


Introduction 

This application note describes how to easily make very low 
current measurements (down to 10-n A) and quasi-static 
capacitance-voltage measurements with the HP 4140B. 
These measurements can offer improved production yields 
and also aid in the development of higher performance 
semiconductor devices. 

Previously, measurements that required test voltages sup- 
plied from an external source also required the building of 

a system. Such systems included a pA meter, voltage 
sources, test fixtures, and appropriate overall control. 
These systems were usually large and expensive. Also, noise 
problems and measurement timing problems made the 
systems difficult to use. The 4140B pA Meter/DC Voltage 
Source offers a better solution. The 4140B includes a pica 
ammeter and two built-in dc voltage sources. And all meas- 
urements are controlled and properly synchronized by a 
single internal microprocessor. 

I. Low current semiconductor measurements 

---How to obtain stable and accurate synchronous I-V and C-V measurements- -- 

OSynchronous I-V measurement using a 
staircase sweep 

In very low current semiconductor measurements, it is 
important to determine how the carriers move within the 
semiconductor. The 4140B includes a voltage sweep for 
automatic current measurement. The 4140B also initially 
sets the (‘)HOLD TIME to stabilize the DUT (device or 
material under test) with respect to its properties. This 
is done using a bias voltage (START V) before the auto- 
matic sweep is started. (See FIG. 1) 

In addition, the (2)STEP DELAY TIME is set to reduce 
undesireable transient response with changes in bias 
voltage (STEP V). The actual measurement starts at the 
end of STEP DELAY TIME, after the step changes. And 
the measured current is displayed or output simultaneously 
with the actual bias voltage value. To obtain the desired 
accuracy and stability of measurement, a SHORT, MED 
or LONG measurement time can be selected. 
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FIG. 1 Synchronous I-V measurement for sweep/ 

@Synchronous I-V and C-V measurement 
with ramp sweep 

I-V and C-V measurements usually employ a sweep voltage 3) no overshoot in step voltage changes because of the 
with a constant ramp rate dV/dt (0.001 V/s - lV/s). The nominal slew rate of lV/ms. 

measurement accuracy of I and C at a given bias voltage 
depends on the output timing control between the meas- 
ured I or C and the sweep voltage. 

FIG. 2 shows the concept of such a synchronous I-V or 
C-V measurement. The HOLD TIME can be previously 
set to provide a waiting time for stabilizing the DUT at an 
initial bias voltage. In the sweep measurement, the I or 
C value is averaged in a measuring time window. The dis- 
played V value is the value obtained at the center of the 
measuring time window. The unique timing control in the 
4140B pA Meter/DC Voltage Source offers more exact 
I-V or C-V characteristic measurements than by merely 
systemizing individual instruments. 
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FIG. 2 I-V or C-V measurement with ramp 
sweep f 

--- Protecting sensitive DUT’s (devices under test) from 
destruction - - - 
For both built-in voltage sources of the 4140B, there are 
three kinds of DUT protection: 
1) absolute current limiting by the output current limiter 

at lOOpA, lmA, and lOmA, 
2) simultaneous output voltage change in V$, and Vu is pro- 

vided, and 
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II. MOS device characterization 

APPLICATION: ID-VGS. IO-VDS measurements of MOS FET 

One of the DC parameter measurements used in MOS 
device evaluations is the ID-V~s characteristics measure- 
ment in the subthreshold region. Such subthreshold charac- 
teristic measurment requires an ammeter with a very 
wide current range. Also required are two voltage sources: 
one which drives VGS (gate voltage) and another which 
supplies V& (drain voltage). , 

When making the ID-VGS measurement, the 4140B controls 
are first preset, and the AUTO START KEY is pressed. The 
DUT properties are automatically measured by the 4140B 
between the start (START V) and stop (STOP V) voltages. 
The measured value for I,, and the drive voltage VGs are 
displayed on displays-I and V, respectively. 
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FIG. 3 ID-VGS measurement 

For very low current measurement in sub- 
threshold region, a shielded box for probe 
station and floating probes are necessary. 
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FIG. 4 ID-VGS characteristics in subthreshold region 
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In this case, sweep voltage automatically maintains its value 
until the measured current value becomes stable and dis- 
plays an optimum value (rejecting any transient ranging 
pulse change). 

Use of the 4140B will simplify test connection, and in- 
crease measurement speed and accuracy. 

