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Abstract

Organic field effect transistors (OFETs) and circuits are simulated and tested for gas analyte and humidity sensitivity. The
transistors and circuits are based on two dipyrrolopyrolidone—thiophene copolymer organic semiconductor thin films. The
conventional OFET structure that includes a bottom (substrate) gate and top source and drain contacts is simulated using
the two-dimensional finite element method. Charge traps due to structural defects and grain boundaries are assumed to be
approximately uniformly distributed in the semiconductor. The doping dependent hopping mobility model is used to model
organic semiconductor vapor sensitivity of the organic active material. The effect of humidity is modeled by traps in the
semiconductor. The two transistors in the series configuration are also studied for nitrogen dioxide (NO,) and humidity sen-
sitivity. The circuit configuration has an advantage of maintaining a significant level of analyte sensitivity under humidity
exposure. This is confirmed by both simulation and experiment. At 15% humidity level, the circuit maintained 22% sensitivity
to 20 ppm NO, exposure. Significant further improvement in analyte sensitivity and suppression of humidity effect are also
predicted by simulation when the circuit is constructed from symmetric output transistors. To the best of our knowledge,
this is the first study of the technique of symmetrical circuit design methodology to suppress the effect of humidity on OFET

circuits while maintaining their response to gas analyte.

Keywords Doping dependent mobility - Density of states - Device simulation - NO, sensing - Organic field effect

transistor - OFET gas sensor

1 Introduction

In addition to their typical application in flexible displays,
electronic paper, radio frequency identification (RFID) tags,
and smart cards [1-3], a recent research trend in organic
field-effect transistors (OFETs) is testing them for novel
sensing technologies for potential applications in environ-
mental, biological, and industrial areas [4—11]. The inherent
responsiveness of organic semiconductors to the surround-
ings makes them suitable for detection of external chemical
and physical stimuli. However, this same property is also
one of the detrimental factors in fabricating OFET sensors
for practical sensing applications. OFETS have stability,
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hysteresis, and threshold voltage shift issues because of
their susceptibility to environmental factors via chemical
interactions, photoexcitation, and dimensional deformation
[12—15]. Owing to tremendous efforts in terms of design
and synthesis of novel organic semiconductors, implementa-
tion of new transistor fabrication techniques, and material
interface engineering, gas analyte sensors of high sensitivity
are demonstrated by various groups [16—19], including our
group [9-11]. However, the reported devices have reproduc-
ibility and stability issues even when exposed to ambient
atmosphere and temperature. Therefore, in addition to such
described research techniques, low level circuit design is
an avenue to be considered to advance the technology for
practical use. For example, two different polymers that have
similar drifts in air and humidity but divergent responses
to gas analyte could be configured in a way to minimize
humidity effects.

In addition, the charge transport in disordered organic
conducting materials is based on the charge carrier hop-
ping within energetically and spatially disordered localized


http://crossmark.crossref.org/dialog/?doi=10.1007/s10825-022-01893-x&domain=pdf

Journal of Computational Electronics (2022) 21:1048-1059

states. These localized states are formed by potential wells of
defects and traps [20, 21]. The energy difference between the
deep trap states and the effective transport level controls the
hopping rate of charge carriers. The type and density of traps
in a semiconductor is the basis for the applicability of either
the multiple trap and release (MTR) transport model or the
variable-range hopping (VRH) model [22-25]. The variable
range hopping within the Gaussian distribution density of
states may result in effective percolation of charge transport
paths or the relevant frontier orbitals [26]. The MTR model
also assigns a controlling role to traps with energies at levels
between the highest occupied and lowest unoccupied molec-
ular orbitals [20, 27-32]. Published reports show that both
MTR and VRH models have been used to analyze organic
field effect transistor data [33].

To understand such complex charge transport phenomena
in OFETSs, physical device simulation based on the funda-
mental semiconductor equations such as Poisson’s and conti-
nuity equations is desired. In the present work, the result of a
physical simulation of transistors and circuits with and with-
out exposure to analyte vapors is presented. NO, is chosen
as the analyte of interest because of its status as a common,
toxic, and desirably monitored pollutant [34—37]. The result
is compared with experimental data. A series circuit of two
transistors is also tested for humidity and analyte sensitivity.

