452 
104 V/A. The effects discussed here apply equally to other pre-amplifiers. If nothing else is 453 
specified, the low-pass filter roll-off of the LIA was 48 dB/oct. 454 
 455 
The following sections (f)-(i) show exemplary results to display the possibilities and challenges 456 
of XBIC measurements in conjunction with other measurement modes. In (f), specific challenges 457 
of XBIC measurements in fly-scanning mode are discussed. In (g), XBIC and XRF measurements 458 
of a CIGS solar cell are combined, and the effect of lock-in amplification is discussed with bias 459 
voltage applied. In (h), XBIV is added as a measurement mode for a CIGS solar cell. In (i), XBIC 460 
and compositional data from XRF of a CdS nanowire are shown. For all XBIC measurements in 461 
sections (f) to (i), we used a PA and a LIA as specified in the Table of Materials and Reagents. 462 
 463 
(a) Modulation of the Incoming Signal 464 
Figure 3 shows the pre-amplified DUT response measured by a scope without (top row) and 465 
with (bottom row) bias light turned on. As the PA converts currents to voltages, the displayed 466 
signal is in volts. It is negative due to the contacting of the solar cell, with the p- and n-type 467 
contacts connected to the shield and core of the input of the PA, respectively. In XBIC 468 
measurements, the solar cell contacting is governed by the necessary grounding of the front 469 
contact as discussed in section 1.2.6. of the protocol.  470 
 471 
Comparing Figure 3A and Figure 3D, we note an offset signal on the order of 8 mV that is 472 
shifted to -65 mV by turning on the bias light from fluorescence tubes. Furthermore, the signal 473 
variation on short timescales is significantly enhanced by the bias light. Such a bias offset of 474 
roughly 70 mV can prove problematic, due to limits in the acceptance range of the PA and LIA. 475 
As we would like to use the full range of the PA, a small offset as in Figure 3A-C is preferable. 476 
Therefore, all sources of unintentional bias, such as ambient lighting, should be eliminated. 477 
 478 



   

 

Adding a chopped photon source, as displayed in Figure 3B,C,E,F, increases the induced signal 479 
by the same amount – roughly 66 mV – for both with and without bias light, when the beam 480 
passes through the chopper blade; when the beam is blocked by the blade, the signal remains 481 
at the level of the respective offset, as is expected. The frequency of the chopper is distinct in 482 

the signal of subfigures 3B and 3E with a period of 𝜏mod =
1

𝑓mod
= 0.46 ms. 483 

 484 
In Figure 3D-F, we note an additional modulation at a frequency of 90 kHz. The source of this 485 
high-frequency modulation is the electronic ballast of the fluorescent tube, which is driven at 486 
45 kHz. Although lock-in amplification is capable of differentiating the contributions from 487 
different modulation frequencies, as will be shown in Figure 5, the reduction of noise signal is 488 
paramount for a good measurement. Ambient light is just one possible source, but other 489 
electronics can also induce noise, which then would be superimposed onto the signal. Note that 490 
bias light is not always unwanted noise, but often bias light is applied on purpose to set the DUT 491 
into operating conditions. 492 
 493 
In Figure 3B,C,E,F, we note further that the response of the DUT upon change of the irradiation 494 
intensity is delayed. These rise-time effects will be discussed in greater detail in the next section 495 
and originate here from two distinct effects: first, the steep increase and decrease of the DUT 496 
response upon the 2177.7-Hz modulation is delayed by the low-pass filter in the PA. Second, 497 
the signal continues to increase/decrease at slower time scales (e.g., visible between 0.68 and 498 
0.80 ms in Figure 3C), which we attribute to the occupation kinetics of defect states in the solar 499 
cell. 500 
 501 
(b) Pre-Amplification 502 
The PA not only amplifies the modulated signal of the DUT but can significantly change its wave 503 
form. As detailed above, the contacts of the solar cell are such that a negative voltage is 504 
measured upon illumination. No bias light was added for the measurements shown in Figure 4. 505 
 506 
The measurements were taken with increasing filter rise times to demonstrate their effects 507 
when amplification strength is held constant. In many cases, filter rise times are hardware-508 
coupled to the amplification. The stronger the amplification is, the longer the response time is, 509 
and the smaller is the cut-off frequency of the low-pass filter in the PA36,37. 510 
 511 
With a filter rise time of 10 µs as in the top panel of Figure 4, the signal is barely delayed, spans 512 
the nominal peak-to-peak range from roughly 10 mV to -65 mV, and reaches plateaus at the 513 
peak values. With 100 µs filter rise time, delay effects are visible in the modulated signal but 514 
the modulation is still distinct and the amplitude is in a similar range as for 10 µs. A filter rise 515 
time of 1 ms is longer than the period of the modulation (0.46 ms). Therefore, the modulation 516 
is suppressed to amplitudes below 10 mV and the shape reflects only the beginning of the rising 517 
and falling edge, which is obviously not suited for quantitative XBIC measurements. This 518 
connection between gain and filter rise time has to be kept in mind particularly for the 519 
combination of fast modulation frequencies, 𝑓mod, with strong amplification. 520 
 521 



   

 

(c) Signal Mixing 522 
The key difference between standard signal amplification and lock-in amplification is the mixing 523 
of the DUT signal with a reference signal and the subsequent suppression of high frequencies 524 
by a low-pass filter. 525 
 526 
The signal path for the mixing is depicted in Figure 6. For the discussion of the signal mixing, a 527 
few simplifications are made. The reference signal can be described as a sinusoidal signal 528 

𝑆ref = 𝑆ref
0 ∙ cos (2𝜋𝑓1 ∙ 𝑡)     (6) 529 

where 𝑆ref
0  is the amplitude and 𝑓1 is the modulation frequency of the reference signal. The 530 

modulated signal of the DUT fed into the LIA can be represented in a similar fashion as 531 
𝑆DUT = 𝑆DUT

0 ∙ cos (2𝜋𝑓2 ∙ 𝑡 + 𝜙)    (7) 532 

where 𝑆DUT
0  is the amplitude and 𝑓2 is the modulation frequency of the DUT signal, and 𝜙 is a 533 

phase offset of the DUT signal to the reference signal. 534 
Following from (1) and (2), the mixed signal is: 535 

𝑆mixed ≔ 𝑆ref ∙ 𝑆DUT = 𝑆ref
0 ∙ 𝑆DUT

0 ∙ cos (2𝜋𝑓1 ∙ 𝑡) ∙ cos (2𝜋𝑓2 ∙ 𝑡 + 𝜙).  (8) 536 
The modulation frequency of the DUT is the reference frequency, 𝑓1 = 𝑓2. Therefore, the 537 
trigonometric principle 538 

cos(2𝜋𝑓1) ∙ cos(2𝜋𝑓2) =
1

2
[cos(2𝜋𝑓1 + 2𝜋𝑓2) + cos (2𝜋𝑓1 − 2𝜋𝑓2)] (9) 539 

can be used to rewrite 𝑆mixed as the sum of two terms with different frequencies: 540 

