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INTRODUCTION 
The HP 41428 Modular DC Source/Monitor is a high speed, 

highly accurate computer controlled DC parametric 
measurement instrument for characterizing not only todav’s 
semiconductor devices-MOSFETs, bipolaqtransist&s, 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 flA, and +4yV to 
+2oov. 

To facilitate application-specific system requirements, the 
HP 41428’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 41428’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 41428’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. 

t I 

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 f200V/+ 1A 
for the HP 41420A, and flOOV/+lOOmA for the HP 41421B. 
Output resolution is +lOOpV/?50fA, and measurement 
resolution is +4OpV1+2OfA. The HP 41424A Voltage Source/ 
Voltage Monitor Unit (VSNMU) is also available, and 
includes two voltage sources (VSs) and two voltage monitors 
(VMs). You can use the voltage monitors together to perform 
4pV 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 
approxitnately 4ms. And with the HP 41425A Analog 
Feedback Unit, you can extract Vth or hFE 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 lms 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 41428 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 
your 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). 

\ \ 



2. USING THE HP 4142B 
This section describes how to fully use HP 4142B features to 

efficiently perform measurements. 

@ SMU Basic Usage Points 
Compliance function, filter, etc. 

@ Operation Speed Concepts and Optimization 
Setup time, measurement time, range-changing time, 
averaging time, etc. 

@ Using Pulse Mode to Reduce Thermal Drift 
Pulse mode reduces temperature rise at a junction. 

@ Analog Feedback Unit (AFU) Usage 
Feedback integration time, ramp rate, and delay time. 

2.1 SMU Basic Usage Points 
Figure 1 (a) shows an SMU block diagram. Voltage and 

current are output from 16-bit digital-to-analog converters 
(VDAC and IDAC). The DACs can output 20,000 points, so 
the resolution for each range is l/20,000 of the full range. 

Measurements are made by a 17-bit analog-to-digital 
converter, and the resolution for each range is l/50,000 of the 
full range. The error amplifiers Ai, AZ, and As shown in the 
figure are used for setting voltage, source current (I+), and 
sink current (IL), respectively. When the SMU is set to V 
source mode, Ai controls the SMU voltage output. In this 
mode, current is monitored by range resistor Rr, fed back to .__ 
A2 and As, and is limited to the value (+I compliance) set by 
IDAC (See Figure 1 (b)). 

When the SMU is a current source, AZ controls the SMU 
current output from the SMU. V compliance will be positive 
in this case, and voltage is limited by Ai. 

When the SMU is a current sink, As controls current input 
to the SMU. V compliance will be negative in this case, and 
voltage is limited by Ai. 

If accuracy is more important than measurement speed, the 
filter at the DAC output should be set to ON to suppress 
spikes and overshoot caused by changing the output value or 
range. The filter should be used with devices that cannot 
handle voltage spikes, or with very high gain devices. The 
filter is set to ON at power ON. If measurement speed is 
more important than accuracy, turn the filter OFF. When the 
filter is OFF, the DAC output settling time is l/40 of the filter 
ON value. 

WAC FW?r 
- OFF 

output relay 

I AD Board 

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 41428 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 I 
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 

1 
7v 

d 
0 

s 
-a 

- lcomp 

Figure 1 (b). Compliance 

Table 2. SMU States 

Zero output ov 

state (range does 
not change) 

Current 
compliance 

100 /LA 
@lo0 ALA 

range 

100 PA 

63100 /A 
range 

If 1 range is 
1 mA-1 A: 100 PA 

@ 100 PA range. 
If 1 range is 

1 nA-100 PA: 
Full-scale @ j 

Filter 

ON Open 

ON Closed 

Does not 
change Closed 

present I range. 

output 
relay 

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. 

(4 -L-- r Output relay 

V 

available when you use the TV or TI commands, or when 
using the ASM command during Analog Feedback Unit 
(AFU) measurements. For example, when using the AFU to 
determine FET threshold voltage Vth, 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. 

(b) 

Figure 2. SMU Equivalent Circuit 
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2.2 Operation Speed Concepts and 
Optimization 

Figure 3 shows a breakdown of the execution time elements 
for setting HP 4142B output and making measurements. Ti 
(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. Tz and Ts 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 HP 41428 to the controller, 
and is about 1.3ms for ASCII format. 

Tz 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 113 that of 
previous equipment (HP 41418). 

Setup 

Measurement 

T3 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 O.lms 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 (T4). __ 
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. 

@ Do not use a high voltage or low current range unless 
necessary: A 2V to 40V range or a lOOpA to 1A range is 
recommended. 

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

@ If commands are stored in HP 4142B program memory, 
Ti (2.5ms) can be reduced to about lms. 

