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INTRODUCTION

The HP 4142B Modular DC Source/Monitor is a high speed,
highly accurate computer controlled DC parametric
measurement instrument for characterizing not only today’s
semiconductor devices—~MOSFETs, bipolar transistors, GaAs
devices, etc.—-but tomorrow’s as well. Whether used for
semiconductor process monitoring, device development, or
process development, the HP 4142B’s wide measurement
range and high resolution affords quick and efficient DC
parameter evaluations from £20fA to £1A, and +4uV to
+200V.

To facilitate application-specific system requirements, the
HP 4142B's plug-in module architecture allows you to choose
from a variety of modules to enable you to tailor your HP
4142B to suit your measurement needs. Table 1 lists presently
available plug-in modules. The HP 4142B’s modular design
also allows you to easily expand your hardware if required,
and to quickly upgrade your testing capabilities as new
modules become available.

This application note describes how to take advantage of
the HP 4142B’s superior performance to obtain optimum
measurement results. Included are detailed measurement
technique descriptions, and GaAs MESFET, power MOSFET,
and bipolar power transistor device characterization
examples.

Table 1.

HP 4142B Plug-in Modules

1. HP 4142B FEATURES

(1) Wide measurement range and high
resolution

There are two types of source monitor units (SMUs)
available. You can program each SMU to function as a
voltage source/current monitor (V source mode) or a current
source/voltage monitor (I source mode).

The maximum output/measurement ranges are =200V/+1A
for the HP 41420A, and £100V/+100mA for the HP 41421B.
Qutput resolution is £100uV/+50fA, and measurement
resolution is £40uV/£20fA. The HP 41424A Voltage Source/
Voltage Monitor Unit (VS/VMU) is also available, and
includes two voltage sources (VSs) and two voltage monitors
(VMs). You can use the voltage monitors together to perform
4uV resolution differential measurements.

(2) High speed measurement

The HP 4142B can improve measurement throughput.
Voltage or current can be forced in approximately 3.5ms, and
voltage or current measurements can be made in
approximately 4ms. And with the HP 41425A Analog
Feedback Unit, you can extract Vy, or hgg in only 12ms.

(3) Pulsed output available

SMU and VS pulsed measurement modes provide voltage
and current pulses (current pulses from SMUs only) to
minimize thermal drift when characterizing devices. With
pulse widths from Ims to 50ms, you can accurately
characterize high power devices such as power MOSFETs or
GaAs devices.

(4) Furnished control software allows
easy programming

The HP 4142B is controlled by HP-IB commands. In
addition, the furnished control software provides a variety of
useful, frequently used subprograms that can be called from
vour program, thus reducing program development time.
This software is divided into the Test Instruction Set,
Parameter Measurement Library, and Data Processing
Library (Data file and characteristic graph generation).

+100 uV to £200 V

+50 fAto =1 A

+100 wV to £100 V
+1mVto £40 V \

+50 fA to =100 mA

+20 mA to 2100 mA

40 pV, 20 1A 0.05% 0.2%
40 wV, 20 tA 0.05% 02%
4 uV, 20 pA 0.05% 0.3%

Searches for a specified current or voltage on one SMU by controlling the voltage output of another SMU.




2. USING THE HP 4142B Measurements are made by a 17-bit analog-to-digital

converter, and the resolution for each range is 1/50,000 of the
full range. The error amplifiers A;, A;, and A; shown in the
This section describes how to fully use HP 4142B features to  figure are used for setting voltage, source current (1), and

“ient]y perf()rm measurements. sink current (1), respcctively. When the SMU is set to V
source mode, A controls the SMU voltage output. In this
1) SMU Basic Usage Points mode, current is monitored by range resistor Rr, fed back to
Compliance function, filter, etc. A and Aj;, and is limited to the value (+I compliance) set by
(2) Operation Speed Concepts and Optimization IDAC (See Figure 1 (b)).
Setup time, measurement time, range-changing time, When the SMU is a current source, A, controls the SMU
averaging time, etc. current output from the SMU. V compliance will be positive
(3) Using Pulse Mode to Reduce Thermal Drift in this case, and voltage is limited by A;.
Pulse mode reduces temperature rise at a junction. When the SMU is a current sink, A; controls current input
(@) Analog Feedback Unit (AFU) Usage to the SMU. V compliance will be negative in this case, and
Feedback integration time, ramp rate, and delay time. voltage is limited by A;.
If accuracy is more important than measurement speed, the
. . filter at the DAC output should be set to ON to suppress
2.1 SMU Basic Usage Points spikes and overshoolt)caused by changing the outppua value or

range. The filter should be used with devices that cannot
U handle voltage spikes, or with very high gain devices. The
current are output from 16—b1t digital-to-analog converters filter is set to ON at power ON. If measurement speed is
(VDAC anc_l IDAC). The DAC? can output 20,000 points, so more important than accuracy, turn the filter OFF. When the
the resolution for each range is 1/20,000 of the full range. filter is OFF, the DAC output settling time is 1/40 of the filter
ON value.

Figure 1 (a) shows an SMU block diagram. Voltage and

VDAC F Qutput relay
ilter

o———0 OFF V ranging ‘——1—0/0—-——0 Guard
16 bit | DAC iz' ° A
On B I ranging O—O0 Sense

AN

% O0—0 Force
IDAC
Oy OF F
16 5it | DAC >
ON
AD Board
Measure |
e
17 bit ADC -——*0}
Measure V

Figure 1 (a). SMU Block Diagram

£
¢
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The SMUs have separate Force and Sense terminals,
allowing Force and Sense lines to be extended separately
(Kelvin connections) up to the test device. This eliminates
the effects of contact and cable residual resistance on
measurement accuracy. Each Force and Sense terminal has a
guard conductor to reduce leakage current, thus ensuring
accurate low current measurements. Force and Sense
terminals are connected internally by a resistor, allowing
sensing and forcing via a single cable (non-Kelvin
connection). SMU output is disabled by an output relay
when the HP 4142B is turned ON, or by program commands
to prevent damage to DUTs.

Table 2 lists SMU output voltage, current compliance, filter,
and output relay settings, at POWER ON, and when the
HP 4142B is set to the output enable state or the Zero Output
state.

As Figure 2 (a) shows, you can set each SMU to function as
a voltage source/current monitor by specifying V source
mode, or as a current source/voltage monitor by specifying |
source mode. In this equivalent circuit, the HP 4142B cannot
measure current when in I source mode, and cannot measure
voltage when in V source mode.

Figure 2 (b) shows an equivalent circuit that allows current
to be measured when in I source mode, or voltage to be
measured when in V source mode. This circuit is only

available when you use the TV or Tl commands, or when
using the ASM command during Analog Feedback Unit
(AFU) measurements. For example, when using the AFU to
determine FET threshold voltage Vg, the AFU changes the
FET gate voltage until a target drain current value is reached,
and then measures the gate voltage to determine the
threshold voltage.

You can specify the current measurement range when the
SMU is in V source mode. If you do not specify the range, it
is determined by the current compliance. Therefore, if the
current compliance is large, the measurement resolution will
be low.

Be aware of the following when making current
measurements during a voltage sweep.

(1) For staircase voltage sweeps, AUTO ranging for
current measurements is available, allowing a wide
range of currents to be measured automatically. A
maximum of eight channels can be measured at the
same time.

(2) For pulsed voltage sweeps, only fixed range current
measurements are available. The current measurement
range for one sweep is limited to about 4 decades, so if
a high fixed current measurement range is used, low
current measurement resolution will suffer. Only one
channel can be measured at a time.

IseT <O

l tcomp

@
|

dWooA -

~ lcomp

Output relay

O O O
Qutput relay

Figure 1 (b). Compliance

Table 2. SMU States

oV
(@20 V @100 pA ON Open
range range
oV 100 pA
@20 V @100 pA ON Closed
range range
If I range is
1 mA~1 A: 100 pA
ov (@ 100 pA range. Does not
(range does It I range is change Closed
not change) 1 nA~100 pA:
Full-scale
present | range.

Figure 2. SMU Equivalent Circuit



2.2 Operation Speed Concepts and
Optimization

Figure 3 shows a breakdown of the execution time elements
r setting HP 4142B output and making measurements. T
\about 2.5ms) is the time required to transmit the command

from the controller to the HP 4142B, and convert the code
into HP 4142B internal code. T; and Tj; are the actual setup
times, and vary depending on the voltage or current range,
output changes, and the filter ON or OFF status.
Measurement time T4 varies depending on the voltage or
current range. Ts is the time required for the measurement
data to be transmitted from the HI’ 4142B to the controller,
and is about 1.3ms for ASCII format.

T, is the time it takes to change from one range to another.
Voltage range changes take about 3ms, independent of the
range. Current range changes depend on the range as listed
in Table 3. For example, to change from the 1A range to the
1nA range takes about 36ms, which is about 1/3 that of
previous equipment (HDP 4141B).