2 Device simulation

Transistors (see Fig. 1) are structured with 200 pm chan-
nel length and 11 mm channel width. The device simula-
tions are performed based on a drift diffusion model using
Silvaco’s “‘ATLAS’’ device simulator [38]. The polymers
(Fig. 1) were described in detail in Ref. [9]; the designations
“P6” and “P7” are taken from that reference for consistency.
The details of fabrication and experimental characterization
of the devices used in the simulation are also described in
Ref. [9]. Circuits that are the main subject of this work were
made from the identical individual devices.

Fig.1 P6/P7 OFET device
structure used in simulations
and circuits, and polymer semi-
conductor chemical structures

P6/P7
Si0,

n-Silicon

1049
Table 1 Summary of material and model parameters
Parameter P6 P7
Band gap 1.3eV 1.63 eV
Affinity 3.82eV 349 eV
HOMO -5.12eV —-524eV
LUMO —-2.18eV —-245eV
Mobility 0.12cm?V s 3.13x1073ecm?/V s
Threshold voltage 738V -099V
Permittivity 3 3
Intrinsic doping density 7x101 cm™3 1.88x 10" cm™*
0.0, 0.05eV,0.34 eV 0.05eV, 0.34 eV
E,; 0.1eV 0.1eV
i 107 cm™, 0.2 107 cm™, 0.2
v 101 Hz 10" Hz
Polymer thickness 130 nm 130 nm
Oxide thickness 300 nm 300 nm
Source/drain thickness 50 nm 50 nm
Gate thickness 50 nm 50 nm
Channel length 0.2 mm 0.2 mm
Channel width 11 mm 11 mm
Interface charge 1%10'% cm™2 1x10'% cm=2

Gold with work function of 5.1 eV is used as source/
drain electrode. SiO, with relative permittivity of 3.7 is
used as gate dielectric as is well established for organic
electronic devices [39—41]. Highly n-doped silicon with
high conductivity and work function of 4.15 eV is used
as the gate electrode. The optical bandgaps of P6 and P7
used in the simulation are 1.3 eV and 1.63 eV, respectively.
Interface charge between the semiconductor and insula-
tor is on the order of 1x 10!° cm™2 for both P6 and P7
transistors. This quantity is extracted from the best fit by
matching simulation and experiment iteratively. The band
gap and electron affinity of the polymers are determined
from the UV-Vis absorbance of P6 and P7 films [9]. Mate-
rial parameters used in the simulation are summarized in
Table 1.

P6: poly(2,5-bis(2-ethylhex-1-yl)-2,4-dihydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl)-alt-2,2'-5',2"-

5"-2"-quaterthien-5,5""-diyl)

P7: poly(2,5-bis(2-ethylhex-1-yl)-2,4-dihydro-3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl)-alt-9-
octylcarbazole-2,7-bis-2,2'-thiophene-5,5'-diyl)
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The simulation is based on the generalized drift—diffusion
equations described below [20, 42, 43],

div(eVy) =q(n—p - N} +N7) + Oy (H
% - }]divi,, +G,—R, @)
% = —édivjp +G,—-R, (3)
7n = qnunEn +gD,Vn 4)
.7p = qn,upEp +49D,Vp 5)

where D, and Dp are electron and hole diffusion coefficients,
respectively. G, is electron generation rate, G, is hole gen-
eration rate, and R, and R,, are electron and hole recombina-
tion rates, respectively. Q is total fixed charge, n and p are
electron and hole concentrations, respectively, g is electronic
charge, Ng and N are ionized donor and acceptor con-
centrations, ¢ is permittivity of the material, u, and p, are
electron and hole mobilities, respectively. y is electrostatic
potential, jn and 7,, are electron and hole current densities,
respectively.

To approximate the charge localization that is a phenom-
enon associated with disordered semiconductors, especially
organic ones, the disorder caused by the molecular structure
is described by a Gaussian distribution density of states [44].
The Gaussian distribution is described by its peak density
of states (N, and N,), its characteristic decay energy (o, and
0,), and the reference energy level E,;, as shown in Eq. (6)
[38, 45].

N, ( Ez) N, ( (E+Ed)2>
g(E) = exp| —= | + exp| —————
\/%1 20'% \/%2 20'%
(6)
Charge carrier mobility enhancement by trap filling phenom-
ena [46, 47] is represented by the doping dependent mobility
model (Eq. 7). Equation (8) represents the effective transport
energy in a hopping system represented by the Gaussian
distribution of states [13, 39, 48-50].