Figure 3. Execution Time Elements 
Table 4. Wait Time after Changing IDAC Unit: ms 

Table 3. Current Range-changing Times Unit: ms 

20 v 40 v 100 v 200 v 

1 mA- 1 A 0.1 0.5 0.8 1.9 2.7 

(2.5) (2.8) (3.1) (4.2) (5.1) 

100 PA 0.2 0.6 1.1 2.7 4.4 

(2.5) (3) (3.5) (5) (6.7) 

10 PA 0.4 2.6 I 5 

(2.7) (4.9) (753) i (14) (2561 

1 LLA 0.8 2.3 4 : 5 
(3) (5) (6) (11) 

Conditions: 1DAC changes from 0 to Full scale. 
( ) means Filter ON. Conditions: D14, 0, I, 10 (I is Full scale) is executed, and a resistor 

is connected so the output voltage is 1 V. 
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2.3 Using Pulse Mode to Reduce 
Thermal Drift 

This section describes the relationship between pulse mode 
input and the temperature rise at a junction. 

Let’s assume that power pulse PO (Figure 5 - pulse width t 
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 
Rth and the thermal capacity Cth can be expressed by the 
following equations. 

Rth(t) = +. + 

c,,(t) = c . ,o. s . x 

where, x: Thermal conductivity 
c: Specific heat 
Q: Density 

If power I’, is applied for t seconds, the temperature rise 
AT, at the junction is expressed by the following equation. 

PO. x AT, 0~ Rth .PO = - 
%.S 

oc p0.t -  P O .  t  

Cth C.Q.S.X 

_‘_ x2 m t  

Therefore, the relation between the transient thermal 
resistance Rth and the pulse width t is as follows: 

The temperature rise ATj at the junction when one power 
pulse is applied is the product of Rth and the power. 
Accordingly, the above equation shows that ATi 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. 

AT, + Pa 
1 

+h (nT)+b, (t) 
I 

Table 5 lists AT, values as calculated by using various values 
in the above equation. For this calculation, the relation 
between the pulse width and Rth need to be known. Figure 6 
shows a graph of pulse width vs. Rth when the device is a 
power transistor (in TO-126 package). Using the HP 4142B, 
you can set the duty ratio to a minimum of 0.2% (pulse 
width = lms and period = 500ms). As listed in Table 5, AT, 
is less than 10°C when the duty ratio is less than 1%. 
Therefore, use pulse mode when it is necessary to reduce 
thermal drift 

. Heat generatmg 
sect1087 

Figure 4. Device Model 

+t 4 
Duty Ratlo = $ 

I l-----T-d 
Figure 5. Power Pulse 

Table 5. ATi at, Pa=lOW, n=lOO, t=lms 

Pulse width I (set) 

Figure 6. Xl,,-f Pulse Width Curve 
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2.4 

(1) 

Analog Feedback Unit (AFU) Usage 
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: 

@ Search SMU 
The search SMU forces a voltage modulated by AFU output 

to the base 0. 

@ 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 8. 

@ 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 20~s):Negative 
feedback is used to settle the collector current to the target 
value (time constant r*r 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 r*r 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. 

AFU 
r -------------- -----------------------7 

I Reference DAC 1 

I I 

I I 

I 0 I 

I v I 

I I , 

I AFU 1 I 

I MONITOR I 
I 

I port 
L--------------------------------------I 

r-------------~ _------7-- 

I I 

I I 

Search channel SMU Sense channel SMU 

Figure 7. AFU Block Diagram 
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Analog feedback 
Ramp mode mode 

L - - - - - _ - - - - - - Start voltage 

Note: Figure 12 shows the actual waveforms. 

Figure 8. AFU-Related Waveforms 

@ Use the Control Software parameter calculation 
subprograms (Para-vth, Para-hfe) to calculate the 
optimum parameter values for Vth and hFE 
measurements, respectively. 

@ Understand the basic principles, and calculate the 
optimum parameter values. 

Method @ is recommended. For these subprograms, refer 
to the HP 4142B Control Software Manual. Method @ is 
described next. 

Figure 9 (a) shows a model of the measurement circuit in 
analog feedback mode. Note that time constant ‘tAF shown in 
Figure 9 (a) differs from time constant rA in Figure 7. The r*F 

-- time constant includes the effects of the SMU and error 
amplifier gain. 

Figure 9 (b) shows the frequency characteristics of this 

circuit. Gii (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 fi (gain from @ to @ in Figure 9 
(a)) is 1, therefore the closed loop gain (GIII) can be expressed 
by the following equation. 

This loop will be stable if the phase shift is 180” or less 
when Grr.P is 1. Therefore, the feedback integration time rAF 
should be set so that the phase shift is 180” or less when Grr 
= 1 (OdB). In Figure 9 (b), fr is the frequency when the 
integrator gain is OdB, and f2 is the frequency when Gii is 
OdB. The solid lines in Figure 9 (b) are asymptotes for the 
actual frequency characteristic curve Gill = Gii/(l + Gii), and 
fz is the frequency at which Girl = -3dB. If the DUT 
frequency characteristic curve extends past fz without 
attenuation, then the phase shift at fz is 90”, so the loop will 
be stable. 