Setup

T T2 T3
[ Y- TAP S

{ 4 It )
r t 1 T 1

Mg Comenand Range-changing and Wall nme
command convarsion DAC setup
transmission
Measurement
TS
T T2 T3 T4 — | Img—>
{ASCID)
t ! 1 1 {
] T ¥ T T M 1
HP-B Command Range changing and Wait tme: Measurement Data
command convarsion DAC setup i Aveeaging! transfer

transmisson

Figure 3. Execution Time Elements

Unit: ms

Table 3. Current Range-changing Times

13 17 25 | 29 36
13 10|12 |14 | 16 | 20 | 23 | 27 | 31 |
15 | 10 110 |12 | 14 | 18 | 21 | 25 | 29
17 [ 12 | 10 1012115 | 19 | 23 | 26
19 | 14 | 12 | 10 |~ 10 | 13 | 17 | 21 | 24
21 | 16 | 14 | 12 | 10 115 | 18 | 22
25 | 20 | 18 | 15 | 13 | 11 1 | 15 | 18
29 | 24 | 21 |19 | 17 | 15 | 11 || 11 | 15
32 |27 | 25 | 23 | 21 | 18 | 15 | 11 11
36 | 31 | 20 | 26 | 24 | 22 | 18 | 15 | 11 |

“onditions: DI4, 0, I, 10 (I is Full scale) is executed, and a resistor
is connected so the output voltage is 1V.

Ty is the time it takes for a digital value input to the DAC to
become a stable analog value at the SMU output. For current
(IDAC), the wait time ranges from 0.1ms to 328ms (see Table
4), depending on the combination of the voltage and current
ranges. For voltage (VDAC), the wait time ranges from 5ms
to 500ms when the SMU filter is ON.

To decrease noise effects, use the averaging function (Ty).

Three averaging modes are available — AUTO, MANUAL,
and POWER LINE CYCLE. To assure accurate HP 4142B
measurements, a minimum number of samples is required.
For voltage measurements, required minimum samples is 1.
For current measurements, required minimum samples
depends on the voltage output range and the current
measurement range. In AUTO mode, the HP 4142B
automatically guarantees that the minimum required samples
are taken by multiplying the number of samples you specify
by the required minimum samples.

actual number of samples taken
= (required minimum samples) (specified number of
samples) -

In MANUAL mode, the number of samples you specify is
the actual number of samples taken, so you must be sure
that the required minimum samples are taken.

In POWER LINE CYCLE mode, 32 samples are taken and
averaged for each line frequency period that you specify. For
further details about averaging, refer to the HP 4142B
Operation Manual, Chapter 3.

To increase output and measurement speed, observe the
following points.

(1) Do not use a high voltage or low current range unless
necessary: A 2V to 40V range or a 100pA to 1A range is
recommended.

(2) If the voltage and current output values are changed
simultaneously, extra waiting time is needed.
Compliance changes should be minimized.

{3 If commands are stored in HP 4142B program memory,
T (2.5ms) can be reduced to about Ims.

Table 4. Wait Time after Changing IDAC ~ Unit: ms

(12) (10)

5 5 5 | s 5
(29) (56) 87) (178) (328)

Conditions: IDAC changes from 0 to Full scale.
() means Filter ON.




2.3 Using Pulse Mode to Reduce ] |
1 eat generating
Thermal Drift s 4R
This section describes the relationship between pulse mode //// ////
input and the temperature rise at a junction. x(t)
Let's assume that power pulse Py (Figure 5 — pulse width t l
and period T) is applied to a device. The device model is
cubic (Figure 4), and the section that generates heat due to
power application is S in cross-sectional area and x in
thickness. If all heat is assumed to be dissipated in the
longitudinal direction, then the transient thermal resistance
Ry, and the thermal capacity Cy, can be expressed by the
following equations. Figure 4. Device Model
1
R(t) = — ———
P S ;
Duty Ratio =
Cwl() =c-0-S-x et — T
Po
where, »: Thermal conductivity
¢ Specific heat
o: Density
If power P, is applied for t seconds, the temperature rise
AT; at the junction is expressed by the following equation. T
AT, = Ry Py = Po-x
x5 Figure 5. Power Pulse
o Port Lot
Cen c e 5-x Table 5. AT, at, Py=10W, n=100, t=1ms
Xt ot

Therefore, the relation between the transient thermal
resistance Ry, and the pulse width tis as follows:

g Rip (D xoc V't

The temperature rise AT, at the junction when one power
pulse is applied is the product of Ry, and the power.
Accordingly, the above equation shows that AT; is
proportional to the square root of the pulse width.

The temperature rise at the junction when n pulses are
applied is expressed by the following equation.

300

100

t
ATy =Dy {i?Rth (D +Ren (8 }

Table 5 lists AT; values as calculated by using various values H
in the above equation. For this calculation, the relation
between the pulse width and Ry, need to be known. Figure 6
shows a graph of pulse width vs. Ry, when the device is a
power transistor (in TO-126 package). Using the HP 41428, »
you can set the duty ratio to a minimum of 0.2% (pulse -
width = Ims and period = 500ms). As listed in Table 5, AT,
is less than 10°C when the duty ratio is less than 1%.
1;heref(1r§, ?se pulse mode when it is necessary to reduce O‘IO.OOI oo ol | 0 '00' 1000
thermal drift.

R (°C/W)

Pulse width t (sec)

Figure 6. Ry—t Pulse Width Curve



2.4 Analog Feedback Unit (AFU) Usage

(1) Hardware configuration and
description

Analog search measurements are performed by using an
AFU and two SMUs. The AFU provides precision control via
a feedback loop to obtain a previously specified target value
at the DUT output. :

Figure 7 shows a block diagram of the measurement circuit.
Unless specified otherwise, the DUT is a bipolar transistor.
Operations of each module are as follows:

(1) Search SMU
The search SMU forces a voltage modulated by AFU output
to the base @.

(2) Sense SMU

The sense SMU forces the specified voltage to the collector,
and measures collector current. The sense SMU transmits
monitored output to the AFU ®.

(3) AFU

The AFU consists of a reference DAC (target value), an
error amplifier that compares reference DAC output to the
monitor output from the sense SMU, and an integrator. The
integrator operates in one of two modes — ramp-wave
voltage generation mode or analog feedback mode. Figure 8

shows how these two modes are inter-related. Analog
feedback mode is switched to either positive or negative by
the error amplifier.

Immediately after the measurement starts, the AFU
integrator outputs a ramp wave to increase DUT base voltage .~
from the search start voltage at the specified ramp rate.
When the collector current approaches the specified target
value, the integrator is switched to analog feedback mode. At
this point, overshoot occurs at the DUT input and output
due to delayed target value detection and the switching time
of an internal switching circuit (about 20us). Negative
feedback is used to settle the collector current to the target
value (time constant t4y determined by AFU integrator and
DUT gain).

During negative feedback, oscillation may occur due to the
DUT frequency characteristics. To prevent this, the feedback
integration time should be set to 75 as described later.
Parameter setting procedures are as follows.

(2) Parameter value calculations

When the AFU is used, the important parameters are the
feedback integration time, ramp rate, and delay time.

These three parameters all have default values, so if you do
not specify them, the default values are automatically set. If
an error, such as oscillation occurs, input the optimum
values, as determined by one of the following methods.

e m — = — = = -

A Analog Feedback

—

_________________ q

Positive :]
/ Target Value ' e
i |

Reference DAC |

Ramp Negative

Search Mode

|

|

!

|

|

|

|

!

| Integrator
[ -

Search channel SMU

+ o—-my
Vo
Error AMP I 5 | |
AFU
MONITOR i
port {
_________________ ]

Sense channel SMU

Figure 7. AFU Block Diagram




Analog feedback
Ramp mode  mode

x
X

________________ Stop voltage

(DUT input)

Search SMU
Base voltage @
Ramp rate
______________ Start voltage
(DUT output) Sense SMU

Collector current (®

— — — Target value

Note: Figure 12 shows the actual waveforms.

Figure 8. AFU-Related Waveforms

(1) Use the Control Software parameter calculation
subprograms (Para._vth, Para__ hfe) to calculate the
optimum parameter values for Vy, and hgg
measurements, respectively.

(2) Understand the basic principles, and calculate the
optimum parameter values.

Method (1) is recommended. For these subprograms, refer
to the HP 4142B Control Software Manual. Method (2) is
described next.

Figure 9 (a) shows a model of the measurement circuit in
analog feedback mode. Note that time constant 7, shown in
Figure 9 (a) differs from time constant 7, in Figure 7. The Tar
time constant includes the effects of the SMU and error
amplifier gain.

Figure 9 (b) shows the frequency characteristics of this

circuit. Gy (curve II) is the gain from (© to ® in Figure 9 (a),
and is equal to the product of the integrator gain G and the
DUT gain. The feedback gain f3 (gain from ® to (© in Figure 9
(a)) is 1, therefore the closed loop gain (Gy) can be expressed
by the following equation.

Gr=Y1 . Gu _ G
m=— =
Vet  1+Gyf 1+ Gy

This loop will be stable if the phase shift is 180° or less
when Gy-fis 1. Therefore, the feedback integration time 745
should be set so that the phase shift is 180° or less when Gy
= 1(0dB). In Figure 9 (b), f; is the frequency when the
integrator gain is 0dB, and f; is the frequency when Gy is
0dB. The solid lines in Figure 9 (b) are asymptotes for the
actual frequency characteristic curve Gy = Gy/(1 + Gy), and
f; is the frequency at which Gy = —3dB. If the DUT
frequency characteristic curve extends past f; without
attenuation, then the phase shift at {; is 90°, so the loop will
be stable.