E, -2/3 13 g, -1/3
Hye = % [ / g(E)dE] exp [—2<i—ﬂ> 7[/ g(E)dE] ]
— T —o0

)

Ell’
1 s®(E, - E)'aE = Lk ®

where yu,. is the charge mobility in the effective trans-
port hopping system, E,, is effective transport level of the

@ Springer

energy, v, is the attempt-to-jump frequency, 1/y is inverse
of carrier localization radius, f is the percolation constant,
q is electronic charge, k is Boltzmann’s constant, and 7 is
temperature.

3 Device and circuit simulation results
3.1 Device simulation of P6 and P7 transistors

Device simulation of transistors is performed without expo-
sure to gas analyte or humidity. Current—voltage data gen-
erated from simulation are matched with experiment and
device parameters are extracted. The simulated devices serve
as the basis for the analyte and humidity sensitivity study.
Figure 2 presents output and transfer current—voltage (I-V)
characteristics of experimental and simulation results. In
the figures, the black (circle) curves represent experimental
data and the blue (triangle) curves represent simulation data.
Figure 2a, b correspond to P6 and Fig. 2c, d correspond to
P7 OFETs. Measurements and simulations of transfer char-
acteristics shown in Fig. 2b, d are performed at — 100 V
drain voltage.

Simulation data show good agreement with experimen-
tal data for both transistors. Except for the highest gate/low
drain region for P6, deviations are quite minimal, and within
the standard deviations of experimental data. As shown in
the transfer curves, the low gate voltage plots (< —70 V)
show excellent agreement between simulation and experi-
ment. Output curves also show good agreement except at
higher gate voltage (—40 V) where P6 transistor is show-
ing a small deviation (statistically insignificant) in the lin-
ear region and P7 transistor is showing similar deviation in
the saturation region. Trap and interface charge densities
are extracted from the best fit. These parameters are listed
in Table 1 and are used as initial parameters in subsequent
simulations, i.e., circuit and analyte and humidity sensitivity
simulations.

3.2 Circuit simulation

Circuits based on P6 and P7 transistors are simulated. Mate-
rial and mobility parameters validated from device simu-
lation, listed in Table 1, are used. The two transistors are
configured in the series configuration as shown in Fig. 3.
The circuit is simulated with a device and circuit level mixed
mode simulation. The output voltage versus input voltage
simulation result of the circuit is displayed in Fig. 4. The
result serves as a basis for gas analyte sensing simulation
performed in Sects. 4 and 5.

The two OFETs operated as though they were typical
p-type transistors. They have common applied gate voltage
but the source-drain voltage across the series circuit was the
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Fig.2 a, b output and transfer curves of P6 transistor, ¢, d output and transfer curves of P7 transistor
Fig. 3 Physical circuit structure vdd
and circuit schematic of P6 and Id
P7 transistors
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sum of the voltages across each OFET, and the effective gate
voltages relative to source and drain voltages depended on
the individual source-drain voltage drops. When the OFETs
are operating in the linear regime, the circuit operates as a

Vss

voltage divider circuit. Figure 4 presents the voltage transfer
curve (VTC) of the series circuit. From Fig. 4, the circuit
voltage output curve shows that the channel resistance of the
P6 OFET in the on state is much lower than that of the P7
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0.0 Table2 Summary of OFET sensitivity for various NO, concentra-
tions
NO, exposure  Change in Id (%) Doping (cm™)
0.5 . .
(experiment) (Expt./Sim.)
P6 P7 P6 P7
-1.0 4
S 1 ppm 157 +12 10+9  1.88x10'C  2.07x10™
3 5 ppm 258+15  53+18  2.52x10'C  2.88x10™
-1.5 10 ppm 571411 99425  4.73x10'  3.76x10™
20 ppm 613422  192+12  5.04x10'  5.64x10"
2.0 4
exposure a fresh transistor is used to measure the response
2.5 T T T T T T T T of the exposure. However, all transistors are the same batch
-30 25 -20 -15 -10 -5 0 . . . o
v (V) which are fabricated with the same condition at the same

Fig.4 Series circuit voltage transfer curve for Vpp =0, Vgg=—30V

OFET. At —30 V gate voltage and drain voltage, the voltage
drop across the P6 OFET is —2.2 V and the voltage across
the P7 OFET is —27.8 V.