The feedback integration time is an AFU parameter, and 
should be set to the time constant rAF. 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 100~s 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 20~s). After this, the HP 
4142B waits the specified or default delay time before making 
a measurement. The delay time should be set long enough to 
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 (b) Frequency characteristics 
G 

OdB 

I Integrator gal” (-6 dB/ocf) 
II Open ioop gal” 
111 Closed loop gal” 

Figure 9. Analog Feedback Mode Circuit Model and Frequency Characteristics 
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Table 6. Feedback integration Time Determination Method 

lf the feedback integration time is set to approximately r*r, the loop will be stable. To determine ?~r, 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 = 2Ad”i r,,,,,%8Or,,, 
where rmax = Max{rl, ~2, 3, ~4, ~5) 

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 . R,, _ =Ibmax 

r* = 2nf,, RIN - I,, (CLS) 

where f,,: SMU frequency bandwidth (200 kHz) 
R,,: Search channel SMU current range resistance (=1&J 
Irs: Full scale of the search channel SMU current range 
I bma.& Maximum base current (= Ic/hrsmin) 
RI,+ DUT input resistance 

(ii) Determined by the current range and DUT input capacitance GIN 
Select the proper rz value from Table 6-l. 

Table 6-1. t2 Determination Table Unit: ps 
r2 

1nA 1OnA 1OOnA 1PA lOpA 10Oj~A 1mA 1OmA lOOmA 1A 

1 1OOpF 20 18 13 12 20 5.3 1.7 0.9 0.8 0.8 

i 1OOOpF 200 80 45 32 23 7 2 1 0.8 0.8 

Sense channel SMU time constant calculation 
This time constant r3 is determined by the current range. 
Select the proper r3 from Table 6-2. 

Table 6-2. z3 Determination Table Unit: ~LS r3 

Range 1nA 1OnA lOOnA ~PA lOpA lOOpA 1mA 1OmA 1OOmA 1A 

x3 60 25 j 25 16 11 3 3 3 i 3 3 

DUT time constant calculation 
(i) Determined by the hFB frequency characteristic 

h FEmax t4 - b 
2Jrfr 

where fr: Frequency when hrs = I 

(ii) Determined by the base-collector capacitance Cbc 

2 cbc t5 = 2 R,, . Cbc = __ 
I rm 

where R,,: Current range resistance of the sense channel SMU (=l&,,) 
I ml : Full scale of the sense channel SMU current range 

(iii) DUT gain (See Figure 9.) 

Adut = g, . R,, = 401,. R,, % 40 
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Table 7. Ramp Rate Determination Method 

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

RS = Min{RSi, RSz, RSa, 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 GIN. This combined current should not reach current compliance. As listed in Table 
7-1, the appropriate ramp rate value RSi is determined by the DUT input capacitance GIN and the current 
range. 

1OpF 
1OOpF 

Table 7-l. RSI Determination Table Unit: Vims 

InA 1 OnA 100nA lpA 1 O/LA 1 OO/LA 1mA 1OmA 1 OOmA 

8m 83 m 0.13 0.43 i 0.28 2.8 28 280 2800 

lm 10 m 59 m 0.31 / 0.28 2.8 28 280 2800 

(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. 

I,+g, . RSz . D = I, (1+40. RSz . D) ~5 Icomp 

The above equation yields the following equation. 

RSz = (I,,,.,&-1)/(40. D) 
RS2 

where D: Time required for switching from ramp-wave voltage generation mode to analog feedback mode (ri, 
r2, or 20ms, whichever is larger in Table 6). 

I,: Collector current target value 
I comp: Sense SMU current compliance 

For suppressing overshoot 
(9 Determined by DUT collector-base capacitance Cbc 
Calculate a ramp rate that keeps the current flowing in C bc much smaller than I,, as follows. 

RSs = Ic 
100. Cbc 

RS3 

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

(ii) Determined to minimize the settling time 
If RS4 is determined by the following equation, the combined ramp-wave generation period and analog 
feedback period is minimized. 

Rs,=/~ 

where Vstart: Ramp wave start voltage 
Vstop: Ramp wave stop voltage 
D is the switching time described in RS2 (above). 
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Table 8. Delay Time Determination Method 

After feedback starts, the HP 4142B waits 100~s or the 
feedback integration time r*r, whichever is longer: this 
time is referred to as Tdo. 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. 

Tdo = Max (100 ps, rAF) 

To determine the delay time Td, there are two factors to 
be considered: one is the overshoot recovery time Ti, 
and the other is the settling time T2 in the analog 
feedback mode. 

Td = Ti + Tz 

Ti and Tz calculations are shown on the right. 

If: 

Td > Tdo 

specify Td as the delay time. 

If: 

set the delay time to 0 (default value). 

(i) Overshoot recovery time 
The slew rate during this time is 8/r,+ 

T,=lL= RS D . r/,r 
8/rAF 8 

(ii) Settling time 
As shown in Figure 9 (a), the closed loop bandwidth is 
fz = Ad,,t/2nrAr. The transient response time constant is 
t = 1/2nfz. The time required to come within 0.1% of 
the target value is 6 t. 
Therefore, 

T2= (jtAF 
but 

Figure 10 shows sense SMU monitor output Tr and T2. 

I Figure 10. Sense SMU Monitor Output TI and T2 
I I I 

T2 

(3) Parameter calculation example 
(a) Bipolar transistor 
Here, we’ll use the AFU to measure the hrE of a bipolar 

transistor with the characteristics shown in Table 9. 