The feedback integration time is an AFU parameter, and
should be set to the time constant t45. Feedback integration
time determination is described in Table 6.

The ramp rate determines the slope of the ramp wave that
is input to the DUT. If the ramp rate is set too high, the
overshoot will be large and current compliance may be
reached, or the measurement time will be increased because
it will take longer for the value to settle to the target value. If
the ramp rate is too low, it will take longer to reach the target
value, thus increasing the measurement time. Set the ramp
rate to the optimum value as described in Table 7.

After feedback starts, the HP 4142B waits 100us or the
feedback integration time, whichever is longer. This allows
time for the DUT output value to settle within target value
tolerance, and also takes into account the delay due to an
internal switching circuit (about 20us). After this, the HP
4142B waits the specified or default delay time before mak
a measurement. The delay time should be set long enougl
handle a long DUT output settling time.

Tables 6 to 8 describe how to determine the feedback
integration time, ramp rate, and delay time, respectively.

(a) Circuit model

Vset

Vger: Target value
Agu: DUT gain
Vi: Monitor output

(b) Frequency characteristics
G
i Integrator gain {—6 dB/oct}
Il : Open loop gain
Il Closed loop gain
|
~ ~
N N
~ ]\Adut S
I~ AN
~
I ~ h ~ L
0dB e &~ Vset
Y i
~
; | ~
fy = i ™
! 2ATaF | : ~ R
~
N 1 |
f. Daw i |
2 2T Tar n log t
fi fz

Figure 9. Analog Feedback Mode Circuit Model and Frequency Characteristics



Table 6. Feedback Integration Time Determination Method

If the feedback integration time is set to approximately Tap, the loop will be stable. To determine T5g, you must first
calculate the time constants as determined by various parts of the system, and then choose the maximum value as shown
by the following equations.

TAF = ZAdut T111;1x:80Tmax
where T = Max{1}, To, 73, Ty, T5}

Calculations of the 5 time constants and Adut are shown below. DUT and SMU characteristics are necessary for the
calculations.

Search channel SMU time constant calculation

(i) Determined by DUT input resistance
This time constant is determined by the SMU frequency bandwidth, and the ratio of the current range
resistance and the DUT input resistance.

1 Rrs 32]bmax
T = .. — T2 = —— :
T S M n

where f,: SMU frequency bandwidth (200 kHz)
R,s: Search channel SMU current range resistance (=1/1.,)
I.: Full scale of the search channel SMU current range
[hmax: Maximum base current (= [/hggmnin)
Ryn: DUT input resistance

(ii) Determined by the current range and DUT input capacitance Ciy
Select the proper 1, value from Table 6-1.

Table 6—1. 1o Determination Table Unit: us
el inA [ 10nA [ 100nA | 1uA | 10pA [ 100pA | 1mA | 10mA | 100mA | 1A
20 18 | 13 12 1 20 5.3 1.7 0.9 0.8 0.8
1000pF | 200 80 45 32 | 23 7 2 | 1 | o8 | o038

5]

Sense channel SMU time constant calculation
This time constant 13 is determined by the current range.

Select the proper 73 from Table 6-2.

Table 6-2. 1y Determination Table Unit: us
Range | 1nA | IC 100nA | 1uA | 10pA | 100pA | 1TmA | 10mA | 100mA | 1A
n 60 25 25 16 11 3 3 3 3 3

DUT time constant calculation

(i) Determined by the hgg frequency characteristic

hﬂjmax T4

where fr: Frequency when hyg = 1

(ii) Determined by the base-colfector capacitance Cy,
— 72”7Cbc
IY'IN

T5 = 2 er . Cbc

where R.,: Current range resistance of the sense channel SMU (=1/1m)
I, : Full scale of the sense channel SMU current range

(iii) DUT gain (See Figure 9.)
Adm = &m "’ er = 4OIL er = 40 /\dut

‘ 2
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Table 7. Ramp Rate Determination Method

Calculate the four ramp rates indicated below, and select the minimum value.

RS = Mm{RSl, RSz, RS';, RS4}

For preventing current compliance from being reached

(i) Determined by search channel SMU

When a ramp voltage is applied, current will flow into the DUT base and from the search SMU output to
COMMON via capacitance Cyy. This combined current should not reach current compliance. As listed in Table
7-1, the appropriate ramp rate value RS, is determined by the DUT input capacitance Cyy and the current
range.

Table 7—1. RS; Determination Table Unit: V/ms

RS,

(ii) Determined by the sense channel SMU
If ramp rate is determined by the following equation, current compliance will not be reached when overshoot
occurs.

Ltgm RS D = I (1440 - RS, - D) = Loy
The above equation yields the following equation.
RS; = (leamp/I.—1)/(40 - D)
where D: Time required for switching from ramp-wave voltage generation mode to analog feedback mode (13,
T,, or 20ms, whichever is larger in Table 6).

I.: Collector current target value
Leomp: Sense SMU current compliance

RS,

For suppressing overshoot

(i) Determined by DUT collector-base capacitance Cp,
Calculate a ramp rate that keeps the current flowing in Cp. much smaller than I, as follows.

I
100 - Cyoc

-
3

where I Collector current target value
100: This factor makes the current flowing in Cy, less than 1% of I..

RS;

(ii) Determined to minimize the settling time
If RS, is determined by the following equation, the combined ramp-wave generation period and analog
feedback period is minimized.

§ Vo Ve |
RSy = \/ Tap- D

where V.,: Ramp wave start voltage
VWP: Ramp wave stop voltage
D is the switching time described in RS; (above).

RS,




Table 8. Delay Time Determination Method

(3) Parameter calculation example

(a) Bipolar transistor
Here, we’ll use the AFU to measure the hgg of a bipolar
transistor with the characteristics shown in Table 9.

Table 9. Bipolar Transistor Characteristics

ok
200 MHz

5V 1 mA 100 300 8 pF 4 pF

}

(1) Current range determination

To increase the measurement speed, the specified ramp rate
should be as high as possible, and for analog feedback T, = 6
Tap/ Agu should be as small as possible. To make T, smaller,
decrease Tap = Agu/277f: by making the frequency bandwidth
f, as large as possible. Table 6 shows that 7,r decreases if the
current range increases. Therefore, make the current range
as high as practically possible.

To allow an increased ramp rate, make the sense SMU
current compliance/target value ratio as high as possible.
Don’t make the ratio too high, however, or the target value
setting accuracy will be too low.

After feedback starts, the HP 4142B waits 100us or the (i) Overshoot recovery time
feedback integration time T,p, whichever is longer: this | The slew rate during this time is 8/7ap.
time is referred to as T4,. This allows time for the DUT v RS-D- 1ar
output value to settle within target value tolerance, and T, = ! = AF T Py
also takes into account the delay due to an internal 8/7ar 8 Cg
switching circuit.
Tao = Max (100 ps, Tap) (ii) Settling time .
As shown in Figure 9 (a), the closed loop bandwidth is
To determine the delay time Ty, there are two factors to f2 = Aque/27TaF- The transient response time Congtant 18
be considered: one is the overshoot recovery time Ty, T = 1/2xt,. The time required to come within 0.1% of
and the other is the settling time T, in the analog the target valueis 6 7.
feedback mode. Iherefore,
- TAF
-~ T, = 6 ~AE
Id N TX + Tz : Adut
; calculations ¢ iz i )
Ty and T, calculations are shown on the right. Figure 10 shows sense SMU monitor output Ty and T,.
If:
Figure 10. Sense SMU Monitor Output Ty and T,
Td > Td()
T,
specify Ty as the delay time.
1f:
Td = Tdn
set the delay time to 0 (default value).
T

Considering the previous paragraphs, the sense SMU
current range full scale (FS) value should be 1.15 to 10 times
the target value.

The current range is determined by the current compliance
value l.omp. Therefore, current compliance should be set as
determined by the following equation.

FS-0.115 < loymp = FS-1.15

To specify a current range, use a current compliance value
that is 1.15 times the full scale value of the range. In our
example, the target value is ImA, so 1.15mA should be
specified for the sense SMU current compliance.

For the search SMU, the current range should be set
according to the I, value, which is determined by the
following equation.

lbm:\x - Ic"/}"l*'l’min = 1 mA/100 = 10 MA

To set the search SMU current range, set the current
compliance in the same way as you did for the sense SMU.
For example, to specify the 10nA range, set current
compliance to 11.5pA.

10 —
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(2) Search start and stop voltage determination

The forward bias voltage of a bipolar transistor ranges from 0

to 1V. Therefore, set the start voltage and the stop voltage as

follows:
Start voltage: 0V
Stop voltage: 1V
(3) Feedback integration time determination
Calculate 7y to 15 using Table 6.
71 = 32 ymax/Ies = 32-10 pA/10 pA = 32 us
T, = 20 us (Ciy = 8pF, which is less than 100pF, so
use the 100pF row and 10 pA column in Table
6-1 to determine 7,.)
3= 3 us
Ty = Npgmax/ (270 £) = 300/27- 200 - 10° = 0.24 ps
Ts = 2 Cpo/ln = 2-4pF/ImA = 8 ns
Therefore,
Tar = 80 - Tpax = 80-32 us = 2.6ms

(4) Ramp rate determination
Calculate RS, to RS, using Table 7.