𝑆mixed = 𝑆slow + 𝑆fast = 𝑆ref
0 ⋅ 𝑆DUT

0 ⋅
1

2
cos(𝜙) + 𝑆ref

0 ⋅ 𝑆DUT
0 ⋅

1

2
cos(2 ∙ 2𝜋𝑓1 ⋅ 𝑡 + 𝜙). (10) 541 

The low-pass filter mitigates the fast signal 𝑆fast such that the lock-in amplified signal can be 542 
approximated38,39 as 543 

𝑆mixed ≈ 𝑆ref
0 ⋅ 𝑆DUT

0 ∙
1

2
cos(𝜙).    (11) 544 

The DUT signal mixed with the reference signal is called the in-phase component 𝑋, and the 545 
DUT signal mixed with the 90 ° phase-shifted reference is called the quadrature component 𝑌: 546 

𝑋 = 𝑆ref
0 ⋅ 𝑆DUT 

0 ⋅
1

2
cos(𝜙)    (12) 547 

𝑌 = 𝑆ref
0 ⋅ 𝑆DUT

0 ⋅
1

2
cos(𝜙 − 90 °).   (13) 548 

From Eq. (12) and (138), the RMS amplitude  549 

𝑅 = √𝑋2 + 𝑌2,     (14) 550 
as well as the phase  551 

𝜃 = atan2(𝑌, 𝑋)     (15) 552 
of the mixed signal can be obtained with the two-argument arcus tangent function. Many LIA 553 
have an internal phase adjust to set 𝜙 to zero during measurements. 554 
 555 
(d) Low-Pass Filter Frequency 556 
Figure 5 shows the effect of bias light and different low-pass filter settings on the lock-in 557 
amplified RMS amplitude, 𝑅. We used a LIA allowing to record the signal resulting from 558 
different filter parameters simultaneously. 559 
 560 
The cut-off frequency 𝑓cut-off of a low-pass filter defines the frequency, at which the signal is 561 

attenuated to 50%. Lower frequencies pass, higher frequencies are suppressed. Figure 5A,E 562 



   

 

show the direct signal with 𝑓cut-off = 466.7 kHz, which effectively does not eliminate noise or 563 

lower-frequency modulations but lets them pass with the raw signal. The conversion of the raw 564 

pre-amplified signal to the RMS amplitude 𝑅 leads to an additional factor of √2 for frequencies 565 
sufficiently below 𝑓cut-off. For example, a constant input voltage of 𝑉raw = 1 V is output as 𝑅 =566 

1.41 V. 567 
 568 
Whereas the average offset in Figure 5E is negligible without bias light (in average 2 mV), it 569 
increases to an average around 75 mV with bias light (Figure 5A). The difference is of 570 
comparable strength as between Figure 3A,D, but beware that these were separate 571 
measurements. In both cases, turning on the chopping source leads to a significant increase in 572 
𝑅, and the peak-to-peak variation of 𝑅 corresponds to the peak-to-peak variation of the raw 573 
signal shown in Figure 3B,E. 574 
 575 
In Figure 5B,F, the RMS amplitude 𝑅 is displayed after using a low-pass filter with 𝑓cut-off =576 

 1000 Hz. Again an offset can be observed in 6B due to the bias light, but the offset is smaller 577 
with around 18 mV on average. This offset is caused by the 100 Hz modulation of the 578 
fluorescent light, whereas the 90 kHz modulation is blocked by the low-pass filter. Furthermore, 579 
the noise level of the ‘beam on’ state is still significant with a peak-to-peak variation around 580 
46 mV, while the average signal value amounts to 32 mV. Without bias light (Figure 5F) the 581 
peak-to-peak variation amounts to about 17 mV during ‘beam on’ with an average value of 582 
23.5 mV. The average offset during ‘beam off’ is smaller than 0.5 mV. These measurements 583 
show that the combination of a low-pass filter with 𝑓cut-off = 1000 Hz and a chopping frequency 584 

of 𝑓mod = 2177.7 Hz is not ideal: the signal carrying the modulation frequency is only partially 585 
removed but not entirely suppressed by the low-pass filter. The remaining part leads to 586 
significant peak-to-peak variations of 𝑅 during the ‘beam on’ state. When bias light is present, 587 
the 100 Hz modulation due to net frequency of the fluorescence lamps additionally increases 588 
the peak-to-peak values. 589 
 590 
In Figure 5C,G, the influence of the bias light can be seen as minimal: the 10.27 Hz low-pass 591 
filter cuts off most noise and modulation of the fluorescent light, and a clear beam-induced 592 
signal can be extracted. Albeit hardly visible here, the offset and spread of noise are still slightly 593 
greater with bias light. This can be caused by stray light passing through the chopper wheel 594 
onto the DUT. Therefore, it is advisable to implement the chopper far upstream to avoid the 595 
modulation of stray light. 596 
 597 
Figure 5D,H are a zoom into the change from ‘beam on’ to ‘beam off’ after 6 s in Figure 598 
5B,C,F,G, respectively. The superimposed modulation at 100 Hz (fluorescence lamps frequency) 599 
is visible in 6D for the low-pass filter with 𝑓cut-off = 1000 Hz. Note also the delay in the signal 600 

after the filter with 𝑓cut-off = 10.27 Hz compared to the signal after the filter with 𝑓cut-off =601 

 1000 Hz, when the beam is turned off. Same as was the case for slow rise times of the PA, low 602 
𝑓cut-off of the low-pass filter in the LIA cause slower adaptation of 𝑅 to signal changes. 603 

 604 



   

 

Altogether, we have found that a low-pass filter with 𝑓cut-off = 10.27 Hz and a roll-off of 605 

48 dB/oct (see next section) offers the best compromise between fast scanning speed (in favor 606 
of high 𝑓cut-off values) and suppression of bias light or noise (in favor of low 𝑓cut-off values, most 607 

importantly below the grid frequency 50 Hz). 608 
 609 
(e) Low-Pass Filter Roll-off 610 
As many digital lock-in amplifiers, the model that was used here employs so-called discrete-611 
time RC filters or exponential running average filters whose characteristics are very close to 612 
those of an analog resistor-capacitor RC filter40. Apart from the filter cut-off frequency that has 613 
been discussed in the previous section, there is only one free parameter, the filter order 𝑛, that 614 

defines the slope of the cut-off as 𝑛 ∙ 6 dB/oct.  615 
 616 
Figure 7A shows the effect of the filter order on the frequency-dependent attenuation for 617 
different cut-off frequencies that correspond to time constants 𝜏c = 100 ms and 𝜏c = 0.1 ms. 618 
Time constants between these two extremes are suitable for most XBIC measurements. The 619 
filter attenuation has been calculated40 in the frequency space as the absolute value squared 620 
|𝐻𝑛(𝑓)|2 of the complex transfer function 621 

