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Author Questionnaire: 
1. Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)  Yes
Can you record movies/images using your own microscope camera? (Y/N) No
If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope.
For the sample preparation: We have a Leica M165 C microscope. It has a Leica DFC425 camera head. We do not have the extension for the Leica Application Suite necessary to take movies. We are able to take pictures.

At the Beamline: We have a Keyence VHX digital microscope which is able to record movies.

2. Does your protocol include software usage? (Y/N) Yes
If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.
We will use LabOne from Zurich Instruments to control our lock-in amplifier and display the measured signal. We have installed OBS on the measurement laptop which runs a Linux OS.
3. Which steps from the protocol section below are the most important for viewers to see? Please list 4-6 individual steps using the step numbers listed in this document. This information is important to prepare your Videographer for your shoot.  
Steps:  2.4.; 2.7.;2.8.; 3.3.; 4.2.
4. What is the single most difficult aspect of this procedure and what do you do to ensure success? Please list 1-2 individual steps using the step numbers listed in this document.  
2.4.: The contacting of the device under test is critical to get a good signal. We will prepare backup samples.
2.8.: Most challenging for recording due to strong space constraints, but uncritical with respect to the procedure.

5. Will the filming need to take place in multiple locations? (Y/N) Yes
If yes, how far apart are the locations? 
The first part has to be filed in the sample preparation lab. The second part will have to be filmed in the experimental hutch and at it’s entrance. The locations are less than 20 s walking distance from each other, but there is a physical step at the entrance to the hutch.


Section - Introduction
Videographer: Interviewee Headshots are required. Take a headshot for each interviewee.  

1. REQUIRED Interview Statements:  

What is X-ray beam induced current?
1.1. Michael Stuckelberger: X-rays can induce a current and voltage in many electronic devices, very much like visible photons in photovoltaic solar cells. This signal is called X-ray beam induced current or voltage. In other words, the test devices are operated as X-ray detectors, and XBIC yields the local device performance.


What is the main advantage of this technique?

1.2. Michael Stuckelberger: XBIC combines the high spatial resolution of EBIC with the high penetration depth of LBIC. This unique combination enables the evaluation of the performance of buried structures even in encapsulated solar cells at nanometer scale resolution. 


What key question can this method help answer?

1.3. Christina Ossig: From the XBIC signal, we can determine the spatially resolved charge collection efficiency, which is critical for the electrical performance of semiconductor devices.

OPTIONAL Interview Statements: 

Can this method be applied to any other systems?

1.4. Gerald Falkenberg: In principle, XBIC measurements can be performed on all systems that show an electric response upon X-rays, such as solar cells, X-ray detectors, or nanowires from semiconductors. 


Do you have any advice to offer to somebody who is trying this technique for the first time?

1.5. Christian Schroer:  Taking XBIC measurements is actually surprisingly simple if you follow the signal path from the device to the amplifiers and data acquisition.


 