RS; = 280 V/s (Cjy = 8pF, so use the 10pF row.
Current range is 10 uA).
RSy = (leomp/le—1)/(40 - 17)
= (1.15/1-1)/(40 - 32 us)
=117 V/s
RS; = I./(100 - Cy,.) = TmA/(100 - 4pF)
2.5%10°V/s
V' 8+ | Vitop= Vstart [/ Tar- D
V'8-]1.0 — 0 /2.6ms-32 us
=9.8x10° V/s

i

i

RSy

i

From the above values, pick the minimum value as the
ramp rate.

RS = min{RS;~RS;} = RS, = 117V/s

(5) Delay time determination
Determine Ty and T» from Table 8.

T] = (RS -D- TA}:)/S
=117V/s-32 us-2.6ms/8 = 1.2 us
Ty = 6 tap/Agqur = 6-2.6ms/40 = 390 us
As described in Table 8, Ty, = 7o = 2.6ms,
Ty =Ti+T, = 391.2 ps < T4, = 2.6ms

Therefore, the delay time should be the default value (0s).

(6) Programming example
(i) Using HP-IB commands to specify parameters

11—

Figure 11 shows an example program for measuring the
base current I}, (for calculating hyy) of a bipolar transistor
using the AFU and two SMUs. This program sets the
parameteérs that were calculated previously. Figure 12 shows
waveforms related to Figure 11 program execution.

In Figure 11, Channel 3 is the source SMU (line 80- ASV2®
and Channel 2 is the sense SMU (line 90—~ AVI12). Line 80 ¢
the source SMU parameters — source start voltage, source
stop voltage, ramp rate, and current compliance. Line 90 sets
the sense SMU parameters — collector voltage, target
current, and current compliance. Line 100 sets the search
operation mode, search measurement mode, and feedback
integration time.

If the DUT input and output are directly related, set the
search operation mode to negative feedback search; if the
DUT input and output are inversely related, set the search
operation mode to positive feedback search. The default
setting is negative feedback search. Our DUT is a transistor,
so DUT input (base voltage) and the target (collector current)
are directly related. Therefore, line 100 sets the search
operation mode to negative feedback search.

You can specify one of four search measurement modes
depending on the combination of search and sense SMU
measurements that are necessary. For hgg calculation, we
need to measure the base current I, so line 100 sets search
measurement mode 2, which. measures search SMU current
Iy. For further details, refer to the HP 4142B Operation
Manual.

Line 110 specifies that this is an analog search
measurement. Line 120 triggers the measurement. Line 131
transfers the measurement data from the HP 4142B
measurement data buffer into the controller as an ASCII
string. Line 132 converts the ASCII string (removes header)
so it can be displayed as the measurement value. Line 134
displays the measurement value 1.

(ii) Using the library subprograms to specify parameters.

The furnished software contains subprogram Para_._hfe
calculating AFU setting parameters (feedback integration
time, ramp rate, and delay time) for hgg measurements.
Figure 13 shows an example program that uses this
subprogram. Lines 64 through 72 assign the current
compliance value, search start and stop voltages, maximum
and minimum hgg values, input capacitance Cyy, and
teedback capacitance Cy,. Line 80 calls the subprogram that
uses these values to calculate the feedback integration time,
ramp rate, and delay time (Tau, Rs, Dt).

62 !

63 1

79 !

8¢ QUTPUT 8Hp4142;"ASUZ 0,1 117 11 ,5E-B"
Ll QUTPUT BHp4142;°AVI2 5 1E-3,1.15E-3"
100 OQUTPUT BHp4142;"ASMI 2 2. BE-3"

e OUTPUT BHp4142; "MMB"

120 OUTPUT B@Hpd 1425 XE™

130 !

131 ENTER @Hp4142;A%

132 Ib=UAL{ASI4,15])

134 PRINT Ib

138 !

136 !

137 !

Figure 11. Programming Example (hpp) Using HP-IB Commands



(1) Search start and stop voltage determination
The following search start and stop voltages should allow

Upper waveform: Output to transistor base (0.2 V/div) Vi to be reached.
Lower waveform: Transistor coliector (AFU Monitor port)
_ ~ (5Vrdiv) Start voltage: 0V
Horizontal axis: 2ms/div Stop voltage: 2V ™
o

{2) Current range determination

To determine Vy,, it is not necessary to measure the search
SMU current, therefore set the current range as large as
possible to increase SMU response speed. We will set current
compliance to 11.5mA to select the 10mA range.

For the sense SMU, select a current range using the same
principles as described for bipolar transistors. Set the current
compliance value to 11.5pA to select the 10uA range.

3) Feedback integration time determination (see Table 6)

e Assuming that the FET input resistance is very high, then
Ibmax = 0, thus 7y = 0.

(s = (v = 3pF, which is less than 100pF. Current range
= 10mA. So using Table 6-1, 7, = 0.9us.

®The sense SMU current range is 10uA, so using Table 6-2,
Ty = l]/.LS

o7, does not apply to FETs.

o for an FET corresponds to C,. for a bipolar transistor, so

Figure 12. Waveforms Related to Figure 11 Program Execution
75 = 2 Cie/Lin = 2- 1.3pF/10 A = 0.26 pus

Line 90 sets the search SMU, and line 100 sets the sense ® Assume that the DUT gain in the subthreshold region is 40.
SMU. Line 110 performs the I, measurement, and line 120 ’
displays the measurement value. Therefore,

Tar = 80 Tray = 80 - 73 = 0.88ms

Sg : (a) Ramp rate determination (see Table 7)

64 lcmax=1.1SE-3 (55 = Ciy = 3pF and the search SMU current range is

G etennr 10mA, so using Table 7-1, RS, = 280V/ms = 280 x 10’V/s
§7  Hfemin=100 o) = max (1, 1, 20 us) = 20 us, and using 1d for Ic,

68 Hfemax=300
e Ft=2,00£+8

71 Cin=8.E-12 RS; = (Lomp/lg—1)/(40 - D)
72 Cbe=4.£-12 — .
75 e —(11’.5/107 1)/(40 - 20 us)
80 Para_hfe(S,).E-3 Icmax Vstart Ustop Hfemin,Hfemax Ft Cin Cbc,Ib. = 188 V/s
IThmax ,Tau, Rs Ot}
92 Set_asource(3,Ustart Ustop,Rs,!.E~3,0t, Thmax) . . .
188 Set_amonitor(2,1,5,1.E-3 Icmax) eUsing C, and Iy for Cp. and 1.
e Measure_asearch(! 2 Tau,Ilb_meas)
120 PRINT Ib_meas )
137 1 RS; = 14/(100 - C) = 10 pA/(100- 1.3pF)
e =77x10° V/s

Figure 13. Programming Example (hpp) using Furnished

Subprograms RSy = V' 8" | Viop—Vatart | /Tap - D
=V 8-2/0.88ms - 20 us
= 30x10% V/s.
(b) FET
Here, we'll use the AFU to measure Vm of an FET with the From the above values, plck the minimum value as the
characteristics shown in Table 10. ramp rate.
Table 10. FET Characteristics RS = min{RS,~RS,} = RS, = 188 V/s




(5) Delay time determination
Determine T and T, from Table 8.

Ty = RS-D - 14r/8 = 188V/s-20us - 0.88ms/8
=3.3 us
Ty =6-7ar/Aque = 6-0.88ms/40 = 132 us

As described in Table 8, Ty, = tar = 0.88ms, so
Td = T1+T2 = 1353 ,LLS<TdO = (.88ms
Therefore, the delay time should be the default value (0s).

(6) Programming example

Figure 14 and Figure 15 show programming examples for
specifying parameters using HP-IB commands and furnished
library software subprograms, respectively. For explanations,
refer to the previous bipolar transistor programming example
paragraphs.

70 i

80 OUTPUT BHp4142;°ASU3,0,3,188,11.5E-3"
39 OUTPUT @Hpd142:"AVIZ .6, 1E-5 11.56-6"
100 QUTPUT @Hp4142;"ASMI 1, 0.88E-3"

118 QUTPUT BHp4 1423 "MME"

120 QUTPUT @Hpd142;"XE"
120 !

132 ENTER 8Hpd4142;A%
138 Uth=VAL{AST4 [ 15])
138 PRINT Uth

137 !

138 !

139 |

Figure 14. Programming Example (V) using HP-1B Commands

62 s

653 !

70 t

8@ Vd=6

30 Id=1.E-G

10@ Idmax=1,15+14d

110 Ustart=0

12e Vstop=2

130 Igmax=1,15E-2

151 Cin=3.E-12
Cgd=t.3E-12

'

134 Para_vthiVd, Id, Idmax,Ustart Ustop,lgmax O

i35 Set_asourca!(d VUstart Ustop Rs, 1.E-3,
136 Set_amonitori? 1, Ud, 1d, ldmax)
137 Measure_asearch() 1 Tau Uth)

138 PRINT Uth
141 1
taz oo

Figure 15. Programming Example (Vry) using Furnished
Subprograms

(4) AFU operation tips

(1) Changing parameters if errors occur

[f the feedback integration time, ramp rate, and delay time
are not specified, the following default values are
automatically used.