𝐻𝑛(𝑓) =
1

(1+𝑖∙2𝜋∙𝑓∙𝜏c)𝑛,     (16) 622 

as a function of the frequency 𝑓 and a filter of order 𝑛 with a time constant 𝜏c. Transfer 623 
functions of higher order filters are obtained by multiplication of the transfer functions of the 624 
serially connected individual filters. Similar to 𝑓cut-off ∶= 𝑓50%, we define 𝑓5% and 𝑓95% as the 625 

frequencies, at which the attenuation is 5% and 95%, respectively. The product of these 626 
frequencies  and 𝜏c is constant and given in Table 1 for conversion between the cut-off 627 
frequencies and the filter time constant.  628 
 629 
In the time space, the filter response 𝑆out[𝑖] for 𝑛 = 1 is recursively calculated from an input 630 
signal 𝑆in[𝑖] that is defined at discrete times 𝑖 ∙ 𝜏s, (𝑖 + 1) ∙ 𝜏s, (𝑖 + 2) ∙ 𝜏s, etc., spaced by the 631 
sampling time 𝜏s: 632 

𝑆out[𝑖] = exp (−
𝜏s

𝜏c
) ∙ 𝑆out[𝑖 − 1] + [1 − exp (−

𝜏s

𝜏c
)] ∙ 𝑆in[𝑖].  (17) 633 

The response of filters with 𝑛 > 1 is calculated by multiple operation of Eq. 17 with 𝑆out[𝑖, 𝑛] 634 
calculated from 𝑆out[𝑖 − 1, 𝑛] and 𝑆out[𝑖, 𝑛 − 1]. The filter response to an increasing (at time 0) 635 
and decreasing step function (at time 20 ∙ 𝜏c) is shown in Figure 7B for filter orders 1 to 8, as a 636 
function of the time in units of 𝜏c. Note that the response is delayed with respect to the input 637 
signal and that this delay increases with 𝑛. The delay is quantified in Table 1 as the times 𝜏5%, 638 
𝜏50%, and 𝜏95%, within which the transmitted signal reaches 5%, 50%, or 95%, respectively. 639 
 640 
The choice of the correct filter roll-off is as critical as of the cut-off frequency when designing 641 
the experiment. In application 1 presented in section (g), high-quality XBIC measurements have 642 
been obtained with a chopper frequency of 1177 Hz, dwell time of 100 ms, and cut-off 643 
frequency of 40 Hz at filter order 8. With the numbers from Table 1, this translates into 𝜏c =644 
0.0479 40 Hz⁄ = 1.1975 ms, and 𝑓95% = 13.144 ∙ 𝜏c = 15.74 ms. This time is considerably 645 
shorter than the dwell time, and the oversampling helps further such that no delay-artifacts are 646 



   

 

introduced. 647 
 648 
(f) Dwell Time Correction 649 
In classical step-mode measurements, the scanning stage moves to the nominal position, and 650 
the start of the measurement at that pixel position is triggered after the precise position is 651 
reached. For short dwell times, the settling time becomes limiting for the overall scan time, 652 
which motivates so-called fly-scan or continuous measurement modes: there, the scan stage 653 
moves continuously, and the measurement data is attributed to pixels with the encoded stage 654 
position in post-processing. However, this can lead to additional issues as shown in Figure 8. In 655 
this case, the motors of the sample stage were not moving uniformly in 𝑋 direction, resulting in 656 
varying dwell times per pixel (see Figure 8A). The dwell-time variations directly translate into 657 
variations in XBIC measurements, as seen in Figure 8C. Therefore, the XBIC signal needs to be 658 
normalized to the dwell time, the results of which are shown in Figure 8D. Similarly, variations 659 
in beam intensity (displayed in Figure 8B) often need to be accounted for by normalization to 660 
the photon flux. XBIC signal normalized to the photon flux can be seen in Figure 8E; for minimal 661 
error on the absolute XBIC quantification, the photon flux itself has been normalized to its 662 
median value. Figure 8F shows the XBIC map normalized to the dwell time as well as to the 663 
photon flux, which reduced the impact of most measurement artifacts. 664 
 665 
(g) Application 1: XBIC of a Solar Cell with Bias Voltage and XRF 666 
Figures 9A-B show the impact of lock-in amplification on the signal-to-noise ratio in X-ray beam 667 
induced current measurements. The noisiness of the direct signal is apparent in Figure 9A: 668 
strong intensity contrasts from line to line are indicative of measurement artifacts, and fine 669 
XBIC variations from the DUT get buried in the arbitrarily changing signal. On the other hand, 670 
these fine features are clearly visible in Figure 9B. Note that the noise level in Figure 9A is 671 
unusually high for unknown reasons despite of the setup optimization prior to the 672 
measurements. In such cases, the signal-to-noise ratio improvement by lock-in amplification is 673 
dramatically higher than in cases of already high signal-to-noise ratio with standard 674 
amplification (e.g., application 3 in section (i)), where lock-in amplification would only lead to 675 
marginal improvements. 676 
 677 
With the PA, forward (Figure 9C) and reverse (Figure 9D) bias voltages of -50 mV and +50 mV, 678 
respectively, were applied to the sample and the area of Figure 9A-B rescanned. The dominant 679 
features visible in Figure 9B are still visible in Figure 9C and Figure 9D, but they are less distinct 680 
as the maps are noisier. This is because the application of bias voltage or bias light induces a 681 
direct current that is often orders of magnitude larger than the modulated XBIC signal. 682 
Ultimately, the ratio of direct to modulated signal limits the applicability of lock-in 683 
amplification. Despite the poor signal-to-noise ratio, it is worth pointing out that lock-in 684 
amplification enables mapping of the solar cell performance at the nanoscale with bias voltage 685 
and bias light applied, which would hardly be possible otherwise30. 686 
 687 
As the performance of the CIGS solar cell is correlated to the absorber layer composition7,41, we 688 
measured the XRF signal simultaneously with the XBIC. In Figure 9E,F, the concentrations of Ga 689 
and In are presented. Both elements are part of the absorber layer and their ratio is deemed to 690 



   