4 Analyte sensitivity simulation
4.1 Device sensitivity simulation

The gas sensitivity characterization of the transistors is per-
formed in the laboratory by exposing the transistors to dif-
ferent concentrations of NO, in air [9]. Then drain current
verses gate voltage measurements are taken and the results
for various concentrations are compared. The correspond-
ing simulation is done by matching current—voltage data
with experiment using the doping density as a matching
parameter. The variation of doping density in turn varies
the charge mobility in the semiconductor. The mobility is
extracted when the simulation displays best match with
experiment. In both simulation and experiment, the change
in drain current of the devices was used as the sensitivity
(responsivity) comparison parameter for different gas con-
centrations. The sensitivity is calculated using the formula
(g no2— a1y o * 100%, [9] where I ;. and I yo, are the
drain currents before and after exposure to NO,, respec-
tively. We first investigated the NO, responses of P6 and P7
OFETs individually. The change in drain current for each
NO, concentration is shown in Table 2. The data presented
in the table are an average of measurements taken for 6 iden-
tical devices. The transfer curve for a typical device (for both
p6 and p7) is given in Fig. 5. Measurements and simulations
are performed at the drain voltage of — 100 V. Figure 5a is
the transfer curve for the P6 transistor and Fig. 5b is for
the P7 transistor at different NO, concentrations. For each

@ Springer

time. The change in drain current is the same by definition
for both experiment and simulation. This is because the goal
of the simulation in this particular procedure is to deter-
mine the increase in doping concentration (relative to that
of pristine or unexposed OFETs) that resulted in the same
changes in experimental drain current for each associated
NO, concentration.

As shown in the table, the sensitivity of the OFET with
P6 is much higher than that of the OFET with P7. At 1 ppm
NO, concentration the sensitivity of P6 is about 15 times
the sensitivity of P7. As indicated by cyclic voltammetry,
the oxidation potential of P6 is less positive than that of P7.
Since NO, responses are governed by backbone dopability,
their responses would be expected to be different. Morpho-
logical factors could also contribute response differences [9].
The percentage change in doping used in simulation and the
corresponding mobility extracted from simulation are also
determined. Figure 6 shows the gas analyte sensitivity of P6
and P7 OFETs in terms of change in doping and mobility.
Figure 6a, b are percentage changes in doping and mobil-
ity, respectively, for the P6 OFET. Similarly, Fig. 6¢c, d are
percentage changes in doping and mobility, respectively, for
the P7 OFET.

4.2 Circuit sensitivity simulation

Circuits characterized in Sect. 3.2 are simulated and tested
for analyte sensitivity. The doping dependent mobility
model is implemented by applying the changes in doping
we observed for single transistors in Sect. 3.1. For the cir-
cuit analyte sensitivity simulation, single transistor mate-
rial and model parameters presented in Table 1 are used.
The single transistor doping changes that allowed for the
best correspondence with the experimental observations
shown in Table 2 are employed. The circuit sensitivity
simulation is done for three cases: case 1 assumes only
the P6 OFET is exposed to NO, gas; case 2 assumes only
P7 is exposed to NO,; and case 3 assumes both P6 and P7
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are exposed to NO,. The simulations are performed under
Vgg grounded in Fig. 3. Its purpose is to determine the
effects of individual transistors on the overall circuit ana-
lyte sensitivity. Figure 7 presents the simulation results of
the three cases. Comparing Fig. 7a—c, the sensitivity of
the circuit is dominated by the sensitivity of P6 transistor.
At 20 ppm NO, exposure, when only P6 is exposed to the
gas, the circuit voltage sensitivity is 26%. However, when
only P7 is exposed, the circuit sensitivity is only 4.2%.
When both transistors are exposed, the circuit sensitivity
follows the trends of P6 sensitivity and it is 22.4%. How-
ever, as will be seen in the next section, the value of the
P7 OFET is its role in diminishing the circuit response to
humidity relative to the circuit response to NO,.