Section - Protocol
Note: The authors have added comments for better grasping a scene/preparation (in red).
2. Measurement Environment Set-up
Pronounciation of XBIC, XBIV: “X-bick”, “X-bif”
2.1. Begin by designing a sample holder to provide maximum freedom to the placement of different detectors in close proximity. [1] Set the sample holder onto a kinematic base to allow easy re-positioning of samples with micrometer position. [2]
2.1.1. Talent picks up sample holder and rotates it for the camera
2.1.2. Talent mounts sample holder on kinematic base.
Comments: Shot in the Prep-Lab from top view, like in online cooking videos. Video only shows hands of demonstrator and working space. All tools are arranged on the working space.
First present the “ingredients” all lined up. (glue, toothpick, silver paint, already correctly sized wires, scalpel, tweezers, polyimide tape - already on the glass carrier, PCB, solar cell big and cut into pieces, aluminum holder on kinematic base)
2.2. Use a printed circuit board that has been designed so that it can be used as a mount for the electronic device for XBIC measurements. [1]
2.2.1. Close up view of the PCB 
Top view mode.
Required: gloves, tissue, tweezers, several PCBs, glue, nail polish, cut samples
2.3. Next, glue the electronic device to be tested onto the printed circuit board. [1]   
2.3.1. Talent puts glue on PCB, then sample on glue  
Top view: Glue, Sample, PCB are there. Indicate the top of the sample holder drop a bit of glue and put the sample on top. 
2.4. Pay attention to avoid short-circuiting by using polyimide tape [1]. Fixate the contact wires also with tape [2] Connect the upstream contact that is facing the incident X-ray beam with the shield of the coaxial cable. [1] Then, connect the downstream contact with the core of the coaxial cable. [32] 
2.4.1. Added Shot: Put polyimide tape on the solar Cell/contact
2.4.2. Added Shot: Fixate Wires with polyimide tape on the PCB
2.4.3. Talent drops second silver paint drops onto contact points first front contact then back contact. onto front contact point.  
2.4.4. Talent drops last silver paint drop onto back contact point.  
Still top view: 2 solar cells are prepared (+ 2 backup samples). On one sample, the front-contact Cu wire is fixed with polyimide and contacted already to the PCB. The contact to the cell is done live.
The second sample has the first wire finished and the second wire connected to the cell. Contacting the last drop to the PCB is done live.
The tools needed for contacting the cell has vanished from the “ingredients”
Exchange the polyimide tape on glass carrier with a used one, take the wires away.
We need the completely contacted solar cell
2.5. Next, mount the printed circuit board into the sample holder. [1]
2.5.1. Talent mounts PCB onto the sample holder with 12 screws 
Still in top view screw the PCB onto the sample holder and turn the finished product to show a side and top view.
CHANGE OF LOCATION – Now we go into the hutch
Requirements: All devices are labelled “Lock-in amplifier”, “Pre-amplifier”, “Chopper controller”, “Control of lock-in amplifier”, “Chopper”, “Beamline control”, “Multi-meter”
2.6. Then, mount the sample holder on the sample stage. [1] 
2.6.1. Talent mounts the sample holder on the stage (Show the whole sample stage)
Camera from where the XEOL setup would be. XRF detector is far out.
2.7. Connect the sample through the BNC connector on the sample mount. [1] Position the wiring such that no mounting part or wiring blocks the incident X-ray beam or any detector. [2] 
2.7.1. Talent connects sample  
Requirements: Connector cable, BNC cable to preamplifier -> check length
2.7.2. Talent glues cable with polyimide tape down onto the rotating stage and the vertical tower.  
Requirements: polyimide tape
2.8. Ensure that the sample wiring is strain-relieved so that it will not restrict the sample movements. [1] Check that the sample is well grounded. [2]
2.8.1. Talent checks that wiring is strain relieved.  
2.8.2. Talent packs copper tape over sample/BNC connection and measures resistance between ground and BNC  This Shot was done with a Go-Pro and will be Uploaded with the SCREEN CAPTURES The middle of the Shot should be cut.
Requirements: Cu tape, multi-meter, Green Banana cable, “Ground” Label, “Clean Power” label
2.9. Now, rotate the stage such that the plane of interest is perpendicular to the incident beam.  This will minimize the beam footprint and maximize the spatial resolution.[1]
2.9.1. Close up top view of the sample rotating some 180360 degrees until it is facing the right direction.  This Shot was done with a Go-Pro and will be Uploaded with the SCREEN CAPTURES _ The Center of rotation (The sample) is between the two screws of the sample holder. Take 2 is the correct one.
Requirements: Stage needs to be aligned to center of rotation already. Use either camera from videographer (limited space) or Go-Pro from DESY.
2.10. If you will be performing multi-modal measurements, place the detectors around the sample, for example for XRF X-ray fluorescence measurements. [1] 
2.10.1. View of XRF detector as it moves in.
Requirements: XRF detector needs to be aligned and detector positions for measurements need to be known. 
2.11. Next, measure the signal amplitude of the test device to test the signal’s range under different conditions. [1-TXT]
2.11.1. Talent measures the current while the microscope light is turned on and off. (Show a close-up of Keithley 2701, with illuminated sample in backgroundCamera on the Sample while the changes occur)
2.11.2. Same as 2.11.1. But camera is on the Keithley, Inset the Keithley to 2.11.1. 
TEXT: Always take the maximum possible signal into account.
Requirements: Keithley 2701 already turned on and on uA DC current measurement settings, with a female BNC connector.