 

be of great influence to the performance of the solar cell7. The statistics of Ga are much greater 691 
than for In, which is due to the higher absorption coefficient and less self-absorption at the 692 
excitation energy of 10.4 keV. Due to the low statistics, features in the In map are almost 693 
invisible, whereas the Ga concentration is clear enough to be correlated with the electrical 694 
performance in 9B. For a higher In signal, one could either choose longer dwell times or choose 695 
an absorption energy with higher In absorption cross section. This illustrates the importance of 696 
a sufficiently long dwell time as well as the tailoring of the beam energy to the elements of 697 
interest. 698 
 699 
With long dwell times and large maps, another point has to be kept in mind: During 700 
measurements spanning multiple hours, sample drift can become a critical issue. Thermal 701 
fluctuations (particularly after sample change or large motor movements with poor heat 702 
dissipation) and the instability of mechanical stage components often lead to sample drift as 703 
can be seen by comparing the vertical positions of Figure 9D and Figure 9B. 704 
 705 
(h) Application 2: XBIC of a Solar Cell with XBIV and XRF 706 
Figure 10 shows a multi-modal scan of a CIGS solar cell, where the cell is operated under short-707 
circuit condition measuring XBIC in Figure 10A, and under open-circuit condition measuring 708 
XBIV in Figure 10B. The XRF measurement shown in Figure 10C was taken simultaneously with 709 
the XBIV measurement. To collect enough XRF counts, the dwell time per pixel was 0.5 s for 710 
Figure 10B-C as compared to 0.01 s in Figure 10A. Accordingly, a lower cut-off frequency in the 711 
low-pass filter for the XBIV measurement could be used compared to the XBIC measurement 712 
(10.27 Hz vs. 501.1 Hz, both with roll-off 48 dB/oct). For XBIV measurements alone, we could 713 
have used the same dwell time and low-pass filter settings as for the XBIC measurement with 714 
similar signal-to-noise ratio. However, it was overall more time-efficient to combine XBIV with 715 
XRF measurements with the XRF measurement governing the dwell time, than performing 716 
separate XBIV and XRF measurements. 717 
 718 
Comparing Figure 10A,B, we note that the short-circuit current 𝐼sc, measured as XBIC, and the 719 
open circuit voltage 𝑉oc, measured as XBIV, are correlated: large high- and low-performing 720 
areas are visible in both measurement modes. This indicates that local thickness variations 721 
and/or recombination dominate the performance here, rather than bandgap variations, which 722 
would lead to opposite trends in XBIC and XBIV28. 723 
 724 
Further, taking Figure 10C into account, one can see that certain areas with low performance 725 
such as at (𝑋, 𝑌) ≈ (1.7 μm, 6.7 μm) correlate with low Cu count rate, whereas performance is 726 
not correlated with the Cu count rate in other areas. 727 
 728 
(i) Application 3: XBIC and XRF of a Nanowire 729 
Beyond solar cells, contacted nanowires24 or nano-sheets, as well as quantum dots, are other 730 
examples of DUT that can profit from lock-in amplified XBIC measurements. For demonstration, 731 
Figure 11A shows the elemental distribution from XRF measurements, and Figure 11B the 732 
corresponding XBIC map of a CdS nanowire. The two contacts made of Pt and the CdS wire are 733 
clearly distinguishable, and the XBIC signal shows a matching electrical response. Particularly 734 



   

 

noteworthy is the fact that XBIC can unveil the electrical performance of the nanowire 735 
underneath the Pt contact, which is unique to X-ray nanoprobes and attributable to the high 736 
penetration depth of hard X-rays. The complementation of material composition and electrical 737 
properties of the nanowire exemplarily demonstrates the advantages of multi-modal X-ray 738 
measurements. 739 
 740 
FIGURE LEGENDS: 741 
Figure 1: Setup for lock-in amplified X-ray beam induced current (XBIC) measurements on a 742 
device under test (DUT). The beam path is depicted in red. The green forms indicate optional X-743 
ray fluorescence (XRF) and area detectors for multi-modal measurements, yellow indicates 744 
optional bias light assuming the front part of the solar cell facing downstream. Hardware 745 
components for XBIC measurements are colored black, while XBIC signal paths are blue with 746 
signal outputs and inputs shown as filled and empty circles, respectively. Before the data 747 
acquisition (DAQ), the DC (direct current) and AC (alternating current) signal is converted from 748 
a voltage to a frequency (V2F). For alternative signal paths we refer to part (a) of the discussion 749 
section. 750 
 751 
Figure 2: Example of a kinematic sample holder optimized for multimodal X-ray microscopy 752 
measurements including X-ray beam induced current. Thin copper wires are mounted onto the 753 
front and back contacts of a Cu(In,Ga)Se2 (CIGS) solar cell with silver paint, and connected to 754 
the PCB contacts. Polyimide tape is used to separate the wires, avoiding short-circuiting of the 755 
sample. 756 
 757 
Figure 3: Pre-amplified solar cell response upon irradiation with bias light and modulated 758 
beam. Top row without bias light, bottom row with bias light: A & D – beam off; B & E – beam 759 
on; C & F – zoom into the red rectangle of B & E. 760 
 761 
Figure 4: Solar cell response after pre-amplification with three different filter rise times (10 µs 762 
– blue, 100 µs – red, 1 ms – green) in the pre-amplifier. 763 
 764 
Figure 5: Lock-in amplified RMS amplitude 𝑹 with low-pass filter cut-off frequencies 𝒇cut-off =765 

 466.7 kHz (blue), 𝒇cut-off = 1 kHz (purple), 𝒇cut-off = 10.27 Hz (red), and constant filter roll-off 766 

48 dB/oct. The DUT was a Cu(In,Ga)Se2 solar cell with (A, B, C, D) and without (E, F, G, H) bias 767 
light applied. The times when the chopped photon beam was turned on and off are indicated in 768 
the figures as vertical dashed lines. 769 
 770 
Figure 6: Signal processing by the lock-in amplifier31. 𝑆DUT is the signal input from the DUT and 771 
𝑆ref is the reference signal from the chopper. 772 
 773 
Figure 7: Effect of low-pass filter settings in the lock-in amplifier. A – Attenuation by the low-774 
pass filter in the frequency space for two time constants (𝜏c = 100 ms and 𝜏c = 0.1 ms) and for 775 
filter orders 1 to 8. B – Transmitted signal response of the low-pass filter in the time space, in 776 
units of the time constant 𝜏c, for filter orders 1 to 8 upon step-like change of the input signal 777 



   

 

from 0 to 1 at time 0 and from 1 to 0 at time 20 ∙ 𝜏c. 778 
 779 
Figure 8: Fly-scan measurement of a Cu(In,Ga)Se2 solar cell at beamline P06 at PETRA III, 780 
taken at 15.25 keV photon energy with a focused flux of about 𝟕 × 𝟏𝟎𝟗 ph/s. The PA was 781 

used with 𝑨𝐏𝐀 = 106 V/A, and the LIA with 𝒇cut-off = 𝟓𝟎𝟏. 𝟏 Hz (48 dB/oct). A – dwell time, B – 782 

photon flux, C – X-ray beam induced current (XBIC); XBIC map normalized to: D – dwell time, E – 783 
photon flux normalized to its median value, F – dwell time and normalized photon flux. 784 
 785 
Figure 9: X-ray beam induced current (XBIC) and X-ray fluorescence (XRF) measurements of a 786 
Cu(In,Ga)Se2 solar cell, taken at the beamline ID16B at the European Synchrotron Radiation 787 
Facility with a focused flux on the order of 𝟏𝟎𝟖 ph/s. The PA was used with 𝐴PA = 5 × 106 788 