0
-5
-10 4
=
< -15+
o
>
-20 4
= O0ppm
= 1ppm
-25 4+ 5ppm
v 10 ppm
+ 20 ppm
-30 —— T T T T T T T T T T T
30 25 -20 -15 -10 -5 0
Vin (V)
(a)
0
-5
-10 4
=
< -15
o
>
-20 4
= 0ppm
e 1ppm
-25 s+ 5ppm
v 10 ppm
+ 20 ppm
-30 T T T T T T T T T T T T
-30 -25 -20 -15 -10 -5
Vin (V)
(c)

5 Humidity sensitivity simulation
5.1 Device humidity simulation

To study the stability of the OFETs against environmental
effects, current—voltage measurements and simulations are
performed for various humidity level exposures. Figure 8a, ¢
(transfer curves taken at —80 V drain voltage) present meas-
ured and simulated single transistor humidity sensitivity of
P6 and P7 OFETs, respectively. The P6 OFET was exposed
to a humidity ramp from 15 to 75% and displayed a current
drift of 17%. The P7 OFET displayed a current drift of 31%
when exposed to a humidity ramp from 25 to 63%, a compa-
rable order of magnitude. The humidity sensitivities of the
transistors are modeled by a uniform trap density with a trap
energy level of 0.4 eV. In organic semiconductors, humidity

< 410
3
>
-154
= Oppm
* 1ppm
4 5ppm
-20 v 10 ppm
+ 20 ppm
T T T T T T T T
30 25 -20 -15 10 5 0
Vin (V)
(b)

Fig.7 Series circuit analyte sensitivity simulation a only P6 exposed, b only P7 exposed, and ¢ both P6 and P7 exposed
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Fig.8 Device humidity sensitivity simulation a, b P6 OFET, ¢, d P7 OFET
induced traps have energies in the range of 0.3-0.5 eV [51, R 1
52]. The trap density dependence of the humidity ramp is ch ©)

shown in Fig. 8b, d for P6 and P7 transistors, respectively.

5.2 Circuit analyte sensitivity under humidity
exposure

The main goal of this work is to study the analyte (NO,)
sensitivity performance of the series circuit under humid-
ity exposure. The circuit configuration as shown in Fig. 3
was exposed to 15% humidity and tested for NO, exposure
ranging from 1 to 20 ppm. The simulation is done for two
cases. For case 1, the circuit is constructed from P6 and P7
OFETs having the same dimension, and we call it an asym-
metric circuit. For case 2, the circuit is constructed from P6
and P7 OFETs that are designed to have matching channel
resistance, which we call a symmetric circuit. The channel
resistance is modeled by the linear resistance model given
by Eq. (9) [53].

MCOX<%>(VDD - |VTP|)

where u is the mobility, C,, is the oxide capacitance per
unit area, W is channel width, L is channel length, V5, is the
drain voltage, and Vip is the threshold voltage.

Using the mobility and threshold voltage values given in
Table 1, we matched the channel resistances of the P6 and
P7 transistors (i.e., R ps=Rp7)- Based on this numerical
design, the width of P7 transistor is larger than that of P6
transistor by a factor of 28. The two transistors have the
same channel length and oxide capacitance per unit area.
The voltage transfer curve (VTC) of the circuit in both sym-
metrical and asymmetrical cases is show in Fig. 9. The VTC
for the symmetrical design shows approximately an equal
voltage drop across the two transistors while the asymmetri-
cal design shows a significant voltage drop across the P7
transistor.
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Fig.9 Circuit voltage transfer curve (VTC) for asymmetric circuit
(black circle) and symmetric circuit (blue triangle) (Color figure
online)

Figure 10a presents experimental and simulation results
for various NO, levels. In the figure, the experimental
(black circles) and simulation 1 (red triangles) plots show
results for the asymmetric circuit. It is observed that at 15%
humidity level, the circuit maintains a robust response to
NO,. Since the two polymers have similar drifts in humid-
ity but significantly different response to NO,, the voltage
divider circuit configuration displays a minimal humidity
effect on its analyte response. The 15% humidity level of P6
and P7 transistors is simulated with 1.15x 10" cm™ and
3.45x 10" cm™ trap densities, respectively.