Feedback integration time = 5ms
Ramp rate = 500V/s
Delay time = (s

Usually no errors {oscillation, etc.) will occur if the above
settings are used. However, if errors do occur, change the
parameters as follows.
olf the target value is not reached, make sure that the start

and stop voltages are appropriate.

#Set the ramp rate to 10% of its present value.

®Double the feedback integration time.

o[f the measurement value (I. or Iy) is not within 2% of the
target value, repeat this sequence.

(2) Measurement range selection
eSense SMU!

To ensure accurate measurement sensitivity and a
reasonable settling time, set a moderate current compliance/
target value ratio. The recommended ratio is 1.15 to 10.

®Search SMU
To increase measurement speed, set the highest current
range that still allows an acceptable resolution.

3) AFU MONITOR port

You can monitor the sense SMU measurement output at the
AFU MONITOR port. If a low current range (less than 10pA)
is set, no overshoot may be observed at the AFU Monitor
port due to measurement circuit delay?, even if overshoot
occurs. Therefore, even if no overshoot is observed, do not
set the feedback integration time too short or the ramp rate
too high.

U If the condition indicated below is satisfied, change to the next
higher range.
Target value > Range full scale and
Current compliance value > Range full-scale x 1.15

 The measurement is not affected by this delay because it is
corrected by the AFU error amplifier.



3. APPLICATION EXAMPLES

3.1 Characteristic Curve Measurement
Methods for Bipolar Transistors and
FETs

Table 11 shows the force modes, measurement circuits,
relevant HP-IB commands, and relevant library subprogram

names that are necessary for performing various
characteristic curve measurements.

Figure 16 shows the test fixture, DUT, and controller

connections for measuring characteristics curves.

Table 11. Characteristic Curve Measurement Methods

Note: lg and I cannot be mea-
sured at the same time.

Bipolar transistor FET HP-IB command |Subprogram name
WV
Staircase sweep Wi Sweep__iv
(from low to WSV Sweep...miv
le—Vee la—Vas : f
medium current WSI Set _iv
region) WT Sweep...mode
WM
Wv
Staircase sweep W Pulse v
with pulsed bias WM Pulse ’,J
(high current F;/ Sw:e(;tﬁ;:/bias
region) - o
WV
Staircase sweep Wi Sweep._iv
lo Ve (from low to WY Sweep..._miv
la—Vee la=Vas medium current WSI Set_iv
hre—lc region) WT Sweep__mode
WM
le
Pulsed g ® 7
! ulsed sweep .
! (high current Ver @ l Vee ZWV s Set ,,,pr‘
region) T <7 Wi weep. . piv

— 14 —
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3
5
F

Table 11. Characteristic Curve Measurement Methods (continued)

Bipolar transistor FET HP-1B command | Subprogram name
la
v Pulsed sweep PWV .
Om™ Igs (high current vy Wi Set,,,pw.
Im g region) I Vas Sweep.._piv
V sal
CH It) Pulsed spot I Ol PV ou
v -© (high current 1 P Pu lse, V
BE(saln)  region) PT ulse__.I
(a) General connections
HP 41420Ax1 (SMU 1)
Module configurationi HP 41421Bx2 (SMU 2, SMU 3)
HP 41425Ax 1 (AFU) HP 9000 Series 300 Computer
P c—————
7 ™

HP 16058A Test Fixture

HP 4142B Modular DC Source/Monitor

o0
°a

o O

=3 0

GNDU Cable
04142-61632

@ w s

N ¥ oo

Sense Terminals are not used.

Triaxial Cable
16058-61603

(b) HP 16058A test fixture connections

Short-circuit the SMU1 and GD1 terminals before using the GNDU.

SMUEL BDE SMUZ

QQQQE@ D00 0000000

O 000

,O‘
VO..
_Ov
-O-

[CHONOR

L TRANSISTOR
-

Figure 16. Test Fixture, DUT, and Controller Connections
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3.2 GaAs MESFET Characterization

Figure 17 shows that a GaAs MESFET has 3 electrodes
(source, gate, and drain), a thin active layer, and a semi-
insulating GaAs substrate. GaAs MESFETs can operate at a
high frequency, and are thus used in microwave

oplications. GaAs MESFETSs are very small, and the thermal

onductivity is very low (about 1/3 that of silicon), so heat
generated by high voltage or current application causes
problems. Using the HP 4142B’s pulsed output, Iy — Vy;
characteristics in the high current region can be correctly
measured because thermal drift is reduced.

Figure 18 shows a CURTICE model that is often used in
circuit simulations for MESFETs. The rising edge drain
current I4 is a hyperbolic function (tanh) of Vs, which
determines electron velocity saturation.

Sweep measurement techniques can be used to determine
the circuit model parameters and the following property
parameters.

K. Gain factor

*Vro: Threshold voltage

*R., Ra, Ry: Ohmic contact resistances

on: Ideal factor of Schottky junction

L Saturation current at the Schottky junction
Vi Built- in potential

*Nn:  Active layer electron density

sa: Active layer thickness
* uo  Active layer electron mobility
*Em: Mutual conductance

*Faint Minimum noise figure

(1) K and Vyo measurement

Figure 19 shows the K and Vyo measurement circuit. The
device is a depletion-type FET. Apply about .05V to the
drain, then perform a staircase sweep of the gate voltage,
and measure the drain current for each step.

Plot measurement values on the Vi — V.. graph (Figure
20). The gain factor K is the slope of the straight line section,
and the threshold voltage Vo is the voltage where the
extrapolated straight line intersects the x-axis (V).

VT() = —3.5V

16 —

Active )ayer 1\ N

Semi-insulating substrate

Figure 17. GaAs MESFET Structure

Drain

Rg
Gate O——-AA—@
L
Rs
(la=0 Voo b Voo < 9
<i =K (Ve b V)71 +2V,00 stanhia l

Source

Figure 18. GaAs MESFET Circuit Model

v

feE-30

JIBY o e R e e

128 |-

VID

-3 -2 -1 S
Vie £80

Figure 20. K, Vo, Extraction
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(2) Rs, Ry, and Ry measurement

Figure 21 shows the R, measurement circuit. With a 100pA
gate-source current, staircase sweep the drain voltage, and
measure drain current and gate voltage. Plot the measured
values on the V. — I graph (Figure 22). R, is the slope of the
straight line section. To determine Ry, switch the positions of
SMU2 and GNDU, and perform the measurement in the
same way.

Figure 23 shows the R, measurement circuit and results.
With Iq = 0, pulse sweep the gate veltage from OV to 1.2V
and measure I,. Plot the results on an I, — Vg graph and
determine the slope of the straight line section shown in
Figure 23. This slope is the sum of R, and R,. Subtract R,
from this number to determine R,.

(3) n, Igsr Vbi/ NNr and a
The current density at the Schottky junction between the
gate and the source is expressed as follows:

_ % 2 qvbl } [ qvgs }
= A*Toexp | - 4YVE 9V
J P [ kTP kT

where A*: Effective Richardson constant (8.7 A/cm?/K?)
n: Ideal factor
Vi Schottky barrier built-in potential

The measurement circuit is the same as Figure 23, except
the gate voltage sweep is a staircase sweep instead of a pulse
sweep. For this measurement, the low current region is
important, so pulse sweep is unnecessary.

Plot Log Ig — Vgs as shown in Figure 24, and n is
determined by the slope of the straight line section. I, is the
current where the extrapolated straight line intersects the y-
axis (Ig).

n=1.197
Lo = 3.13X107 12

The built-in potential Vy;, electron density Ny, and active
layer thickness can be calculated from ls, the channel length
L, and the channel width W, using the equations in Table 12.
Assuming L. = 1.5um and W = 1,500um, these parameters
are calculated as follows:

3.7 - 2.15. -8
Vi = 26X10 %In {57 300°-1.5-1500x10 }

3.13%x107 12

=0.763 V

N = exp [70.763:—7 0.706

= ] =8.96 (10"/cm?)
0.026 .

Table 12. Vy, Ny, and a Equations

Vo, = 51.“,(,/% LW
q . g .
Vi, —0.706
Ny = e _Yhi gl
v o [T |
_ Vol + Ve
ATV 723 Ny

J SMU2

D
A Id

G
SMU3

Vds

S
Iq Vgs Sweep

GNDU
v v &

Figure 21. R, Measurement Circuit

YGS5 —-1ID
(xE~3)
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-~ — "]
> __,_.—.—tif—‘_'—‘
— b Rs
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S see
>
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5] 280 44 215}
ID (R (xE-3)
Figure 22. R, Extraction
IG -VGS
(XEEBE)
/
59 [

16 (A3
3
j\b_\
E

o ] 8

- -9 1.2
VaE W txED

Figure 23. R, Measurement Circuit and Extraction
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Figure 24. L., n Extraction







where K: Constant with value 0.25 to0 0.3
f: Operation frequency (GHz) Source  Gote

L: Channel length o}

R, 3.96Q and R, = 1.5} from previous
measurement (See Figures 22 and 23,

iy respectively). m——
el
Using f = 5.92GHz and Em obtained above, and assuming :
K = 0.27, the minimum noise figure is calculated as follows: N~
Fiin = 10-log [1+0.27 - 5.92GHz- 1.5um ( N* (
VOTT (396071 50)] |
= 4.5 (dB) Drain
3.3 Power MOSFET CharaCterlzatlon Figure 29. Power MOSFET Structure

Unlike general MOSFETs, the power MOSFET has a

vertical structure (Figure 29) and a parasitic Capautanco Drain
between the source and the drain as shown in the circuit
model in Figure 30.