V/A,the LIA with 𝑓cut-off = 40 Hz (48 dB/oct). The beam energy was 10.4 keV, the chopper 789 

frequency was 1177 Hz, and the low-pass filter cut off at 40 Hz. The dwell time was 100 ms and 790 
the pixel size was 40 nm x 40 nm. The maps A, B, E and F were all taken at the same time; C and 791 
D are retakes after 50 min and 113 min, with 50 mV forward and reverse bias voltage applied, 792 
respectively.  793 
 794 
Figure 10: Multi-modal measurement of a Cu(In,Ga)Se2 solar cell, taken at beamline P06 at 795 
PETRA III with a focused flux of about 𝟕 × 𝟏𝟎𝟗 ph/s. The beam energy was 15.25 keV, the 796 
chopper frequency was 8015 Hz, and the pixel size 50 nm x 50 nm. A – X-ray beam induced 797 
current (XBIC) measured with a dwell time of 0.01 s, a PA with 𝐴PA = 106 V/A, and a LIA with 798 

𝑓cut-off = 501.1 Hz (48 dB/oct); B – X-ray beam induced voltage (XBIV) covering the same area 799 

as panel A, measured with a dwell time of 0.5 s and a LIA with 𝑓cut-off = 10.27 Hz (48 dB/oct); C 800 

– Cu count rate from an X-ray fluorescence (XRF) measurement, taken simultaneously with the 801 
XBIV measurement. 802 
 803 
Figure 11: Multi-modal measurement of a CdS nanowire with Pt contacts, taken at beamline 804 
26-ID-C of the Advanced Photon Source with a beam energy of 10.6 keV. A – Pt and Cd 805 
distribution from an X-ray fluorescence measurement. B – X-ray beam induced current (XBIC) 806 
measurement taken simultaneously with the XRF measurement, without lock-in amplification. 807 
 808 
Table 1: For discrete-time RC filters of orders 1 to 8, the product of the time constant and the 809 
frequency, at which the signal is attenuated by 5% (𝒇5%), 50% (𝒇cut-off = 𝒇50%), and 95% 810 

(𝒇95%), is constant and given in the top part. Below, the time delay is given, within which the 811 
signal reaches 5% (𝜏5%), 50% (𝜏50%), and 95% (𝜏95%), in units of the time constant 𝜏c and of the 812 

inverse cut-off frequency 1 𝑓cut-off⁄ . 813 

 814 
Table 2: Qualitative assessment of X-ray beam induced current (XBIC), electron beam induced 815 
current (EBIC) and laser beam induced current (LBIC). 816 
 817 
DISCUSSION: 818 
In this chapter, we discuss first the relevance of general XBIC measurement settings with 819 



   

 

respect to noise (a) and scanning speed (b). Next, we put XBIC measurements into the context 820 
of multi-modal measurements and discuss aspects of X-ray beam induced damage (c) and 821 
specific challenges related to simultaneous measurements of multiple parameters (d). Finally, 822 
we compare XBIC measurements with related measurements using electron- and laser-beams 823 
as probes (e). 824 
 825 
(a) Noise and Error 826 
Although lock-in amplification enables a higher signal-to-noise ratio compared to direct 827 
amplification, it is critical to avoid the introduction of noise at all levels as has been repeatedly 828 
stressed throughout this manuscript. For further discussion, we refer to literature discussing 829 
the measurement of small electrical signals42–45. Although state-of-the-art lock-in amplifiers are 830 
based on digital signal processing today, most strategies to reduce noise using analog lock-in 831 
amplifiers still apply. 832 
 833 
Summarizing, it should be kept in mind that cables are prone to act as antennae and thus 834 
introduce noise into the system. This is particularly true in the environment of X-ray 835 
nanoprobes, where strong electro-magnetic fields are often unavoidable, their sources may 836 
even remain unknown. As a consequence, cables should be kept as short as possible and 837 
oriented such that the induced noise level is minimized. Extra shielding of the signal cables may 838 
further reduce the noise level. 839 
 840 
The proper contacting of the DUT is equally important for noise minimization. A clean and 841 
robust method with small contact points is wire bonding. For TF solar cells, this does not always 842 
work due to adhesion issues. Alternatively, conductive tape based on graphite, copper, or 843 
aluminum is suited for larger samples. In many cases, the best results are obtained with manual 844 
application of silver paint to contact thin copper, gold, or platinum wires to the device. While 845 
tape and graphite paste might not give the best contact, silver paint can easily short circuit the 846 
device and has to be deposited with utmost care. Polyimide tape can be used to prevent short-847 
circuiting of front and back contact. 848 
 849 
Note that the cabling layout from contacting to signal transport needs to be adapted to 850 
beamline-specific boundary conditions. For example, the layout depicted in Figure 1 with the 851 
pre-amplified signal being split to the LIA and to the V2F converters is risky, if the V2F 852 
converters are located outside of the hutch. In this case, the long cable between pre-amplifier 853 
and V2F converter can catch noise that is transferred to the LIA. Therefore, we distinguish three 854 
cases of common signal paths for XBIC or XBIV measurements: 855 
 856 
Case A: XBIC is measured with a pre-amplifier, and the DC/AC signal is split after the PA as 857 
depicted in Figure 1. In this case, a current offset can be applied in the PA such that the signal is 858 
always positive, avoiding the need of recording the positive and negative signal via two 859 
separate V2F converters. As a drawback, this would reduce the available voltage acceptance 860 
range in the LIA and lead to reduced sensitivity. 861 
 862 
Case B: Avoiding the splitting of the pre-amplified signal, which is only input to the LIA, an 863 



   