Table 9. Bipolar Transistor Characteristics 
t 

VC 

5V 

1, bE min bE max GN cbc / fT 

1 mA 100 300 8 PF 4pF 1200 MHz 

@ Current range determination 
To increase the measurement speed, the specified ramp rate 

should be as high as possible, and for analog feedback Tl = 6 
tAF/Adut should be as small as possible. To make Tz smaller, 
decrease r~r = Ad,,/2nfz by making the frequency bandwidth 
f? as large as possible. Table 6 shows that ‘SAF 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. 

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 Icomp. Therefore, current compliance should be set as 
determined by the following equation. 

FS.0.115 < Icomp Z 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 Ibmax value, which is determined by the 
following equation. 

I bmax = Ic/hFEmin = 1 mAi = 10 PA 

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 lOpA range, set current 
compliance to 11.5pA. 

- 10 - 



@ 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: 0 V 
Stop voltage: 1 V 

Figure 11 shows an example program for measuring the 
base current Ib (for calculating hrs) of a bipolar transistor 
using the AFU and two SMUs. This program sets the 
parameters 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-ASV3), 
and Channel 2 is the sense SMU (line 90-AVI2). Line 80 sets 

@ Feedback integration time 
Calculate tl to rj using Table 6. 

determination 

t, = 32.1 bmax/Irs = 32.10 ~A/10 /.LA = 32 /.LS 
rr = 20 ~.s (CON = 8pF, which is less than lOOpF, so 

use the 1OOpF row and 10 PA column in Table 
6-l to determine rr.) 

r,=3ps 
r4 = h FEmax/(2n. fr) = 30012~~. 200. lo6 = 0.24 ~LS 
t5 = 2 . C&I,, = 2-4pFllmA = 8 ns 

Therefore, 

TAF = 80 . tmax = 80.32 ps = 2.6ms 

@ Ramp rate determination 
Calculate RS1 to RS4 using Table 7. 

RS, = 280 V/s (GIN = 8pF, so use the 1OpF row. 
Current range is 10 PA). 

RS2 = (I,,,,&-1)/(40. r,) 

= (1.15/l-1)/(40.32 ps) 

= 117 v/s 

RS3 = I,/(100 . C,,) = lmA/(lOO .4pF) 

= 2.5~ 106Vis 

RS4 = X’ 8 . 1 Vstop-Vstart 1 /xAAF D 

- = %‘% Il.0 - 0 1 12.6ms. 32 ~LS 

= 9.8~10~ V/s 

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

RS = min{RS,--RS4} = RSr = 117Vis 

@ Delay time determination 
Determine T, and Tr from Table 8. 

I  

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 hrr calculation, we 
need to measure the base current Ib, so line 100 sets search 
measurement mode 2, which measures search SMU current 
Ib. 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 It,. 

(ii) Using the library subprograms to specify parameters. 
The furnished software contains subprogram Para-hfe for 

calculating AFU setting parameters (feedback integration 
time, ramp rate, and delay time) for hre 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 hFE values, input capacitance CIN, and 
feedback capacitance Cbc. Line 80 calls the subprogram that 
uses these values to calculate the feedback integration time, 
ramp rate, and delay time (Tau, Rs, Dt). 

Ti = (RS D. tAr)/S 
= 117Vls. 32 ps. 2.6msl8 = 1.2 ps 6? 1 

Tr = 6. rArlAd”i = 6.2.6ms/40 = 390 ps 63 1 
70 1 
80 OUTPUT DHp4142;“A5”3.0.1 .117.,1.5E-6” 

As described in Table 8, Tdo = rAr = 2.6ms, 

Td = Ti+Tr = 391.2 ps < Tdo = 2.6ms 

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

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

136 1 
137 I 

Figure 11. Programming Example (h& Using HP-IB Commands 



Upper waveform: Output to transistor base (0.2 V/&v) 
Lower waveform: Transistor collector (AFU Monitor port) 

Horizontal axa. 2g/vdi?) . 

Figure 12. Waveforms Related to Figure II Program Execution 

Line 90 sets the search SMU, and line 100 sets the sense 
SMU. Line 110 performs the Ib measurement, and line 120 
displays the measurement value. 

62 I 
63 I 
64 Icnox-I .iSE-3 
65 ustart- 
66 Vstop’l 
67 Hfcmln-I00 
68 Hfenax-300 
70 Ft-2.00EtB 
71 C,n-B.E-12 
72 Cbc-4.E-12 
73 I 
60 Para_hfslS.I.E-3,Icnax,vatart .Ustop,Hfanin.Hfemax,Ft .Cln,Cbe,Ib, 

Ibnax ,Tsu, R. .Dt ) 
90 Set-asourcd3,Vstart ,Vetop.Ra,l .E-3,Dt ,Ibnax) 
I00 Set~snonitor(Z.1 ,S.l.E-3,Icmax) 
110 fleasure-asearch( I ,2 ,tau ,Ib-neaa) 
120 PRINT Ib-naas 
IT? I 
I ” /  

138 I 

Figure 13. Progrumming Example (~FE) using Furnished 
Subprograms 

(b) FET 
Here, we’ll use the AFU to measure Vth of an FET with the 

characteristics shown in Table 10. 