The drain current expressions are as follows: R’

L. Linear region (nonsaturation region) Cooo

—

Ip =2 K- Vi [(Vgs= Vi) = Vao/2] (1+2V.40) o D

% Cos

II. Saturation region —e

Ceso Rs

Ip = K- (Vg Vi - (14+4Vyg,)

The gain factor K, threshold voltage V1, channel length o e
modulation parameter A, source resistance R,, and drain

resistance Ry, are determined as follows: Figure 30. Power MOSFET Circuit Model

(1) Kand V¢

Figure 31 shows the measurement circuit. Perform a
synchronous staircase sweep of the gate-source and the Sync. sweep
drain-source voltages. Measure the draln current Iy, and plot sSMU2
measurement values on the VI — Vg, graph (Figure 32). 0

The gain factor K is the slope of the straight line section, AY | 1d

and the threshold voltage Vy is the voltage where the smua————g——{ o
extrapolated straight line intersects the x-axis (Vo). H

Vds
/

(2) 4

Figure 33 (a) shows the measurement circuit. With pulsed
voltage applied to the gate, staircase sweep the drain
voltage. Plot measurement values on the 13—V, graph v V2
(Figure 33 (b)). Select a point on the characteristic curve, and
call the coordinates of this point (V4q, L4;). Extrapolate a

TN

Vgs

~gl
1o
[
g
8
<
‘\\

straight line from this point to the y-axis (1;), and call the

Fioure 31. K, Vi Measurement Circuit
intersection point Iy,. Determine 2 ‘from the following 8 e

equation:
SORC(IIY - VGS
1= Idlﬁldo TxE-3)
= .4 e e
7 : ! -
lgo - Vst : P
s
pras . g : 1
.
/7
e : - :
pd i
e A
> /
202 - i - I
A !
K ; |
19 ,/ :
S
S
-
a i ;
e V5 1 IS 2 2.5 3
Vr vGS V) ED

Figure 32. K, V- Extraction
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(3) R,

To include the voltage drop due to the ohmic contact
resistances R, and Ry, replace Vi and V, in Equations I and
I (previous page) with the following expressions.

Vgs = V/gsfldRQ
Vds = V’dxild (Rs+I{[))

where V', and V', are the measurement values.

Using the measurement circuit in Figure 33 (a), perform
measurements for two V'y,—I4 characteristic curves and plot
the curves (Figure 34). Each curve has constant V',,. Choose
a saturation region point from each curve (V4q, l(]i) and
(Vas1. La2), and substitute these points to make 2 versions of
Equation I If these two versions are combined, the
following equation can be derived. Plug in the values to
calculate R,.

R, = Vis1 =bVgea= V1 (1-b)
Iy (1—-1/b)

b= Wldl,
Id?

Staircase sweep
with pulsed bias

SMu2
)
G [
SMU3|-————0—1 3
Vds
S

Vgs '!‘
GNDU
v v

CeEe
0

359

am | S

Eay

Figure 34. R, Extraction

4) Rp

Figure 35 shows the measurement circuit for determining
Rp. With 0.1V applied to the drain, pulse sweep the gate
voltage, and mesure 4. Plot the measurement values on the
V.o = Ron graph. Ron = Vao/la.

Ron = Ry+Rp+ o

2K (Vg Vi)

Determine the drain resistance Rp from the following
equation:
_ 1
Rp = Ron—Ri— e
2-K- (V= Vy)

Use the values of R, K, and V¢ that you measured
previously.

Use Figure 36 to select the Roy and Vg values. Use the Roy
value in the region where Ry has become fairly constant.
Vs corresponds to the Ry you choose.

Figure 33 (a). A Measurement Circuit

oA
2
8
T

==

Figure 33 (b). A Extraction

Pulsed sweep

=

G R
SMU3-———0—‘:1
s

Vgs /

0.1V

GNDU

v v

Fieure 35. Ron Measurement Civcuit

Figure 36. R Measurement Plot
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3.4 Bipolar Power Transistor
Characterization Puised sweep

sMuU2
The knee current Ix, which produces high injection effects ﬂ_ﬂf c

in the high current region, emitter resistance Rg, and L A e
collector resistance R¢ are determined as follows. 8

VcEe=
1

(1) IK is E
Use the circuit in Figure 37 to measure values for the high A [:]
GNDU

current I.—Vgg and lg— Vg characteristic curves. With vee
Vee=1V, pulse sweep the base voltage, and measure Iz and
Ic. Plot measurement values on a semilogarithmic graph. In 47
the high current region (>10mA), the curve is not a straight

line. This is caused by the ohmic resistance at the base and

v

emitter terminal and by voltage drop due to the base-
spreading resistance. The drop-away voltage AVgg is
expressed by the following equation:

Figure 37. I, Ig—Vpp Measurement Circuit

AVpg = Vgg—V'ge = IgRg+IRg 1, 1B - VBE
where Vpg: Measured value 1 s s
V’ge: Transistor intrinsic value o o
: [(
(Ignoring Ry and Rg) e e e
. . . . - e
The theoretical expression for the base current is: RN S e
« = 7
V'BF @ I 7 i
IB = IBQ, exp I:,EL,‘;, . 163 i ;
nkT !
HEE! - SN oy
You can determine the saturation current lgs and the ideal o : :
factor n from the Iz— Vgg characteristic curve in the medium -
. : N L . ; ‘
and low current region. Perform a synchronous staircase .2 5 - s i
7 VBE (¥ EB:

sweep of the base-emitter and collector-emitter voltages to

obtain measurement values for plotting an Ig—Vpg
characteristic curve. Plot measurement values on a
semilogarithmic graph (Figure 40). Determine n from the

Figure 38. Measured I¢, Ig— Vg

slope of the straight line section in the medium current 1C,1B - vBE

region. Ipg is the current where the extrapolated straight line

intersects the y-axis (Ig). 198 s

Intrinsic voltage V'gg can now be determined by the wh
following equation. ey
V’BI‘ = 7!’151—‘ lﬂ |: IB } % le-2 e e/, g |
q IBS - S : éff »
g e by

Pick Ig—Ic pairs (same Vgg) from Figure 38, and use the Iy - e
values in the above equation to calculate corresponding V'gg . e i

values. Then, plot I¢ and I vs. V'yp as shown in Figure 39.
The Iy curve is now corrected to a straight line, and the I el X : :
curve has a discontinuity (slope changes drastically). The . = 7 T e
current at this discontinuity is the knee current Iy. e '

IB - VBE
- r T T T
; ;
€2 ! ;
i e
i b i
! S H
[P S i
1e- e . v
T 7 KT :
o el n H
w ;
|
1532 e ;
fne
i
i
.. i H i i
o 2en I 500 som  aop
VBE TV) xE-3)

Figure 40. n, Igs Extraction
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(2) Rg

Figure 41 shows the measurement circuit. With collector Pulsed sweep
current set to 0 (open collector), pulse sweep current to the
base, and measure Vg Plot measured values on the Vep—1I ﬂ H . sMu2
graph. Determine the emitter resistance Ry from the slope of ¢ p .-
the straight line section. =0 5
8 Vee ;3
(3) RC SMU3 |
The output resistance (Vcg/Ie) in the saturation region is £
expressed by the following equation: "
| ]GNDU
R, = Re+ (1+ I“ Y Rg
? :L v

Plot the Vi —I¢ characteristic curve with I¢/Ig constant.
Figure 43 shows the measurement circuit. For various Figure 41. Ry Measurement Circuit
values of Iy, but with /Iy = 10, perform repeated pulsed
spot mode measurements. Plot measured values on the
Veg—Ie graph. The slope of the curve in the high current
region is R, and collector resistance R. can be calculated

from the following equation.
} o — l(‘
I\( — R(,* (1 + ) RI{
B R
= R,—11Rg 4
7 4] "';] 77..
Figure 42. Rg Extraction
Pulsed spot
ﬂ sSMU2
¢ L
Jo=10lg
@ 23
B
SMU3 |
L
E
s
GNDU
v v v
Figure 43. Re Measurement Circuit
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APPENDIX GaAs MESFET
Measurement Program
Example

(1) Program description

This program example uses subprograms from the
furnished library. For parameter meanings, see the text.

70, 80: Loads furnished library.
130 to 190: Main program.
131, 132: Assigns GaAs channel length and width (cm).
140: Extracts K and Vyo.
150: Extracts R; and R,.
160: Extracts n, Iy, Vpi, Ny, and a.
170: Extracts R, and u,.
180: Extracts g, and F;,,.
190: Prepares results report.
Subprograms:

(1) Extract_k_ vto

This subprogram extracts K and V.
324 to 340: Sets Vy, = 0.05V, sweeps V, from -5V to 0V
and measures ;. )

,

400 to 440: Plots results on graph.