3. Pre-amplifier Setup 
3.1. Place a pre-amplifier in proximity of the sample and connect it to a control unit outside of the hutch.  This will enable remote setting modifications without needing to re-enter the hutch and will automatically save the amplification settings.  [1] 
3.1.1. Talent puts the pre-amplifier in place and connects the control cable. (Show backside of the pre-amplifier; electrical cable already plugged in.)
3.2. Connect the pre-amplifier to a clean power circuit and power it on. [1]
3.2.1. Talent powers it on (Show frontside of the pre-amplifier)
3.3. Make sure that the signal amplitude of the test device matches the input range of the pre-amplifier. It is good practice to keep the amplification of the pre-amplifier at the minimum sensitivity whenever no measurement is going on to avoid accidental oversaturation. [1]
3.3.1. Talent modifies input range of pre-amplifier from 1 uA to 1 mA.   
Set PA from 10^3 to 10^6 and back down
3.4. Now, connect the test device to the pre-amplifier. Given the small signal amplitude, it is critical to keep the wiring short and at a distance from noise sources. [1]
3.4.1. Talent connects the DUT to the PA using appropriately sized wires. (Encompass the sample and the PA, camera from entrance side.) 
Requirements: labelled BNC “Raw signal from DUT”, “Raw signal to pre-amplifier”
3.5. Next, split the pre-amplified signal into three parallel signal branches. [1] These are used to separately record the positive and negative DC values along with the modulated AC components. [2]
3.5.1. Close-up as talent shows three cables with labels “DC positive to V2F”, “DC negative to V2F”, “AC to lock-in amplifier” (Show hand with the 3 labeled cables; end of the cables is not shown.) Previously 3.5.2. is included in this shot.
3.5.2. Talent connects the three cables with 2 T-pieces to the PA output. 
Requirements: 3 labelled BNC cables, 2 T-pieces. 
4. Lock-in Amplifier Setup
4.1. Connect the lock-in amplifier to a control unit outside of the hutch. [1] Power it from a clean power circuit. [2]
4.1.1. Talent connects the Ethernet cable to the LIA and turns it on..  
Requirements: Ethernet cable already connected to beamline control.
4.1.2. Talent connects the power supply to the LIA and turns it on.  
4.2. Make sure that the output of the pre-amplifier matches the input of the lock-in amplifier under all conditions. Here, the maximum output of the pre-amplifier is 10 V volt but the maximum input range of the lock-in amplifier is 1.5 voltV. [1]  
4.2.1. Talent measures the output signal of the pre-amplifier using the multimeter  
Careful: Switch from current measurement to voltage
4.3. Therefore, test the signal amplitude after the pre-amplifier and make sure that the input range of the lock-in amplifier is at it’s maximum [1].
4.3.1. SCREEN: Screen capture video showing small part of LabOne including the input range and the mouse changing the range from 1 V to 1.5 V. Authors, please upload this screen capture to your project page.
Requirements: Multi-meter with female BNC connector. In LabOne, the input range must be set to 1 V.
2019-06-04-Startsetup Loading fuer die Settings, Lock-in1 oben DIO unten
4.4. Next, connect the output of the pre-amplifier to the input of the lock-in amplifier. [1]
4.4.1. Talent connects the output of the pre-amplifier to the input of the lock-in amplifier using the short, labelled, BNC cable.  
4.5. Mount the X-ray chopper onto a motorized stage with the ability to move in and out of the X-ray beam, and power it via chopper controller. [1-TXT]
4.5.1. The Chopper moves on the stage into the X-ray beam. Laser is off.(Chopper in foreground, but laser and vacuum pipe clearly visible in background.) TEXT: For filming purposes, a laser beam replaces the X-ray beam
4.5.2. Same shot as 4.5.1. but with the Laser on. Probably, step 4.5.2 should not be used, but go from 4.5.1 directly to 4.6.1.
Requirements: Chopper already mounted and horizontal motor ready to be controlled. Chopper is already connected to chopper control and powered.
4.6. Connect the chopper to the control unit, in this case via the lock-in amplifier. [1] Then, drive the optical chopper with the demodulation frequency of the lock-in amplifier. [2]
4.6.1. Talent connects a BNC labelled “Trigger from lock-in amplifier” to the chopper controller and then connects a BNC labelled “Trigger to chopper controller” to the lock-in trigger 1
Requirements: Labelled BNC “Trigger from lock-in amplifier”
Requirements: Labelled BNC “Trigger to chopper controller” (show as inset)
4.6.2. SCREEN: Screen capture video in LabOne: Talent selects the first trigger in DIO with Oszi-Demod 4 and clicks drive, sets the input level, and then sets the Demod 4 to Manual. Next, talent changes the frequency from 0 to 5178015 Hz. Authors, please upload this screen capture to your project page.
Requirements: LabOne setup with Frequency 0 and all necessary tabs open.
Put Stuff in DIO same Windows as before, Chopper to 517 Hz
4.7. Next, connect the output of the lock-in amplifier to a voltage-to-frequency converter. [1] Then, output the root-mean-squared amplitude, R, of the lock-in amplified signal as the analog AC signal of the device. [2-TXT]
4.7.1. Talent connects the Aux 1 output of the LIA to a BNC cable labelled “XBIC R to V2F”. (CU of lock-in amplifier)
Requirements: Labelled BNC cable.
4.7.2. SCREEN: In LabOne, talent selects the Demodulator 1 output R for Aux1. TEXT: R is always positive  
Requirements: Aux 1 amplification set to 1 and offset set to 0.
Do NOT change R, go with mouse to the panel reselect R go back down to set the scale
5. XBIC measurements
5.1. Make sure that the device under test is shielded from all of the lights in the hutch [1] search the hutch… [1] and turn on the X-ray beam. [2-TXT]
5.1.1. Talent turns off light sources. (Overview of hutch through the entrance while lights go off)
5.2. Now, search the hutch… [1] and turn on the X-ray beam. [2-TXT]
5.2.1. This is shot in one take with 5.1.1.: Talent searches the hutch (Overview from same point outside entrance. Alarm lights is seen, “Hutch is searched, please leave the hutch”. Door is closed.) - Video Editor: Use sound from recording following voice talent’s statement.
5.2.2. Laser is turned on (Close-up of solar cell in dark, lightens up as the laser is turned on) TEXT: For filming purposes, a laser beam replaces the X-ray beam
Requirements: Hutch needs to be searchable … to be checked with Gerald / control room. Eventually, shutter permit enable may be required.
5.3. If everything is setup correctly and the X-ray beam hits the sample, a modulated XBIC signal will be visible. [1] Adapt the amplification of the pre-amplifier and the input range of the lock-in amplifier so that they mach. [2][3] 
5.3.1. SCREEN: Screen capture video in LabOne as the scope shows low intensity that increases as the sensitivity of the PA is increased.  Authors, please upload this screen capture to your project page.
Top: Lock-in 1 Bottom Scope, stay with big view, trigger on osciDemod4 
Pre-amplifier display in dark shows changing sensitivity - Video Editor: Add this as an inset into 5.3.3 
5.3.2. Taken in one shot with 5.3.1. SCREEN: Screen capture video as the lock-in-amplifier input sensitivity is changed from 1.5 V to 0.5 V. Authors, please upload this screen capture to your project page.
Requirements: Optimized settings of the scope such that rectangular signal is seen, target values must be known. 
5.4. Make sure that the response of the pre-amplifier is fast enough for the chosen chopper frequency. A rectangular XBIC signal should be observed... If a strong delay is visible, the chopper frequency needs to be reduced or the filter rise time of the pre-amplifier needs to be adjusted. [1][2]
5.4.1. Keithley display in dark shows changing the filter rise time - Video Editor: Add this as an inset into 5.4.2
5.4.2. SCREEN: Screen capture video in LabOne as scope shows how triangle signal changes towards rectangular signal. Authors, please upload this screen capture to your project page.
Requirements: Target settings need to be known -> from 10us to 3 ms ENABLE THE FILTER
Same as before (settings if no zoom employed)
5.5. Set the low-pass filter frequency of the lock-in amplifier to the minimum that is compatible with the scanning speed. [1] 
5.5.1. [bookmark: _GoBack]SCREEN: Screen capture video showing the plotter change while changing the low-pass filter from 2000 to 200 to 20 Hzhertz.  Authors, please upload this screen capture to your project page.  Y-range from 0 to 350 mV
Top: lock-in 1
Bottom: plotter 20s window
5.6. Then, maximize the amplified signal with respect to beam on/off ratio and signal-to-noise. [1-TXT] 
5.6.1. SCREEN: Screen capture video showing the plotter light on / light off. Authors, please upload this screen capture to your project page. TEXT: beam on, beam off 
Step 5.6.1. take 2 : with scale change
Keep Plotter in big scale
5.7. The setup is now ready for XBIC measurements. Go to a pristine spot on the sample and start the measurement. [1-TXT]
5.7.1. Show map that is being filled pixel by pixel together with the lock-in signal showing the time-response  TEXT: See text protocol for data post-processing