Table 10. FET Characteristics 

@ Search start and stop voltage determination 
The following search start and stop voltages should allow 

Vtt, to be reached. 

Start voltage: 0 V 
Stop voltage: 2 V 

@ Current range determination 
To determine Vit,, 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 1OmA 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 lOpA range. 

@ Feedback integration time determination (see Table 6) 
@Assuming that the FET input resistance is very high, then 

I bmax = 0, thus rl + 0. 
Krss = CON = 3pF, which is less than 100pF. Current range 

= 10mA. So using Table 6-1, r2 = 0.9~s. 
*The sense SMU current range is lOpA, so using Table 6-2, 

t3 = 11/B. 
at4 does not apply to FETs. 
l Crss for an FET corresponds to Cbc for a bipolar transistor, so 

5 = 2. C,,,/I,, = 2.1.3pFllO /.LA = 0.26 /.LS 

aAssume that the DUT gain in the subthreshold region is 40. 

Therefore, 

TAF = 80 * tmax = 80 - r3 = 0.88ms 

@ Ramp rate determination (see Table 7) 
l &s = CON = 3pF and the search SMU current range is 

lOmA, so using Table 7-1, RSr = 280V/ms = 280 x 103V/s 
.D = max (ri, r2, 20 ps) = 20 ps, and using Id for Ic, 

RS,, = (I,,,,/Id-1)/(40. D) 
= (11.500 - 1)/(40.20 ps) 
= 188 v/s 

*Using C,,, and Id for Cbc and I,. 

RS3 = Id/(lOO. C,,,) = 10 ~A/(100 : 1.3pF) 
= 77x lo3 v/s 

RS4 = v 8 * 1 Vsq-Vstart 1 /rAF . D 

= V 8*2/0,88ms + 20 ps 

= 30x103 Vls. 

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

RS = min{RSi-RS4} = RS2 = 188 V/s 



@ Delay time determination 
Determine T1 and T2 from Table 8. 

T, = RS . D. r&S = 188Vls. 20~s. 0.88msfB 
= 3.3 ps 

Tz = 6. rAF/Adut = 6.0.88msl40 = 132 ps 

As described in Table 8, Tdo = OAF = 0.88ms, SO 

Td = T,+T, = 135.3 ps<T,+, = 0.88ms 

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

@ 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. 

62 1 
63 1 
70 1 
80 OUTPUT DHD414?;“~5”3.0.3.188.1!.5E-3~ 
30 OUTPUT OHp4142;.AVl~.6;1E-5.li.5E-6. 
100 OUTPUT @HLd.142:“A5P11 .1 .0.88E-3” 

Figure 14. Programming Example (VT,) using HP-IB Commands 

62 1 
63 1 
70 1 
80 W-6 
30 Id-, .E-5 
3 00 Idnax-l.IS*Id 
110 vatart- 
120 vatop=z 
150 Ipma*-i. 15E-2 
131 C,n-j.E-I2 
13,’ Cpd=l.3E-:’ 
133 1 
134 ~ara~“th~“d,Id.Idnar.Vstart,“atop.Ip.an .C,n.Cgd.Tsu.Rs.o:~ 
135 Set_a~ourceiJ,Vatsrt,V~tOp,RS,l .E-3.0t ,iQW> ! 
I36 Set-snon,tor(Z,I .Vd,Id.Idnaxi 
!j7 Pleasure-aaearchc 1 ,’ .Tau ,V?h) 
138 PRINT Vth 
:41 1 
142 I 
!43 I 

(4) AFU operation tips 
@ Changing parameters if errors occur 
If 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 = 5OOV/s 
Delay time = OS 

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

and stop voltages are appropriate. 
aSet the ramp rate to 10% of its present value. 
l Double the feedback integration time. 
*If the measurement value (I, or Id) is not within +2% of the 

target value, repeat this sequence. 

@ Measurement range selection 
@Sense 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. 

@ AFU MONITOR port 
You can monitor the sense SMU measurement output at the 

AFU MONITOR port. If a low current range (less than lOpA) 
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. 

I lf 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 .I5 

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

Figure 15. Programming Example (VTH) using Furnished 
Subprograms 



3. APPLICATION EXAMPLES 
3.1 Characteristic Curve Measurement 

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. 

Methods for Bipolar Transistors and 
FETs 

Figure 16 shows the test fixture, DUT, and controller 
connections for measuring characteristics curves. 