 

additional demodulator can be used in the LIA with a low-pass filter at the maximum value (i.e. 864 
not locking in to the modulation frequency) such that the pre-amplified signal can be effectively 865 
output to the DAQ unit as demonstrated in Figure 6A,E. In this case, a voltage offset on the 866 
output can be applied to both the AC and DC signal, avoiding the need of recording the positive 867 
and negative signal via two separate V2F converters. This has no major drawbacks apart from a 868 
reduction of the available frequency range of the V2F, which is rarely limiting. 869 
 870 
Case C: XBIV is measured and the DC/AC signal is split between the DUT and the lock-in 871 
amplifier. In this case, no voltage offset on the DC signal can be applied without applying an 872 
unwanted bias voltage on the DUT, such that always two separate V2F converters are required 873 
for the positive and negative signal parts. 874 
 875 
In all cases, where the negative and positive parts of a signal are recorded via two different V2F 876 
converters, the total XBIC or XBIV signal is obtained as the difference between the positive and 877 
negative channel. If a LIA with two or more demodulators is available, we typically prefer case 878 
B, as it minimizes the wiring of the raw signal and allows easy switching between XBIC and XBIV 879 
measurements. 880 
 881 
The error of XBIC measurements highly depends on the used equipment and settings such that 882 
no error quantification can be given here. The absolute error is higher than one might expect 883 
because of experimental and systematic errors. This is particularly true, if the XBIC signal is 884 
converted to charge collection efficiency by scaling with a constant as described in the protocol. 885 
For example, the empiric relation between bandgap and ionization energy described by 𝛼 (see 886 
Eq. 4) suffers from significant scatter; photon flux measurements are often not available with 887 
absolute errors below 10%; and the nanoscopic structure of the DUT is poorly known. However, 888 
we emphasize that the strength of lock-in amplified XBIC and XBIV measurements lies in the 889 
great relative accuracy within maps or comparable measurements. 890 
 891 
(b) Scanning Speed 892 
In many measurement modes that are based on photon detection such as XRF or X-ray 893 
scattering, the signal intensity increases in first approximation linearly with the acquisition time, 894 
with accordingly increased signal-to-noise ratio. This is not true for XBIC measurements, where 895 
the window of possible scanning speeds is not dictated by count statistics but by more complex 896 
considerations such as carrier dynamics and device structure. 897 
 898 
Nevertheless, slow measurements with many periods of modulated signal per pixel typically 899 
lead to the best signal-to-noise ratio in lock-in amplified XBIC measurements, and oversampling 900 
with smoothening during post-processing (e.g. by binning or applying filters) can further reduce 901 
noise levels if measurement time allows. However, apart from throughput considerations, 902 
further constraints can set lower limits to the measurement speed, including: (1) X-ray beam 903 
induced degradation (see the following section), or environment-induced sample changes 904 
during in-situ measurements often reduce the allowable dwell time. (2) Sample drift and 905 
reproducibility of stage movements can be limiting, particularly for measurements at the 906 
nanoscale. (3) Variations of the electromagnetic noise level may be outrun by faster 907 



   

 

measurements. (4) Whereas photon-counting measurements can easily be normalized to the 908 
incident photon flux, the XBIC signal (and even more so the XBIV signal) is only to some extent 909 
linear to the incident photon flux28. Therefore, normalization to the photon flux only 910 
compensates part of the effects from photon-flux variation, and one should avoid taking XBIC 911 
measurements (such as maps or time-series) while the flux is varied. This is particularly an issue 912 
when the storage ring is filled during an XBIC map. 913 
 914 
If the XBIC measurement speed is not governed by other measurement modes (see section (d)), 915 
XBIC measurements are typically taken with the maximum speed that provides satisfying signal-916 
to-noise ratio. Upper limits to the measurement speed are given by the following constraints: 917 
(1) A fundamental upper limit to the measurement speed is the response time of the DUT. 918 
Ultimately, the response time is limited by the charge-collection time. For most thin-film solar 919 
cells with charge-carrier lifetimes in the nano- or microsecond range, this is uncritical, but this 920 
has to be kept in mind for high-quality crystalline-silicon solar cells with lifetimes of several 921 
milliseconds. However, capacitance effects can increase the response time also of TF solar cells 922 
such that it can limit the measurement speed. (2) Rotating chopper blades that are used to 923 
modulate the X-ray beam have upper speed limits. Depending on their location in the X-ray 924 
beam, the beam size may be up to 1 mm wide, which defines the minimum period of the blade. 925 
If the chopper is operated in vacuum, the rotation frequency is rarely limiting, matching in 926 
some cases even the electron-bunch frequency. However, the operation of choppers at such 927 
speeds in vacuum is challenging, such that most choppers are operated in air. In this case, the 928 
rotating speed is limited by mechanical vibrations and ultimately by the speed of the outmost 929 
part of the blade that needs to be smaller than the speed of sound. In our experience, the 930 
chopping frequency is limited often to ~7000 Hz in air. (3) In many cases, the response time of 931 
the PA sets the upper limit of the measurement speed. As shown in Figure 4, fast rise times of 932 
the PA are required to translate the signal modulation from the chopper. For large 933 
amplification, low-noise current amplifiers are used, which have rise times up to 100 ms. With 934 
such rise times, the chopping frequency can be limited to few Hz, which would require dwell 935 
times of several seconds. Therefore, the best strategy is often to choose a lower amplification 936 
by the PA with a faster response time that matches the chopping frequency. Although this 937 
translates into smaller signal-to-noise levels after pre-amplification, lock-in amplification can 938 
often still retrieve a high-quality modulated signal. 939 
 940 
As an example, the used PA provides a bandwidth of more than 10 kHz for amplification in the 941 
µA/V range, even for the low-noise setting37. This allows chopping at the kHz range and 942 
measurement speeds up to the 100-Hz range with a low-pass filter with a cut-off frequency 943 
between the scanning and chopping frequency. These are measurement conditions we often 944 
utilize. 945 
 946 
To avoid measurement artifacts, it is critically important to analyze the signal along the 947 
amplification chain: whereas limitation by the low-pass filter of the LIA can easily be detected 948 
as line-artifacts in maps (smearing out of the XBIC signal across several pixels), the system 949 
response of the DUT and PA requires inspection of the signal by a scope, which can be 950 
integrated in the LIA. 951 



   

 