Section – Results
6. Results: Lock-in Amplification Improves XBIC Measurements  
6.1. The key advantage of using lock-in amplification for XBIC measurements is the dramatic increase of the signal-to-noise ratio as compared to measurements with standard amplification. [1] 
6.1.1. LABMEDIA: Figure 1 - Video Editor: Highlight the lock-in amplifier region
6.2. Here, the pre-amplified device under test’s response is shown as measured by a scope without and with the bias light turned on. [1] 
6.2.1. LABMEDIA: Figure 3 - Video Editor: Highlight the top row with the word “without” and the bottom row with the words “with the bias light turned on”
6.3. Despite the presence of strong noise or DC components induced by bias light or voltage, it is possible to extract the modulated X-ray beam induced current signal from the background signal even if it is orders of magnitude smaller.[1]
6.3.1. LABMEDIA: Figure  3
6.4. Comparing these two images, note an offset signal [1] on the order of 8 milli-Volts [2] that is shifted to -65 milli-Volts by turning on the bias light from fluorescence tubes. [3]
6.4.1.  LABMEDIA: Figure 3 - Video Editor: Highlight the top left and bottom left images.
6.4.2. LABMEDIA: Figure 3 - Video Editor: Highlight the top left image
6.4.3. LABMEDIA: Figure 3 - Video Editor: Highlight the bottom left image
6.5. Furthermore, the signal variation on short timescales is significantly enhanced by the bias light. [1] With appropriate settings, both the offset and the high-frequency modulation can be mitigated. Nevertheless, all sources of unintentional bias, such as ambient lighting and electromagnetic noise should be eliminated for highest signal-to-noise ratio. [2] 
6.5.1. LABMEDIA: Figure 3 - Video Editor: Highlight the bottom right image
6.5.2. LABMEDIA: Figure 3 - Video Editor: Highlight the top row
6.6. These graphs highlight the effect of bias light and different low-pass filter settings on the lock-in amplified RMS amplitude. For high scanning frequency, the low-pass filter cut-off frequency should be as high as possible, but highest signal-to-noise is obtained with low cut-off frequencies. [1]
6.6.1. LABMEDIA: Figure 5 A, B, E, F
6.7. In this case, a low-pass filter with a cut-off frequency equal to 10.27 Hertz offered the best compromise for scanning at moderate 2 Hertz. [1]
6.7.1. LABMEDIA: Figure 5 C,D,G, & H    
6.8. Here you can see the impact of lock-in amplification on the signal-to-noise ratio in X-ray beam induced current measurements. [1] The noisiness of the direct signal is apparent [2] and the lock-in amplified signal shows fine features in good detail. [3]
6.8.1. LABMEDIA: Figures 9A-B 
6.8.2. LABMEDIA: Figures 9A-B - Video Editor Highlight Figure 9a
6.8.3. LABMEDIA: Figures 9A-B - Video Editor Highlight Figure 9b
 