Table 17. Characteristic Curve Measurement Methods 

r T Associated command Characteristic curve 1 Force mode Measurement circuit 

5 Bioolar transistor FET HP-IB command iubprogram name 

Sweep-iv 

Sweep-miv 

SeLiv 

Sweep-mode 

Pulse-v 

Pulse-i 

Setiv 

Sweep-pbias 

1 I 

f-l% 
k 

A 

10 t V C E  WV 

WI 

wsv 

WSI 

w-r 

WM 

Staircase sweep 

(from low to 

medium current 

region) 

iC-vCE Id-Vd* 

f--t 

IB J-l 
WV 
WI 

WM 

PV 

PI 

PT 

Staircase sweep 

with pulsed bias 

(high current 

region) 

f-5 
1, A WV 

WI 

wsv 

WSI 

w-r 

WM 

Staircase sweep 

(from low to 

medium current 

region) 

Sweep-iv 

Sweep-miv 

Set-iv 

Sweep-mode 

k-VBE 

kVBE 

k-k 

Id-Vgs 

Pulsed sweep 

(high current 
PWV 

PWI 

SeLpiv 

Sweep-piv 

Note: Is and Ic cannot be mea- 

sured at the same time. 
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Table 11. Characteristic Curve Measurement Methods (continued) 

Characteristic curve Force mode Measurement circuit Associated command 

Bipolar transistor FET HP-IB command Subprogram name 

Id 

Pulsed sweep 
an-v,, (high current 

PWV Setpiv 

&“-Id region) VdS PWI Sweep-piv 

V CE(sat) Pulsed spot 
-k 

IR PV 

(high current 
t 

Pulse-v 

V 
PI 

BE(*at) region) 
Pulse-i 

-Ic 
PT 

(a) General connections 
HP 41420Axl (SMU 1) 

Module configuration HP 41421 Bx2 (SMU 2, SMU 3) 
HP 41425Axl (AFU) HP 9000 Series 300 Computer 

16058-61603 

(b) HP 16058A test fixture connections 

Short-circuit the SMUl and GDl terminals before using the GNDU. 

c 

Qooo ocooooc 
I\.. . I I(/ I 

\ 2 
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 
applications. GaAs MESFETs are very small, and the thermal 
conductivity is very low (about 113 that of silicon), so heat 
generated by high voltage or current application causes 
problems. Using the HP 41428’s pulsed output, Id - Vds 
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 Id is a hyperbolic function (tanh) of Vds, which 
determines electron velocity saturation. 

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

l K: Gain factor 
l Vro: Threshold voltage 
OR,, Rd, Rs: Ohmic contact resistances 
*r-r: Ideal factor of Schottky junction 
*IRS: Saturation current at the Schottky junction 
l Vbi: Built- in potential 
l NN: Active layer electron density 
*a: Active layer thickness 
l I -G  

Active layer electron mobility 
l gm: Mutual conductance 
l Fmin: Minimum noise figure 

(1) K and VT0 measurement 
Figure 19 shows the K and Vro 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 a - V,, graph (Figure 
20). The gain factor K is the slope of the straight line section, 
and the threshold voltage VT0 is the voltage where the 
extrapolated straight line intersects the x-axis (V,,). 

V 70 = -3.W 

Source Gate Dratn 

Actwe layer 

Sema-msulatmg substrate 

Figure 17. GaAs MESFET Structure 

Dram 

‘W 

Rfa I: Cdr 
Gate -1 

0 :: 

rrl I 0 

(V,~IV,,,< 0) 
Rs 

1 IL= 0 

I,=K.(V,%+V,,,)2.( I +J.V,J.tanh(a V,,) 

(v,.+vr,,> 0 1 SOWX 

Figure 18. GaAs MESFET Circuit Model 

sweep d D 

G 
SMU3 

S 

VW u-6 GNDU 

Figure 19. K, VT0 Measurement Circuit 
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(2) &, Rd, and R, measurement 
Figure 21 shows the R, measurement circuit. With a lOOpA 

gate-source current, staircase sweep the drain voltage, and 
measure drain current and gate voltage. Plot the measured 
values on the V,, - Id graph (Figure 22). R, is the slope of the 
straight line section. To determine Rd, 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 Id = 0, pulse sweep the gate voltage from OV to 1.2V 
and measure I,. Plot the results on an I, - V,, 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, I,, Vbit NN, and a 

The current density at the Schottky junction between the 
gate and the source is expressed as follows: 

Js= A’.T’.exp [-@$].exp[*] 

where A*: Effective Richardson constant (8.7 Aicm’iK’) 
n: Ideal factor 
Vbi: 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 I, - V,, 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 (I,). 

n = 1.197 
I,, = 3.13x10-‘2 

The built-in potential Vbi, electron density NN, and active 
layer thickness can be calculated from I,,, the channel length 
L, and the channel width W, using the equations in Table 12. 
Assuming L = 1.5p.m and W = 1,50Opm, these parameters 
are calculated as follows: 

Vbi = 26x10e31n 8.7~3002~1.5~1500x10-s 
3.13x10-= 1 

= 0.763 V 

NN = exp 0.763-0.706 
0.026 1 = 8.96 (1016/cm3) 

J 3.5+0.763 
a= 7.23.8.96 = 0.26 pm 

Table 12. Vhi, NN, and a Equations 

v 
bt 

_ kT ln A*.T’.L.W 

4 . [ 

- 
I 
6s 1 

NN = exp 
[ 

Vbi-0.706 
kT/q 1 

GNDU I sweep 

Figure 21. R, Measurement Circuit 

VGS -ID 
<xc-9) 

I I 
I 

700 . . . . . . . . . . . . . . . . . . . . . i . . . . . . . . . . . . . . . . . . . . . . . + . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
! 

