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Figure 42 — Free carrier absorption coefficient with 1017 cm™3 carrier concentration measured
by Mayer [59]

Mayer [59] obtained an absorption coefficient of ar-, of 5 cm™1, see figure 42, with a carrier
concentration of about 1017 cm™3. From our energy of the excitation, 6 uJ, we assume that we
have a 1.5 x 10*8cm™3 carrier concentration where, from the equation apc4 = orcaN, we would

presume that our free carrier absorption coefficient would be approximately azc4 = 75 cm™1.

Looking back at Krishnamurthy’s calculations [39] and the measurements made by Peceli [40]
we see that the calculations and the measurements differ by a factor of four. Now if the 10%
reduction in the ND-2PA signal in figure 38 is strictly due to the depletion of our infrared pump
then we would expect that azc, = 200 cm™1. apc, = 75 cm™1 is within the factor of four
difference, so the 10% reduction in the ND-2PA signal in the 365 um sample when the excitation

was irradiating the front ( figure 38) may entirely be due to FCA.
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Figure 53 — Linear response of a silicon diode at various reverse bias voltages [69]

One will notice from figure 53, that the linear range increases depending on the amount of
reverse bias voltage on the photodiode, in fact the linear range increases by an order of
magnitude in incident radiation, from 102 to 103 with the application of a 5 V reverse bias. The
application of a reverse bias voltage will increase the dynamic range of photodiodes, however, it
will also increase the dark current of a photodiode and noise levels [69]. If a reverse bias needs
to be applied to a diode in order to increase either the response time or dynamic range, it would
be best to use a battery to supply the necessary voltage as opposed to a power supply. Power
supplies will add unnecessary noise to a system particularly if the signals are small. We have
recorded the addition of + 40 mV of noise to small signals with the addition of a power supply
for reverse biasing, whereas batteries add minimal noise. Another aspect that will affect linearity

is the amplifier of the circuit, but this will be discussed later.

91









Figure 54-Detector circuit design by Morgan Monroe
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Detector circuit design by Morgan Monroe

Figure 55
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To give a brief description of Morgan’s circuit (figure 54 and 55) we begin with the section
highlighted by the red square labeled A. This portion of the circuit applies a reverse bias voltage
to the photodiode in part C. There are hard options such as 15 V or 5 V which can be selected
using the bottom or middle junction respectively in J3, but there is also an option for an
adjustable reverse bias if the top junction is selected. If the adjustable bias option is selected the
potentiometer, R5, can be changed by using a screw driver thereby increasing or decreasing the
reverse bias on the photodiode. In order to measure the reverse bias one must measure the
voltage using a voltmeter across the test pins labeled TP1 and TP2 in part B, highlighted by the
blue circle. The photodiode must be mounted so that the anode sees a positive voltage from the
biasing circuit in part A to put it into reverse bias. Part D can be used to change the response
time of the circuit. One can either increase or decrease the response time of the circuit by
increasing or decreasing, respectively, the capacitance of C1. The resistor, R1, can also be
changed; however, the amount of change is small in comparison to the amount of change the
capacitor will induce. This is due to the fact the capacitor can be increased by six orders of
magnitude easily whereas the resistance cannot be increased so dramatically without affecting
other aspects of the circuit. The resistor R1 is more apt to be changed should there be a possible
problem with the reverse bias voltage such as a high leakage current from the diode that could

create a large voltage drop across R1. This aspect will be discussed in more depth later.

Part E, represented by the black square, is a transimpedance amplifier that converts the current
generated by the photodiode into a voltage and amplifies said voltage. The amplification of this
portion is controlled by potentiometers R2 and R6 through the use of a screw driver. Part F is the

AC coupling capacitor, C2, which is used to block any DC components that are amplified by the
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transimpedance amplifier. Lastly part G is a dual analog switch that is used to help pass the
signal over a transmission line, in our case, BNC cable. This circuit design is still currently in use
in the NLO group for specific photodiodes, particularly gallium nitride photodiodes, and it is also

very similar to other old detectors in the NLO group.