In Fig. 10a, simulation 2 (blue squares) presents the simu-
lation prediction of NO, sensitivity of the circuit based on

® Experiment
54 A Simulation 1
2 ®  Simulation 2
g§—10-
8 154 °
g 4= °
@ 20 - ° °
o = A
S 254
<t
5}
0 -304
[ ]
35 "
'40 T T T T
0 5 10 15 20
NO, Concentration (ppm)
(a)

output-matched P6 and P7 transistors (symmetric circuit).
For this symmetrical circuit simulation, first, we designed
the circuit at 15% humidity level to have a symmetrical volt-
age transfer curve by adjusting the dimension of the P7 tran-
sistor. Then, we tested the humidity sensitivity of the sym-
metric circuit by increasing the trap density. To predict the
response of the circuit for an additional 15% relative humid-
ity level, the trap density is increased to 1.3 x 10'> cm™ and
3.9x 10" cm™ for P6 and P7 transistors, respectively.

The voltage transfer curve of the symmetric circuit
is given by Fig. 10b. As shown by the inset in the figure,
the output voltage variation is insignificant, changing
only by 1.11%. This symmetric circuit is then studied for
NO, response and the result is shown by simulation 2 in
Fig. 10a, as described above. When the circuit is designed
for symmetrical output, the simulation predicts significant
improvement in analyte sensitivity for all concentrations of
NO, used in this study. The response at 1 ppm shows more
than double the sensitivity compared to that of the asym-
metric circuit, and again, with humidity sensitivity reduced
to insignificance. To the best of our knowledge, this is the
first study of the technique of symmetrical circuit design
methodology to suppress the effect of humidity on OFET
circuits while maintaining their response to gas analyte. This
strategy could be implemented for any type of organic field
effect transistor circuit where a background signal is to be
suppressed in favor of an analytical signal, and where the
signals arise from defined electronic modulations.

out (V)

124

-14 4 ¢ Symmetric circuit

4 Symmetric circuit with

15% more humidity
T

T T
-30 -25 -20 -15 -10 -5 0
Vin (V)

in

(b)

-16 -

Fig. 10 a Circuit NO, sensitivity: simulation 1—asymmetric circuit, simulation 2—symmetric circuit, b symmetric circuit
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6 Conclusion

We have investigated gas sensitivity of organic thin film
transistors and circuits. P6 and P7 polymers are used for
this experimental and simulation study. A two-dimensional
finite element physical simulation is performed. Charge
trap in the semiconductor is modeled by double peak
Gaussian distribution. The doping dependent mobility
model is used to model the gas sensitivity of polymers.
Interface charges and traps at the interface between the
semiconductor and the gate dielectric are also considered.
In addition to single transistors, OFETs in series configu-
rations are studied. Simulation results are compared with
experiment and device parameters are extracted. Simula-
tions are in good agreement with experiment. The results
of this work demonstrate three important observations.
The first one is modeling of analyte sensitivity of polymers
using the doping dependent mobility model. The second is
that the effect of humidity is modeled by traps in the semi-
conductor. The third observation is that the circuit from
the series combination of transistors displayed a robust and
enhanced sensitivity to NO, analyte under 15% humidity,
while the response to the humidity itself was much less
than it was for the individual devices. The simulation pre-
dicts significant improvement in analyte sensitivity and
reduced humidity effect when the circuit is constructed
from symmetric output transistors.

Appendix
OFET and circuit fabrication and testing

OFETs were fabricated using n-doped silicon wafers with
a coating of 300 nm SiO,. The substrates were cleaned and
modified with HMDS self-assembled monolayers, before
casting the polymers, as described in Ref. [9]. One batch
of each polymer was used for the study, and experimental
data are averages from several devices from each polymer,
with standard deviations reported in Table 2. The indi-
vidual OFETs were connected to form the circuitry via
3 M IC test fixtures. These fixtures contain clips that allow
for easy manipulation and testing of the devices without
destroying the evaporated electrodes on the surface. The
back of the OFET was scratched to penetrate the native
oxide layer of the conductive silicon wafer substrate and
allow a connection point between the tip of a clip and the
gate of the OFET. The gate was connected to the back of
the fixture, while the source and drain electrodes were
connected to the front. The OFETs were placed in a closed
container made from Styrofoam to allow for the careful

control of humidity and NO, concentration. A humidity
sensor was placed to provide an accurate reading of the
internal humidity. The electrodes of the 3M IC test fix-
tures were connected to a BI500A Keysight semiconduc-
tor device parameter analyzer via soldered wire.
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