3 
- 

i 
300 * * ’ ’ * ’ ’ f * ’ ’ 1 ’ 

0 20 40 60 
ID CR1 (xE-PI 

Figure 22. R, Extraction 

Figure 23. R, Measurement Circuit and Extraction 

IG - VG5 

Figure 24. I,v,, n Extraction 
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(4) R, and p. 
When the drain voltage is about OV in the nonsaturation 

region, the approximate drain current expression is as 
follows: 

VdS then I& = ____ 
Id xx 

Figure 25 shows the measurement circuit. With a constant 
voltage of 0.05V applied to the drain, pulse sweep the gate 
voltage and measure the drain current. Plot the measure- 
ment values on the V&d--XX graph (Figure 26). If the 
characteristic curve is not a straight line, it means that the Vbi 
or VTo value is not appropriate. If this occurs, measure VT~ 
and I,, again. The open channel resistance R, is the slope of 
the straight line characteristic curve and is 1.080 from our 
measurement. 

The weak electric field electron mobility is determined by 
the following equation. 

L 

Using R,, a, and NN that we determined earlier, 

1.5 
/J=J = 1.08. 1.9x1o-‘9 . 8.96x10’6~0.26x10-4~ 1500 

= 2091.9 (cm’/V. set) 

(5) g, and Fmin 
Figure 27 shows the g’, measurement circuit. With 

constant voltage applied to the drain, pulse sweep the gate 
voltage and measure Id. This circuit measures the actual 
mutual conductance g’,, which has been degraded from the 
intrinsic mutual conductance g, by R,. Use the measurement 
points and the following equation to determine g’, for 
various V,, values, then plot g’, vs V,, as shown in Figure 
28. 

AId g’, = - 
AV,, 

Figure 27. glrn Measurement Circuit 

The intrinsic mutual conductance g, is calculated by the 
following equation. 

EC gm = l-gt;R, 
The minimum noise Figure F,,, occurs for drain current l&s 

(V,, = 0). From Figure 28, at V,, = OV, g’, % .095S, so from 
the above equation g, % 0.11s. The minimum noise Figure 
F,,i, is expressed by the following equation. 

Fmin f lO.log [ItK-f.L. vg,(R,+R,)] (dB) 

I 
Figure 25. R, Measurement Circuit 

I R ON - XX - 

I 
“X 

Figure 26. R,, Extrriction 

Id 

- VdS 

0 s 

GNOU 

* V V 

Figure 28. g’,,, Measurement Plot 
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where K: Constant with value 0.25 to 0.3 
f: Operation frequency (GHz) 
L: Channel length 
Rs: 3.9652 and R, = 1.5Q from previous 

measurement (See Figures 22 and 23, 
respectively). 

Using f = 5.92GH.z and g, obtained above, and assuming 
K = 0.27, the minimum noise figure is calculated as follows: 

Fmin = 10. log [1+0.27.5.92GHz. 1.5pm 

. X’ 0.11. (3.96fl+l.Sfi)] 

= 4.5 (dB) 

3.3 Power MOSFET Characterization 
Unlike general MOSFETs, the power MOSFET has a 

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

The drain current expressions are as follows: 

I. Linear region (nonsaturation region) 

Io = 2. K. Vds. [(V’s,-VT)-Vd,/2] (l+AV& 

II. Saturation region 

In = K. (Vss-VT)*. (l+AVds) 

The gain factor K, threshold voltage Vr, channel length 
modulation parameter A, source resistance R,, and drain 
resistance Rn are determined as follows: 

(1) Kand VT 

- Figure 31 shows the measurement circuit. Perform a 
synchronous staircase sweep of the gate-source and the 
drain-source voltages. Measure the drain current Id, and plot 
measurement values on the v’& - V,, graph (Figure 32). 

The gain factor K is the slope of the straight line section, 
and the threshold voltage Vr is the voltage where the 
extrapolated straight line intersects the x-axis (V,,). 

Figure 33 (a) shows the measurement circuit. With pulsed 
voltage applied to the gate, staircase sweep the drain 
voltage. Plot measurement values on the Id-Vds graph 
(Figure 33 (b)). Select a point on the characteristic curve, and 
call the coordinates of this point (Vdsl, Idi). Extrapolate a 
straight line from this point to the y-axis (Id), and call the 
intersection point Ido. Determine A from the following 
equation: 

A= Idl-Ido 

Ido . Vdsl 

Source Gate 

t5 
Drain 

Figure 29. Power MOSFET Structzlre 

Figure 30. Power MOSFET Circuit Model 

Sync sweep 
I SMU2 

I Id 

Vds 

Figure 31. K, VT Measurement Circuit 

I SOR(ID) - VGS 

Figure 32. K, VT Extraction 



(3) R, 
To include the voltage drop due to the ohmic contact 

resistances R, and &, replace V,, and VdS in Equations I and 
II (previous page) with the following expressions. 