Section - Conclusion
7. Conclusion Interview Statements:   
What is most important thing to remember when attempting this procedure? Please indicate the steps (e.g., 2.4., 2.5.) in the Protocol section this advice correlates to.
7.1. Christina Ossig: For quantitative analysis, the shape of the modulated XBIC signal should represent the shape of the modulated X-ray intensity. Therefore, it is important to optimize the chopper frequency and low-pass filters with that respect to that. (Step: 5.4., 5.5.)
Following this procedure, what other methods can be performed? What questions would these additional methods answer?
7.2. Michael Stuckelberger: Lock-in amplification allows evaluating the performance under different conditions such as with applied bias light and voltage. Ultimately, this enables the measurement of spatially resolved current-voltage curves of solar cells under operating conditions 
After its development, did this technique pave the way for researchers to explore new questions within a specific scientific field? If so, how?
7.3. Michael Stuckelberger: XBIC is particularly interesting in combination with other scanning probe techniques such as XRF, diffraction, ptychography, or XEOL. Then, we can resolve correlations, between composition, structure, and performance on a pixel to pixel level.
Are any of the reagents or instruments hazardous? If so, please use this interview statement to remind viewers of what precautions they should take.
7.4. Gerald Falkenberg: Apart from general precautions to be taken when dealing with electrical power and intense X-rays, there is no specific risk performing XBIC measurements for the operator. The sample, however, may degrade under the X-ray beam.
What are future prospects and possible evolutions of the technique?
7.5. Christian Schroer: With diffraction limited synchrotron sources such as Petra IV, the nanofocused X-ray flux will increase by orders of magnitude. This will boost measurement speed, signal-to-noise ratio, and enable entirely new types of in-situ and operando experiments. 
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