Recently, however, we have begun transitioning from the above circuit design, to one
manufactured by CREMAT Inc. The biggest reasons for this transition was primarily for ease of
use and because we have few working detectors supporting Morgan Monroe’s design.
CREMAT offers four different charge amplifiers: CR-110, CR-111, CR-112 and CR-113. Each
of the amplifiers performs virtually the same function with the only differences coming in the
amount of gain associated with the amplifier and the length of the decay time. Beginning with
the CR-110 and ending with the CR-113, each subsequent amplifier has about one tenth of the
gain factor as the previous, so the gain of the CR-110 has a 1000 times more gain than the CR-
113. The CR-113 and CR-112 amplifiers have shorter decay times at about 50 ps whereas the
CR-110 and CR-111 have decay times of about 150 us. One may wonder what would be the
purpose of using a CR-113 or CR-112 since the gain is low. The answer depends on the signals
that need to be amplified or if the decay time is important. For large signals it may be better to
use lower gain so that when the signal is amplified it does not saturate the amplifier, which can
happen if the input signal is too large. To get an idea of this saturation point for both a silicon
and germanium photodiode, we measure the voltage as a function of input power. This is done
by detecting a chopped continuous wave 632 nm or 950 nm using a silicon or germanium

photodiode respectively and measuring the output peak to peak voltage, from the CREMAT
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amplifier chip, on an oscilloscope. We measure the response from each of the different

CREMAT amplifier chips for each photodiode as shown in the following results.

Voltage Pk-Pk

Figure 56 — Response of silicon photodiodes for each of the CREMAT charge amplifiers
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Figure 57 — Response of germanium photodiodes for each of the CREMAT charge amplifiers

The data displays the linearity and dynamic range of the silicon and germanium photodiodes for
a given charge sensitive amplifier chip. In figure 56, the silicon diode shows sensitivity down to
nW’s with the CR-110 amplifier and nice linearity for each of the chips particularly around 1
volt. At about 8 V the amplifiers saturate, which is why the voltage stops increasing as the
energy increases. In the case of the germanium photodiodes, figure 57, we are sensitive down to
hundreds of pW’s using the CR-110 amplifier. At low energies the diodes are not perfectly
linear, however, the CR-110, CR-111 and CR-112 are linear from about a tenth of a volt to about
4 volts and saturate at about 7 volts, which is fine for most applications. The CR-113 amplifier is

linear from about a couple thousandths of a volt to a few tenths of a volt after which the data
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begins to curve, which we believe to be due to a combination of saturation of the amplifier as
well as the diode. These voltages were measured using a Tektronix TDS 2022 digital
oscilloscope and the power was measured using an Ophir D 300-UV-SH power meter. These
curves, as mentioned previously, give us a nice dynamic range of operation for both the silicon

and germanium photodiodes in the CREMAT detection system.

The last part of the CREMAT detection system is the CR-150 circuit board used to power and

operate the charge sensitive amplifiers. The circuit is shown below.
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CR-150 schematic diagram:
1INd148

Figure 58-CR-150 evaluation board schematic [71], red is the biasing circuit and the blue circle
refers to the charge sensitive amplifier
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Figure 59-CR-150 evaluation board [71], red is the biasing circuit and the blue circle refers to the charge amplifier
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The diagram shows the detector is AC coupled to the charge sensitive amplifier through a 0.01
uF capacitor. Once again this is to block out DC signals, particularly those from the biasing
circuitry. Perhaps the important aspect to take from this diagram is the biasing circuit which is
highlighted by the red box. The biasing circuit contains two 100 MQ resistors and one 10 MQ
resistor leading to a total resistance of 210 MQ [71]. In order to determine how to bias a
photodiode in the CREMAT detection system, the reverse leakage current for the particular
photodiode must be known and would be found on the photodiode spec sheet. Once the leakage
current is known, one can calculate the voltage drop across the biasing resistors using Ohm’s
Law, V = IR where V is the voltage, I is the current and R is the resistance. For example, if |
apply a 15 volt reverse bias across a silicon photodiode with 200 pA of leakage current, the
voltage drop across the biasing resistors is consequently 0.042 volts so the photodiode would
“see” 14.958 volts which is completely acceptable. For most diodes this is the case, however, for
avalanche photodiodes that can have 100 nA of leakage current, the voltage drop turns into 21
volts across the resistors which is unacceptable. In the case that the voltage drop is large, one can
reduce the resistance of the biasing resistors by shunting them with the appropriate resistance.