V,, = V’s,-IdR, 
vds = V’ds-Id UG+RD) 

where V’s, and VI& are the measurement values. 
Using the measurement circuit in Figure 33 (a), perform 

measurements for two V’&-Id characteristic curves and plot 
the curves (Figure 34). Each curve has constant V’sS. Choose 
a saturation region point from each curve (V&i, Idi) and 
(V&i, I&, and substitute these points to make 2 versions of 
Equation II. If these two versions are combined, the 
following equation can be derived. Plug in the values to 
calculate R,. 

R, = Vgs,-bVgsz-h (1-b) 
IdI (l-l/b) 

bd!i- 
Id2 

starcase sweep 
with pulsed bm 

VdS f 

GNDtJ 

Id 

Vds 

Figure 33 (a). A Measurement Circuit 

Figure 33 Cb). A Extraction 

r 

L 
tzgure 34. K, Extraction 

(4) R,, 
Figure 35 shows the measurement circuit for determining 

RD. With O.lV applied to the drain, pulse sweep the gate 
voltage, and mesure Id. Plot the measurement values on the 
V,, - RON graph. RON = V&/Id. 

RON = R,+R,,+ 1 
2.K.(V,,-Vr) 

Determine the drain resistance Ro from the following 
equation 

Rn = R~N-R,- 1 
~.K-(V,,-VT) 

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

Use Figure 36 to select the Roe and V,, values: Use the RON 
value in the region where Roe has become fairly constant. 
V,, corresponds to the RON you choose. 

- 20 - 
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Figure 36. RON Measurement Plot 



3.4 Bipolar Power Transistor 
Characterization 

The knee current Ik, which produces high injection effects 
in the high current region, emitter resistance Rs, and 
collector resistance Rc are determined as follows. 

(1) IK 

Use the circuit in Figure 37 to measure values for the high 
current Ic-VBE and Is-VBE characteristic curves. With 
Vcr= lV, pulse sweep the base voltage, and measure Is and 
Ic. Plot measurement values on a semilogarithmic graph. In 
the high current region (>lOmA), the curve is not a straight 
line. This is caused by the ohmic resistance at the base and 
emitter terminal and by voltage drop due to the base- 
spreading resistance. The drop-away voltage AVss is 
expressed by the following equation: 

AVBE = VBE-V’sr = IBRB+IERE 

where VBE: Measured value 
V’sr: Transistor intrinsic value 

(Ignoring Rs and Rs) 

The theoretical expression for the base current is: 

Is = IBs. exp ~ [ 1 qV’BE 

nkT 

You can determine the saturation current IBs and the ideal 
factor n from the Is-VBE characteristic curve in the medium 
and low current region. Perform a synchronous staircase 
sweep of the base-emitter and collector-emitter voltages to 
obtain measurement values for plotting an Ia-Vss 
characteristic curve. Plot measurement values on a 
semilogarithmic graph (Figure 40). Determine n from the 
slope of the straight line section in the medium current 
region. 1~s is the current where the extrapolated straight line 
intersects the y-axis (IB). 

Intrinsic voltage V’sE can now be determined by the 
following equation. 

V’ BE=nkTln & 
9 [ 1 

Pick Is-I= pairs (same Vsr) from Figure 38, and use the Is 
values in the above equation to calculate corresponding VIBs 
values. Then, plot Ic and Is vs. V’sE as shown in Figure 39. 
The Is curve is now corrected to a straight line, and the Ic 
curve has a discontinuity (slope changes drastically). The 
current at this discontinuity is the knee current Ik. 

Pulsed sweep 
I I 

VBE 
GNDU 

Figure 37. I,-, Is-VIE Measurement Circuit 

Figure 38. Measured lc, Is-VBE 

Figure 39. Corrected I,-, Is-V’BE (IK Extraction) 

IB - VBE 

Figure 40. n, 18s Extraction 

- 21 - 



(2) RE 
Figure 41 shows the measurement circuit. With collector 

current set to 0 (open collector), pulse sweep current to the 
base, and measure VCE. Plot measured values on the VcE-IB 
graph. Determine the emitter resistance RE from the slope of 
the straight line section. 

(3) Rc 
The output resistance (V&c) in the saturation region is 

expressed by the following equation: 

R, 5 Rc+ (l++) RE 

Plot the VcE--Ic characteristic curve with I& constant. 
Figure 43 shows the measurement circuit. For various 
values of Ig, but with I& = 10, perform repeated pulsed 
spot mode measurements. Plot measured values on the 
VcE-Ic graph. The slope of the curve in the high current 
region is R,, and collector resistance R, can be calculated 
from the following equation. 

Rc = R,- (l++) RE 

= R,-llRE 
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Pulsed sweep 

Figure 41. RE Measurement Circuit 

VCE - IB 

Figure 42. RE Extraction 

Pulsed spot 

18 
GNDU 

Figure 43. Rc Measurement Circuit 

VCE(SRTl - IC 

,c*m ,:;:;- :..J_ : ,..- 

I I I I 

Figure 44. Rc Extraction 
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