 952 
(c) Beam Damage 953 
X-ray beam induced damage is a common issue and has been discussed for many systems, from 954 
biological samples to silicon solar cells and detectors46,47. Although inorganic semiconductors 955 
are generally more robust against X-ray irradiation compared to organic semiconductors or 956 
biological systems, X-ray beam induced damage is common also in thin-film solar cells. 957 
Specifically, we have observed X-ray beam induced damage of solar cells with CdTe, CIGS29, 958 
perovskite18, and organic absorber layers. Note that the electronic response of DUT like solar 959 
cells is sensitive to defect concentrations below the ppm level, where charge-carrier 960 
recombination affects the performance without apparent chemical damage. 961 
 962 
Therefore, it is generally required to test the sensitivity of a DUT to beam damage. In practice, 963 
we evaluate the X-ray beam induced degradation of any DUT prior to actual XBIC 964 
measurements, and establish conditions that allow measurements to be the least affected by 965 
degradation effects. 966 
 967 
Different strategies exist to cope with X-ray beam induced damage, but what they have in 968 
common is that they aim to reduce the radiation dosage at a measurement spot prior to the 969 
evaluation of the performance there. In other words, the objective is to outrun degradation 970 
following the paradigm “measure faster than the DUT degrades”. The strategies include: (1) Use 971 
short dwell times. (2) Increase the step size, reducing the measurement resolution. (3) Reduce 972 
the X-ray beam intensity by attenuation filters. Depending on the beamline and DUT, different 973 
approaches may be chosen or a combination thereof. For instance, the lack of fast shutters or 974 
fly-scan modes exclude (1), and wide-spread X-ray beam profiles such as those generated by 975 
zone plates can lead to significant degradation far away from the central beam position. 976 
 977 
Fortunately, most degradation mechanisms only lead to locally enhanced charge carrier 978 
recombination. This limits the lateral effect of the degradation to the diffusion length of the 979 
charge carriers, and XBIC measurements further away from the degraded areas remain nearly 980 
unaffected. If, instead, degradation mechanisms lead to local shunting of the DUT, further XBIC 981 
measurements would be seriously hampered. To keep the deposited radiation dosage to a 982 
minimum, the critical measurements should be performed first on a fresh spot and then 983 
afterwards, photon-hungry methods, like XRF, that are more indifferent to beam damage, may 984 
be utilized in the same location. 985 
 986 
(d) Multi-Modal Measurements 987 
The compatibility of XBIC with further measurement modes enables direct point-by-point 988 
correlation of the electrical performance with simultaneously assessed parameters23. Here, we 989 
shortly discuss the combination of XBIC measurements with XBIV, XRF, SAXS, WAXS, and XEOL 990 
measurements. The combination with further measurement modes such as electron yield or 991 
holography can easily be imagined, but these modes are not generally compatible with the 992 
setups or modes of the scanning measurements.  993 
 994 
Even if the geometrical arrangement of detectors and samples for simultaneous measurement 995 



   

 

of XBIC, XBIV, XRF, SAXS, WAXS, and XEOL is possible, there are fundamental and practical 996 
aspects prohibiting the simultaneous assessment of all modes. 997 
 998 
(1) The state of the solar cell prohibits the simultaneous measurement of XBIC (short circuit) 999 
and XBIV (open circuit) measurements. As XEOL48,49 measures the radiative recombination of 1000 
electron-hole pairs, a measured current of the solar cell (XBIC) would be a competitive process. 1001 
Therefore, XEOL measurements are typically conducted under open-circuit condition, which is 1002 
compatible with simultaneous XBIV measurements. 1003 
 1004 
(2) If beam damage is an issue for XBIC or XBIV measurements, they may not be combined with 1005 
photon-hungry techniques such as XRF or XEOL. As a rule of thumb, beam damage effects are 1006 
first visible in the electrical (XBIC & XBIV) and the optical (XEOL) performance, being sensitive to 1007 
charge-carrier recombination via electronic defects. Second, structural damage occurs (visible 1008 
in SAXS & WAXS), followed by compositional modification visible in XRF. 1009 
 1010 
(3) Although chopping the X-ray beam is generally compatible with all measurement modes, it 1011 
can lead to artifacts: first, the integrated photon flux per pixel varies by the integrated flux 1012 
passing the chopper wheel in one period. This effect becomes larger with a smaller ratio 1013 
between the chopping and the scanning frequency. Second, the interaction between the 1014 
chopper wheel and the X-ray beam can lead to scattered, diffracted, and fluorescent photons. 1015 
Third, the integrated photon flux is reduced by 50%, which is particularly critical for photon-1016 
hungry measurement modes. 1017 
 1018 
As a consequence of these considerations, the ideal measurement scheme depends on the 1019 
given DUT and prioritization of measurement modes. However, it is often wise to start with a 1020 
measurement optimized for XBIC. If lock-in amplified XBIV is required, this is typically the 1021 
second scan. Otherwise, the chopper can be removed, and all other measurements, including 1022 
standard XBIV, can be performed with longer dwell time as required for the most photon-1023 
hungry technique. Ideally, XRF data are measured during all scans, which allows for image 1024 
registration in post-processing to account for sample drift. 1025 
 1026 
(e) Different Probes for Beam-Induced Measurements 1027 
There are alternative probes to X-ray beams for the assessment of the spatially resolved 1028 
electrical performance of a DUT with specific advantages and disadvantages. Therefore, a 1029 
qualitative comparison of XBIC with electron-beam induced current (EBIC) and laser-beam 1030 
induced current (LBIC) as measured in electron microscopes or with optical setups is given in 1031 
Table 2.  1032 
 1033 
The electron-hole pair generation by a laser comes closest to the outdoor operation of solar 1034 
cells. However, the spatial resolution of LBIC is fundamentally limited by the wavelength of the 1035 
laser. EBIC measurements offer a greater spatial resolution that is typically limited by the 1036 
interaction radius of the electron beam with the DUT. The main drawback of EBIC 1037 
measurements is their surface sensitivity, hindering the assessment of the absorber layer 1038 
performance through the layer stack or even in encapsulated devices. Furthermore, uneven 1039 



   

 

surfaces of the DUT in combination with non-linear secondary-electron emission effects often 1040 
lead to distorted EBIC results. In contrast, XBIC measurements hardly suffer from topological 1041 
variations, as most signal is generated deep in the bulk material and surface-charge effects are 1042 
mitigated by proper grounding. 1043 
 1044 
All three beam-induced techniques have in common that charge injection is highly 1045 
inhomogeneous, peaking at the beam position. As a consequence, the excess carrier 1046 
concentration and current density are inhomogeneously distributed. In a simplified picture, the 1047 
majority of the solar cell operates in dark, and a small spot operates at a high injection level 1048 
that can reach hundreds of sun equivalents for focused beams. The injection-level distribution 1049 
depends not only on the beam size and shape, but also on the beam energy, device stack, and 1050 
time structure of the injection. So far, the X-ray beam has been treated as a continuous beam, 1051 
which is justified for charge-carrier collection processes that are slower than nanoseconds. 1052 
However, synchrotron-sourced X-rays consist of sub-100-ps pulses with intensities and pulse 1053 
frequency depending on the storage-ring fill pattern. Although we have not noticed any impact 1054 
of the fill pattern on comparably slow XBIC measurements, the short-term injection level does 1055 
depend on it. In contrast, one can make use of the time structure of X-rays: similar as has been 1056 
demonstrated for time-resolved XEOL21, one can imagine time-resolved XBIC or XBIV 1057 
measurements, or locking the XBIC/XBIV signal into the electron-bunch frequency. 1058 
 1059 
An adequate discussion of the consequences of inhomogeneous injection levels requires full 3D 1060 
simulation of all relevant beam and device parameters including the convolution of the time-1061 
dependent injection level with the 3D mobility and lifetime in the DUT, which is beyond the 1062 
scope of this manuscript. However, it is conceptually the same for all beam-induced current and 1063 
voltage measurements and we refer to the literature discussing the injection-level dependence 1064 
of EBIC50 and LBIC51 measurements. 1065 
 1066 
The negative consequences of local charge injection can experimentally be mitigated by the 1067 
application of bias light with the intensity of 1 sun equivalent, and beam-induced excitation 1068 
adding only a negligible amount of excess charge carriers. In practice, this concept is 1069 
technologically limited by the dynamic reserve of 100-120 dB in state-of-the-art lock-in 1070 
amplifiers, which corresponds to a signal-to-noise ratio of 105 to 106. While this suffices for 1071 
devices of size comparable to the beam size, it does not allow the application of bias light at 1072 
relevant levels for macroscopic devices. The obvious solution is to decrease the sample size. 1073 
Unfortunately, this is often limited by electrical border effects up to several hundred 1074 
micrometers off the sample border or contact points.  1075 
 1076 
Note also that one can make use of the injection-level dependence of XBIC measurements: 1077 
similar to EBIC and LBIC, performing injection-level series by varying the X-ray beam intensity 1078 
can unveil information about dominant recombination mechanisms and charge carrier 1079 
diffusion52,53. 1080 
 1081 
In conclusion, the penetration depth of X-rays combined with the high spatial resolution makes 1082 
XBIC the most fitting technique to study DUT with buried structures such as TF solar cells in a 1083 