460: Searches for straight line section, and
determines regression coefficient.

600: Calculates K.

610: Calculates Vyo.

614: Resets output to 0V.

{(2) Extract__r

This subprogram extracts R, and R,
873 to 880: Sets I; = 100pA, sweeps Vg, from 0 to 0.2V,
and measures V,, and lg.

936 to 970: Plots results on graph.

1001: Searches for straight line section, and
determines regression coefficient.
1130: Calculates R,.

1160 to 1170: Sets Iq = 0A (Drain open), pulse sweeps V,
from 0 to 1.2V, and measures Iy

1240: Searches for straight line section, and
determines regression coefficient.
1250: Calculates R,.

23

(3) Extract__n__igs

This subprogram extracts n, Les, Vii, N, and a.

1560: Sets number of samples for averaging.

1510 to 1580: Sets I4 = OA (Drain open), staircase sweeps Vg
from 0 to 1.1V, and measures I,

1595 to 1630: Plots results.

1651 to 1683: Determines n from the straight line section 1.
the intermediate current region.

1684: Extrapolates straight line to determine L.

1691 to 1701: Calculates Vy;, Ny, and a.

{4) Extract._ro

This subprogram extracts R, and .
1741 t0 1790: Sets V4, = 0.05V, pulse sweeps Vs from
(Vo + 0.8V) to 0.5V, and measures I4.
1810 to 1811: Converts parameters for plotting.
1860 to 1910: Plots results on graph.

1940: Searches for straight line section, and
determines regression coefficient.

1950: Calculates R,.

1960: Calculates u,.

(5) Extract__gm. _fmin

This subprogram extracts g, and F,.
2020 to 2060: Sets V4, = 1.5V, pulse sweeps Ve from
(Vo + 0.2V) to 0V, and measures 1.
2080 to 2100: Calculates g,,, values.
2140 to 2180: Calculates g, moving average for each point,
and plots results on graph.

2200: Calculates R,-corrected value for g,
(at Vg = OV).
2210: Calculates F ;.
(6) Rline

Searches for straight line section, and determines the
regression coefficient.

(7) Least

Determines regression coefficient by the least squares
method.

(8) Report

This subprogram prepares the results report.



(2) Program listing

12

20
40
50

70
80
30
100
119
120
130
131
132
133
140
150
160
170
180
183
190
200
210
229
230
240
243
242
250
251
252
254
270
280
281
230
300
310
323
324
330
340
350
360
370
380
390
400
401
4190
420
421
422
430
440
4508
451
460
600
610
614
6520
821

RN R R R R R B R R RN R AR R R RN R R R R R R R RN AR RNN R RN E RN R
| APPLICATION SAMPLE PROGRAM

t GAAS MESFET

| R AR R R IR R R R R F AR RN R R R R R R R R R AR TR R AR RN RN R RN
ASSIGN ®Hp4142 TO 717

COM @Hp4142

]

1L OADSUB ALL FROM "HP4142_DRVU"
ILOADSUB ALL FROM "GRAPHICS"

!

Init_hp4142

Init_computer

|

IMAIN PROGRAM

L=1.5E-4 { CHANNEL LENGTH (cm)
W=.15 I BATE WIDTH (cm)
Ch_suw_on

Extract_k_vio(K vto)

Extract_r(Rs ,Rg)

Extract_n_igs{L W, Vio N, Igs,Ubi Nn A)

Extract_ro(l ,W,Vto,Ubi ,Nn,A,Ro,U)
Extract_gm_fmin(L ,Vto ,Rs ,Rg,6m Fmin)

WAIT 2

Report(L ,W,K ,Vto ,Rs ,Rg,N,Igs ,Ubi Nn,A,Ro,U,Bm,Fmin)

|

|

END
!Ii!***i**K*i**i****}******l****l‘**l%*{***l*******i*i******
SUB Extract_k_vto(K, 6 Uto)
_’***!i****ﬁi*****l’***i******l*****i*&****************&***
IEXTRACTION K(Gain factor) ,UTO(Threshold voltage)
FCONNECTION DRAIN:SMUZ ,GATE : SMU3 ,SOURCE : GNDU

OPTION BASE 1

COM @Hp4142

REAL Id(1@1) VUgs(1@1) X(5),Y(5),51id(101)

Set_smu(1)

Hi=1.E-2 I HOLD TIME

Dt=1,E~3 I DELAY TIME

Ug_start=-5 I GATE V.SWEEP START UDLTAGE
Vg_stop=0 ! STOP VOLTAGE
i

[

Force_v(2,.85,2,.1) I SET DRAIN VOLTAGE
Set_iv(3,t,20,Ug_start Vg_stop,100,Ht Dt ,1.E-2) ILINEAR SWEEP
Sweep_iv(2,2,0,Id(*) VUgs(*)) I MEASURE DRAIN CURRENT

| .
Xmin=-4

Xmax=0

Ymin=0

Ymax=SQR(ABS(Id(108)))
Lingraph(Xmin Xmax,Ymin, K Ymax 6 "V6S","/ID" ,"SQR(ID) - VUGS" , 1)
IF Id(1)=0 THEN Id(1)=1.E-13
MOVE Ugs( 1) ,5QR(ABS(IH(1)))
FOR I=2 TO 100
IF Id(I)=0 THEN Id(I)=1,E~-13
Sid(I)=SQR(ABS(Id(I)))
DRAW VUgs(I),51d(1)
NEXT I
|
1=29
Rline(I Ugs(*),Sid(*) A B,L) ! REGRESSION LINE
K=B=*B
Vto=-A/B
Zero_output
|
SUBEND

24—
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S

g’

N’

831 R R N 2 2 1213
789 SUB Extract_r(Rs,Rg)

78‘ !l********!*****l***************l*i***********!*****Iﬂl**
790 I EXTRACTION OHMIC RESISTANCE

79 OPTION BASE 1

792 INTEGER Ch(2) Mm(Z}

793 REAL Mdata(2,1@1) ,Range(2),Id(101),Ugs(101),Ig(101)
734 |

796 Igb=1.00E-4

861 V_start=0

862 U_stop=.2

863  Ht=1.0E-2 tHOLD TIME

864 Dt=1.E-3 IDELAY TIME

865 Ch{1)=2

866 Chi(2)=3

867 Mm( 1 )=2

868 Mm(2 =1

868 Range(1)=0

870 Range(2)=2

871 !

873 Force_i(3,Igh,8,1)

874 Set_iv(2,1,2,V_start V_stop,100 Ht Dt . 1)

880 Sweep_miv{Ch{*) Mm(*) Rangea(*) Mdata(+))

890 FOR I=1 TO 100

900 1d(I)=Mdata(l,1)
310 Vgs(I)=Mdata(Z.1)
320 NEXT 1

330 |

931  GCLEAR

933  Idi=Id(10®)

934  VUgs@=Ugs(1)-.2

8935 Ugs!=Ugs(10@)+-2

936 Lingraph(@,Idl Ugs®,Ugs! ,"ID (A)","UGS (V)" ,"UGS -ID",1,2)
940  MOVE Id(1),Vgs(1)

959 FOR I=1 TO 100

568 DRAW Id(I) vgs(l)

570 NEXT I

3890 !

991 I=10

1081 Rline(I, Id(#*) VUgs(*) A ,B,L)

112e

1130 Rs=B

1134 Zero_output

1140 R R Ry T Y E R Ry as
11580 | CALCULATE RG

11861 Ry Y

1152 P_width=1.E-3

1153 Period=).E-2

1154 Hi=1 . E-2

1156 V_start=0

1157 V_stop=!.2

1158 !