The appropriate shunting resistance can be determined from table 1 shown below.
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Table 1 — Shunting resistances for various photodiode leakage currents [71]

Open Open
Open Open
Open Open
3.3 MQ 3.3MQ
1 MQ 1 MQ
330 kQ 330 kQ
100 kQ 100 kQ
33kQ 33kQ

Open
22 MQ
10 MQ
3.3MQ

1 MQ
330 kQ
100 kQ

33 kQ

Currently our CREMAT detectors do not have any shunting resistances since the leakage current

for our silicon and germanium diodes are on the order of hundreds of picoamps so the voltage

drop across the biasing resistors are negligible.

Our current CREMAT detection system, shown in figures 58 and 59, has the photodiodes

connected directly to the circuit board. A hole is drilled into the outside of the box and a rubber

grommet is used to stabilize the diode and prevent it from moving. However, the disadvantage to

this is that each CREMAT box is specifically built for one diode.
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Figure 60 — Current CREMAT detection system, DAQ — Data Acquisition

However, we would like to change this setup by making a separate box to house the photodiode
and connecting this new “diode box” to the CREMAT circuit via BNC cable. These CREMAT
circuit boards and amplifiers could be used on any setup and be easily swapped out since they
would not be housing the photodiode. These diode boxes would have a smaller foot print on the
optical table and are far cheaper than buying individual CREMAT CR-150 circuit boards,

amplifiers and boxes for each of the diodes. Figure 61 shows this new design.

BNC Output CREMAT Box BNC Output
- —m—F— — [
Amplifier
“Diode Box”

Figure 61 — New CREMAT detection system design, DAQ — Data Acquisition

There are two downsides however; the first and most pertinent is noise. With the addition of
another BNC connector and cable, noise will be more likely to be picked up, and any noise that
may be picked up could be amplified by the CR-11X amplifier chip. So to test to see if this
design would induce substantially more noise we ran single arm Z-Scans and compared the noise

between both detection systems. We also measured the noise of the new design based on a 3 ft
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BNC cable and a 25 ft BNC cable with a BNC T-Junction between the diode box and the

CREMAT amplifier. The noise results are shown in the following table.

Table 2 — Noise analysis of the current CREMAT system and the new CREMAT system

Run Current CREMAT New CREMAT Design /w  New Design /w 25ft BNC
Design 3ft BNC Cable Cable and T-Junction
Run 1 (o) 0.004413 0.004538 0.0179
Run 2 (o) 0.003671 0.004872 0.008086
Run 3 (o) 0.004251 0.003924 0.007726
Mean (o) 0.004112 0.004445 0.01124

These measurements were made by taking the measured signal from a Z-Scan measurement and
applying a high pass filter in Origin 8.6 to eliminate the 2PA signal. We then take the ratio of
the mean and standard deviation of the data points which gives us the normalized deviation from
the mean, o, which in this case is defined as our noise. What these measurements show is that
there is no real difference between the current system and the new system with a 3 ft BNC cable
between the diode box and amplifier box. The three millionths difference in the average
normalized deviation between each design is well within the measurement error. However, there
is a change of about seven thousandths in the average deviation when a 25 ft BNC with a BNC
T-Junction is added which is significant enough to be detrimental. Should this new system be
implemented, care should be taken to make sure that the cable between the diode and the

amplifier is not excessively long.
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Another aspect that would need to be addressed for this new system to be realized would be to
acquire zero bias germanium photodiodes. Since most of our silicon photodiodes require zero
bias, building a system that could easily handle both germanium and silicon would require that
the germaniums require no bias as well. If biasing is required then each detector would have to
be made for silicon or germanium specifically since the reverse bias voltage between the two is
usually different. Luckily, zero bias, low noise, high response germanium photodiodes exist and
are made by GPD Optoelectronics Corp with the part number of GM8VHR. We will soon be
acquiring a few of these to test and should the results be favorable this new design should soon

be implemented.
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