   

 

correlative microscopy approach. The interaction radius of XBIC measurements is typically 1084 
smaller than for EBIC, and the spatial resolution is often limited by the diffusion length of the 1085 
charge carriers. The main drawback of XBIC measurements is the limited availability of X-ray 1086 
nanoprobes. 1087 
 1088 
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Filter order 1 2 3 4

Roll-off 6 dB/oct 12 dB/oct 18 dB/oct 24 dB/oct

f 5% × τc 0.6938 0.2966 0.2084 0.1681

f cut-off × τc 0.1592 0.1024 0.0811 0.0692

f 95% × τc 0.0365 0.0256 0.0209 0.0181

0.0503 × τc 0.3539 × τc 0.8157 × τc 1.3638 × τc

0.0080 / f cut-off 0.0362 / f cut-off 0.0662 / f cut-off 0.0944 / f cut-off

0.6922 × τc 1.6768 × τc 2.6721 × τc 3.6696 × τc

0.1102 / f cut-off 0.1718 / f cut-off 0.2168 / f cut-off 0.2541 / f cut-off

2.9947 × τc 4.7424 × τc 6.2938 × τc 7.7511 × τc

0.4766 / f cut-off 0.4858 / f cut-off 0.5107 / f cut-off 0.5366 / f cut-off

τ5%

τ50%

τ95%
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5 6 7 8

30 dB/oct 36 dB/oct 42 dB/oct 48 dB/oct

0.1442 0.1281 0.1163 0.1073

0.0614 0.0557 0.0514 0.0479

0.0162 0.0147 0.0136 0.0128

1.9671 × τc 2.6095 × τc 3.2813 × τc 3.9763 × τc

0.1207 / f cut-off 0.1453 / f cut-off 0.1685 / f cut-off 0.1904 / f cut-off

4.6679 × τc 5.6667 × τc 6.6656 × τc 7.6647 × τc

0.2865 / f cut-off 0.3156 / f cut-off 0.3423 / f cut-off 0.3670 / f cut-off

9.1505 × τc 10.5100 × τc 11.8380 × τc 13.1440 × τc

0.5616 / f cut-off 0.5854 / f cut-off 0.6079 / f cut-off 0.6294 / f cut-off



XBIC EBIC LBIC

Multi-modal capability ++ + +

Spatial resolution ++ ++ -

Penetration depth ++ -- +

Availability -- - +

Sample damage - -- ++
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Name of Material/ Equipment Company Catalog Number Comments/Description

BNC cabling and connectors From generall cable suppliers

Chopper blade Thorlabs MC1F10HP Apart from technical compatibility of the chopper wheel with the chopper system, it should be checked that the chopper blade sufficiently blocks the X-ray beam.

Conductive silver paint Conrad 530042 Alternative products can be obtained from Pelco and others

Copper wires From cable suppliers for contacting of the solar cell

Current Preamplifier Standford SR570 Alternatives include the Keithley 487 or 6487 Picoammeter. 

Device under test (DUT) Suitable device for XBIC measurements.

Holder with printed circuit board Custom design

Kinematic sample mount Thorlabs KB25/M Optional, allows easy positioning and changing of sample. Alternatives include the M-BK-1A from Newport

Lock-in Amplifier Zurich Instruments UHFLI or MFLI Whereas the MFLI has current preamplifiers included, the UHFLI requires an external current preamplifier but offers more options. Therefore, the UHFLI was used for the presented experiment.

Measurement control/data acquisition unit Available at different synchrotrons.

Optical Chopper Thorlabs MC2000B(-EC) Alternatives include the choppers SR540 from Stanford Research Systems, or model 3502 from Newport.

Polyimide tape Rolls with different widths and thicknesses are available

X-ray source Available at different synchrotrons

Table of Materials Click here to access/download;Table of Materials;Table of Materials 2019-04-30.xlsx
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Apart from technical compatibility of the chopper wheel with the chopper system, it should be checked that the chopper blade sufficiently blocks the X-ray beam.

Alternative products can be obtained from Pelco and others

From cable suppliers for contacting of the solar cell

Alternatives include the Keithley 487 or 6487 Picoammeter. 

Optional, allows easy positioning and changing of sample. Alternatives include the M-BK-1A from Newport

Whereas the MFLI has current preamplifiers included, the UHFLI requires an external current preamplifier but offers more options. Therefore, the UHFLI was used for the presented experiment.

Alternatives include the choppers SR540 from Stanford Research Systems, or model 3502 from Newport.

Rolls with different widths and thicknesses are available



Whereas the MFLI has current preamplifiers included, the UHFLI requires an external current preamplifier but offers more options. Therefore, the UHFLI was used for the presented experiment.
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All amendments are tracked in the submitted manuscript and editorial comments discussed 
in the following. 

Editorial comments 

1. The figure should be numbered in the order of their appearance in the manuscript. For 
example, Figure 6 was mentioned before Figure 5, so the numbering should be adjusted 
accordingly. 

We have adjusted the numbering of Fig. 6 (new Fig. 5) and Fig. 5 (new Fig. 6). At 
other instances, where the order of appearance was not correct, we have removed 
the reference to the figure, referring to the section instead. 

2. JoVE cannot publish manuscripts containing commercial language. This includes company 
names of an instrument or reagent. Please remove all commercial language from your 
manuscript and use generic terms instead. All commercial products should be sufficiently 
referenced in the Table of Materials and Reagents. Examples of commercial language in your 
manuscript include Keithley 487, Zurich Instruments, etc 

We have replaced the commercial terms such as Keithley 487, Zurich Instruments, or 
SR 570 by more general terms. 
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