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FIG. 4: Research-grade implementation of Capacitance Profiling method using stand-alone instru-

mentation.

computer-based lock-in amplifier consisting of a inexpensive data acquisition (DAQ) device
and a LabVIEW software program. The central features of this computer-based lock-in are
as follows: First, triggered by the negative-going transition of the function generator’s TTL
sync output, the DAQ device acquires N (a power of two) samples of the I-to-V circuit’s
voltage output. The sampling rate is chosen to be fsumpiing = Npoint X [, Where Npoips is
the number of samples acquire during one reference cycle and f is the reference frequency.
A total of Ny reference cycles are acquired so that the total number of acquired voltage
samples is N = Npoint X Neyeae. Since the digitizing process is triggered at the our defined zero-
phase angle, in software we create two copies of this acquired data waveform and multiply
one copy by the reference 2sin(27 f) and the other copy by the reference 2 cos(27 f). A fast
Fourier transform is then taken of each of these arrays (hence the reason N is chosen to be a

power of two) and then the DC components of each picked out, resulting in the in-phase and
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FIG. 5: LabVIEW code to carry out two-phase lock-in amplifier algorithm.

quadrature voltage amplitude at frequency f in the original digitized waveform. Thus, the
frequency bandwidth of our output signal is on the order of the FFT’s frequency resolution
Af = fsampling/N. We define the time constant of our lock-in algorithm to be 7 = 1/Af,
s0 T = N/ fsampting = (Npoint Neyete)/ (Npoint f) = Neyaie/ f- Fig. 5 illustrates how this lock-in
algorithm is programmed in LabVIEW.

We will describe how to carry out the above-described scheme using two different com-
monly used low-cost DAQ devices -the USB-6009 and the myDAQ . In each case, the manner

in which the scheme is implemented must be adapted to the limitations of the DAQ device.

1. Set-Up Using the USB-6009

The USB-6009 device performs 14-bit analog-to-digital conversions of an incoming signal
at rates up to 48,000 Samples per second (S/s). Each N sample acquisition can be hardware
triggered by a TTL signal. The device’s programmable-gain amplifier allows for eight pos-
sible input voltage ranges over which to spread the 14-bit resolution. Since our input signal
is on the order of a few hundred millivolts, we choose the (device’s most sensitive) 1 V
range. Additionally, given the 48 kS/s maximum sampling rate and that fact that we need
the number of samples per cycle (i.e., Npyint) to be a power of two, we chose our reference
frequency to be 1000 Hz. Then, Npyn: can be 32, the minimum value we feel necessary
to properly describe the 1000 Hz signal. Finally, this DAQ device possesses only modest

digital-to-analog conversion capabilities. With a maximum analog output update rate of
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FIG. 6: Low-cost implementation of Capacitance Profiling using USB-60009 DAQ device. Op-amp
circuit serves as current preamplifier and lock-in algorithm carried out using hardware-triggered
DAQ device and LabVIEW software. Because DAQ device has minimal waveform generation

capabilities, stand-alone computer-interfaced function generator (e.g., Agilent 33210A) is used.

only 150 Hz, the USB-6009 cannot produce the reference signal we require for our exper-
iment. Hence, we retain the stand-alone function generator (e.g., USB-interfaced Agilent
33210A) for this set-up as shown in Fig. 6.

With f = 1000 Hz, choose Npyins = 32 and Neyee = 512. Then, fsampiing = 32,000 S/s,
N = 16,384 (= 2'), and 7 = 0.51s. Use a 1 nF capacitor as the calibration capacitor (if
available, accurately determine its value C,,; with an LCR meter). Using these parameters,
acquire room-temperature capacitance-voltage data with reverse bias voltages ranging from

0.0 to 9.9 V in increments of 0.1 V.
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FIG. 7: Low-cost implementation of Capacitance Profiling using myDAQ DAQ device. Op-amp
circuit serves as current preamplifier and lock-in algorithm carried out using software-triggered
DAQ device and LabVIEW software. Waveform generation function of myDAQ device is used to
create modulated reverse bias; op-amp low-pass filter suppresses digitizing steps on small-amplitude

AC modulation.

2. Set-Up Using the myDAQ

The myDAQ device performs 16-bit analog-to-digital conversions of an incoming signal at
rates up to 200,000 S/s. The device’s programmable-gain amplifier allows for two possible
input voltage ranges; we choose the (device’s most sensitive) +2 V range. However, the
device offers no hardware triggering capability for these digitizing operations. Thus, the
triggering for the voltage acquisitions must be done in software. Finally, this DAQ device
can also perform digital-to-analog conversions at rates up to 200,000 S/s on two analog

output (AO) channels. We use these two AO channels to produce our required modulated
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FIG. 8: Low-cost implementation of Capacitance Profiling using myDAQ DAQ device. Op-amp
circuit serves as current preamplifier and lock-in algorithm carried out using software-triggered
DAQ device and LabVIEW software. Waveform generation function of myDAQ device is used to
create modulated reverse bias; op-amp low-pass filter suppresses digitizing steps on small-amplitude

AC modulation.

bias voltage as well as a digital reference signal whose transitions are in-phase with the bias
voltage’s AC modulation. As shown in Fig. 8, the square-wave reference signal generated by
one of the analog output channels is directly connected to, and read, by one of the analog
input channels. The moment at which a transition of this square occurs is determined by
searching the acquired waveform in software, enabling lock-in detection. Fig. 9 illustrates
how software triggering is carried out in LabVIEW.

With f = 1000 Hz, choose Npyint = 128 and Neyee = 512. Then, fogmpring = 128,000 S/s,
N = 65,536 (= 2'0), and 7 = 0.51s. Using these parameters, acquire room-temperature

capacitance-voltage data with reverse bias voltages ranging from 0.0 to 9.9 V in increments
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FIG. 9: LabVIEW code to carry out software analog triggering.

of 0.1 V.

IV. DATA ANALYSIS

Plot 1/C? versus Vg. If your plot yields a straight line, that indicates that the diode’s
doping density is constant over the spatial region profiled. Using Eqs.(6 and (7), determine
the doping density (units of dopants/cm?) in this region and the diode’s built-in potential
(units of V).

Additionally, use Eqs.(16) and (17) to produce a plot of p(z) versus W, i.e., the spatial
variation of the doping density as a function of distance from the metal-semiconductor

interface.
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Sample Data

Data from USB-6009 Implementation
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Using Egs. (6) and (7) with A=5.38 mm” gives p=2.6X 10" dopants/ cm’ and

V. =061V.

Using Eqgs.(16) and (17) gives
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Data from myDAQ Implementation:
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Using Egs. (6) and (7) with A =5.38 mm® gives p=2.7x10" dopants/cm’ and
V, =063 V.