1160 Force_i(2,0,8,1)

1161 Set_piv(3,1,2,8,V_start U_stop,100,P_width ,Period, Ht,.1)
1170 Sweep_piv(3,2,0,Ig(#*),Ugs(*))

1180 t

1181 Igmax=Ig(18@)

1185 Lingraph(@,V_stop,®,Igmax,"VU6S (V)" ,"I6 (A)" "I6 -UBS", 1, 4)
1180 MOVE VUgs(1),Ig(1)

1200 FOR I=1 TO 100

1219 DRAW Ugs(1), Ig(I?
1220 NEXT 1

1230 1

1231 I=5@

1240 Rline{(I,VUgs{(#), Ig(*) A,B,L)
1250 Rg=1/B-Rs
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1260
1264
1270
1280
1489
1481

1483
1484
1490
1491

1482
1483
1494
1495
1497
1500
1501

1502
1510
1550
1560
1570
1589
1530
1591

1583
1584
1585
1596
1600
1610
1611

1612
1620
1630
1640
1641

1650
1651

1660
1680
1681

1683
1684
1690
1691

1694
1697
1701

1704
1705
1707
171@
1720
1730@
1731

1732
1733
1735
1736
1737
1738
1740
1741

1748
1759

i
Zero_output
SUBEND
!******ii**{}**il**********l***&*i***********l*i**!*****

SUB Extraei_n_igs(L W ,Vto ,N,KIgs Ubi Nn,A)
!ii}***i*************}****{ll***i*****i*****{********}**

OPTION BASE 1

REAL Ig(1@1),Ugs(1@1) Lig(101)

|

Q=1.602E-19

K=1.38E-23

Temp=300

Ut=K+Temp/Q

|

Ht=1.9E-2

Dt=1.0E-3

U_start=0

U_stop=t.1

Force_i(2,0,8.1)

|

Set_smu(10)

Set_1v(3,1,2,V_start V_stop,10@ Ht Dt,6.1)

Sweep__iv(3,2,0,Ig(*),Ugs(*))

|

6CLEAR

Ymin=1.E~13

Ymax=, |

Loggraph(@,1.2,Ymin ,Ymax ,"UGS (V)" ,"16 (A)Y* "I6G - UBS" 1 ,1)
IF Ig(1)=0 THEN Ig(1)=t.E-13

MOVE Vgs (1) ,LET(ABS(Ig(1)))
FOR I=2 TO 100
IF Ig(IY=0@ THEN Ig(I)=Ig(I-1)
Lig¢I)=LGT(ABS(Ig(I1)))
DRAW Vgs{(I),Lig(I)

NEXT 1
i

N=2

1=19

WHILE N>t.3

Rline{(I Vgs(#*) Lig(*) A B, L1)
N=1/(B*Ut*L06(12))

I=L1
END WHILE

Igs=EXP(LOG(12)+*A)

I

Aa=8.7 ! RICHARDSON CONSTANT (AMP/cm”2/k"2)

Ub1=Ut+LO0G(Aax*Temp*Temp*L+W/Igs )

Nn=EXP({Ubi-.786)/VUt) I ELECTRON DENSITY (1@"16/cm”3)
A=SQR({ABS(Vto)+Ubi )/ (7.23#Nn)) | THICKNESS OF ACTIVE LAYER (um)
i

lero_output

SUBEND

!****l****{***************{l}*i******i********l***;****

SuUB Extract_rb(L,w,Uto,Vbi,Nn,Aa,Ro,U)
!}****&*{********************}*******i&*****i*****il**{

OPTION BASE 1

REAL Id(1@1),Ugs{1@1) ,Xx(1@1) Ron(1@1)

Q=1.60@2E-19
Ht=1.0E~2
Dt=1.E-3

P_width=1_.E-3
Period=1.E-2

!

Ud1=.05
Force_v(2,Vd!,2,1)
U_start=Uto+.8




1760 U_stop=.5
1761 P_base=VUto-.5

1770 !

1780 Set_piv(3,!1,20,P_base,V_start VU_stop,!100,P_width,Period Ht, .1)
1730 Sweep_piv(Z,2,.1,1d(*) VUgs(*))

1791 !

1800 FOR I=1 TO 100

1810 Xx{I)=1/01-5QR{{(VUbi-Vgs(1))}/(Vbi-Vito)))

1811 Ron(1)»=ABS(Vdt/Td(1))

1820 NEXT I

1823 !

1824 GCLEAR
1830 Xx_max=Xx{1)
1840 Ymax=Ron(1)

1850 !

186@ Lingraph(® ,Xx_max ,@,Ymax ,"XX" ,"R_ON (OHM)" ,"R_ON - XX",1)
187@ !

1880 MOVE Xx¢1) ,Ron(1)

1890 FOR I=2 7O 100

1909 DRAW Xx (1) Ron(I)

1810 NEXT I

192 !

1921 =10

1940 Rlime(I Xx(*) Ron(») A B,L1)

1950 Ro=B

1360 U=L/(Ro*Q#Nn*1 . E+1EB*Rax] E-4*l) P MOBILITY (em”2/U-SEC)
1970 |

1971 lero_output

1980 SUBEND

1980 R N SR T R TR T R
2000 SUB Extract_gm_fmin(lL ,Vto,Rs Rg,6m® ,Fmin)

2010 PR AR R E R R RS R R R AL R LR LA LR RN R E R R LR RN RN RN LR E LR AL R R ER L
2011 OPTION BASE 1

2012 REAL Id(121),Ugs(101) 6m(101)
2013 F=5.92

2014 Kk=.2

2016 Ht=1.E-2

2e17 Dt=1.E-3

202 Force_v(2,1.5,2.1)

2041 P_base=Uto-.5

2042 U_start=ytot.?

2043 V_stop=0

2044 P_width=1.E~3

2045 Period=1.E-2

2050 Set_piv{(3,1,20,P_base,V_start V_stop,I08 ,P_width Period Ht, 6 .1)

2060 Sweep_piv(2,2,.1,Id(*), Ugs(*))

2070 !

2080 FOR I=2 TO 98

2090 Gm(I)=(Id(I+1)-Id(I-1))/(VYgs(I+t)-VUgs(I-1))
2100 NEXT I

2110 !

2111 G6CLEAR

2120 Xmin=U_stari-1
2130 Ymax=6m{ 9@ )+1 ,E-!
2140 Lingraph(Xmin,@,0,Ymax ,"UBS (V)" “GM (S)" "6M - UBS",1)

2150 MOVE VUgs(2),6m(2)

2160 FOR I=4 TO 96

2165 Gm{I)=(Em(I+2)+6m(I+1)46m( I )+Gm(I~1)+6m(I-2))/5
2170 DRAW VUgs(I),6m(I)

2180 NEXT I

21990 !

2200 Gm@=6m(9B6)/(1-6Gm( 86 )*Rs)

2210 Frmin=10*L6T(1+Kk*FxL*] E+4*SQR(GmB*(Rs+Rg)))
2220 !

2230 Zero_output

2240 SUBEND

o
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t
|****ii*{********#*******il*****&i*i***{**********{*
SUB Rline(I X1(%),Yi(*) A B K)
!l*************}f&*l*l****i{***********i***********{
OPTION BASE |
REAL X(5),Y{S)

R2=0
K=1

WHILE R2<.3935 AND K<393

X1 )=X1(K)

X(2)=X1(K+2)

X(3)=X1(K+4)

X{4)=X1(K+B)

Y(1)=Y1(K)

Y(2)=Y1(K+2)

Y(3)=Y1(K+4)

Y(4)=Y1(K+B)

Least(X{(*) Y(*) A B RZ)

K=K+6

END WHILE
|
SUBEND
!********i*****{***i*****}******{**i***}****!i**i**&*
SUB Least(X(#),Y{*) A B R?)
!&***ili*********ii%**l****{**i*&***l**i*i****%i*&***
OPTION BASE 1
C=0

i

#

D
E
F
G
FOR I=1 TO 4
CH+XCT)
D=0+Y (1)
E=E+X(I)*X{1)
F=F+Y(I)*Y(I)
G=G+X(I)*Y(I}
NEXT I
A=(E*D-C*G)/ (4+E~C*L)
B=(4+6-CxD)/(4+E-C+C)
R2=(A*D+B*G-D*D/4 )/ (F-D+0/4)
SUBEND

@
2
@
=0
OR
C=

!{lll****i{i********i****ii%***l*******{&*****I***l**l**

SUB Report(L W, K ,Vto ,Rs,Rg,N,Igs ,Ubi Nn,A Ro,U,6m@ Fmin)

!{**i***************}****}&****&*l**l***l**i}**i*‘******

GCLEAR

PRINT

PRINT " GAAS MESFET PARAMETER (L=";L+1.E+4;"(um) W=";W*1 E+45" (um))"
PRINT " K (Gain factor) = ";K

PRINT " VUTO (Threshold voltage) = ";VUto

PRINT " RS (SOURCE res.) = ";Rs

PRINT " RG (GATE res.) = ";Rg

PRINT " IG5 (GATE SOURCE Saturation current) = ";Igs
PRINT " N (Ideality factor) = ";N

PRINT

PRINT " VUbi (Built_in voltage) = ";Vbi

PRINT " Nec (Electron density) = ";Nn*1.E+163" (/ecm"3)"
PRINT " a (Active layer thickness) = "{A;" (um)"
PRINT “ Ro (Open channel res.) = ";Ro

PRINT " Uo (Electron mobility) = ";U;" (cm"2/VU-sec)"”
PRINT " 6m (Mutual conductance) = ";6m@

PRINT

PRINT " Fmin (Minimum noise figure) = ";Fmin;" (DB)"
SUBEND

!
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(3) Program output

6AAS MESFET PARAMETER (L= 1.5 (um) W= 1500 (um))

K (Gain factor) = .00543758513218
UTO (Threshold voltage) = ~-3.50556265484
RS (SOURCE res.) = 1.52642028301

RG6 (GATE res.) = 3.967242870383
165 (GATE SOURCE Saturation current) = 3.1310486B241E-12

N (Ideality factor) = 1.1987456158

Vbi (Built_in voltage) = .7587033934078

Ne  (Electron density) = 7.68B1147535E+16 (/cm”3)

a (Active layer thickness) = 277012646203 <{(um)
Ro (Open channel res.) = 1,07935779521

Uo (Electron mobility) = 2715.22408226 (cm"2/VU-sec)
6m (Mutual conductance) = ,11@582771787

Fmin (Minimum noise figure) = 4.57705672169 (DB)
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