The typical measured characteristics of ID-V~s are shown 
in FIG. 4. The 4140B offers flexible measurement with its 
PAUSE key function. The PAUSE function stops the 
sweep and enables a step voltage change to be made during 
the pause. The sequence then restarts automatically (or 
manually) and proceeds step by step -- to search for the 
threshold voltage at a nominal current value. These pro- 
cedures can also be programmed by an HP-IB Controller -- 
for example, as auto search in a threshold voltage measure- 
ment. (Refer to example program on page 7.) 

If the DUT is already packaged in TO-5 or dual-in-line 
packages, the 16055A Electra-static light shielded Test 
Fixture can be useful. (See FIG. 5) 

FIG. 5 16055A Electrostatic and light shielding Test 
Fixture 

Accessory test fixture provides electrostatic 
and light shielding for the device under test. 
One connection plate is provided for use with 
the clip leads (included) and a second plate 
is provided for TO-5 type sockets. 



APPLICATION: IR-VG measurement of gated diode in wafer test 

Most test patterns for process evaluations of the so-called 
TEG (test element group), include a gated diode pattern for 
evaluation of carrier generation and recombination pro- 
perties at the Si-SiOa surface. This causes a large reverse 
current at the PN-junction which, in turn, contributes to 
the degradation of the device. However this technique can 
help identify packaged MOS-FET’s with high drain leakage 
current or low breakdown voltage between the drain and 
source. It also permits selection of reliable devices with 
long lifetimes at a relatively early production stage. This 
evaluation method is called a reverse bias PN junction 
current (In) measurement. The gate voltage (V,) is varied 
from accumulation through depletion. An inversion layer 
is created in the substrate under the SiOz layer by applying 
a reverse bias (Vn) at the PN junction. (See FIG. 6) 

In this application, the 4140B measures and displays Ia 
values with a resolution of 10-15A (IfA). Two built-in 
programmable voltage sources (VA for V, and Vn for Vn) 
are automatically controlled during the measurements. 

Special guarding and shielding arrangements must be made 
when measuring current values under 10-12A. A typical 
arrangement with the 4140B is shown in FIG’s 8 and 9. 

FIG. 6 Gated diode measurement 
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FIG. 7 Gated diode characteristics 

High resolution pA Meter is necessary for 
this measurement. 
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FIG. 9 Typical arrangement for low current 
measurement 

hiel les and cables for low current 
measurements of wafers 

For current measurements down to lo-r5A at the 
prober station, it is necessary to use shielded 
needles for probing. The outer conductor must be 
connected to the LO input terminal of the pA 
Meter (see FIG. 9). The entire probe station 
should be enclosed in a grounded metal box. This 
arrangement will reduce leakage current between 
the HI input terminal and ground, and reject noise 
from surrounding equipment. 



By using the LOW lead connection switch on the 16054A 
Connection Selector or 16055A Test Fixture low lead con- 
nection changes to. the pA Meter can easily be made. For 
example, the Io-VDS characteristics shown in FIG. ‘lo (a) 

can be easily obtained by simply reversing the V, and Vn 
connections in FIG. 3. The resulting connection is shown 
in FIG. 10 (b). 
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(a) ID-VDS characteristics (b) Connection for ID-VDS characteristics 
L measurement 

FIG. 10 

APPLICATION: Quasi-static C-V measurement of an MOS structure 

To analyze the MOS structure of a semiconductor, the 
4140B provides a quasi-static C-V measurement method in 
one instrument. This method is useful for determining the 
properties of the minority carriers generated at the surface 
of the oxide layer. Quasi-static results also determine the 
C-V characteristics at high frequency (1 MHz). These meas- 
urements provide significant information such as impurity 
profile (doping profile) of surface state density which are 
useful when evaluating device quality. 

The quasi-static C-V method requires a sweep bias voltage 
with a very slow and stable ramp rate (down to lmV/sec). 
This is necessary to create an equilibrium state for various 
weighted carriers -- and is why this method is called “quasi- 
static.” A waiting time corresponding to the lifetime of the 
carriers in the DUT is necessary before the sweep starts. 

In this application, the quasi-static C is calculated from the 
measured current I divided by the constant voltage change 
or ramp rate dV/dt. 

I 
C = dV,dt farads 

C values at very low frequencies (near DC) can be deter- 
mined. 

An arrangement for measuring quasi-static C-V charac- 
teristics of an MOS diode is shown in FIG. 11. Once the 
4140B is preset in accordance with the properties of the 
DUT -- the operator then only needs to press AUTO 
START. This enables generation of the C-V character- 
istic curve (as shown in FIG. 12) between the START V 
and STOP V. 

The C-V measurement is synchronously done as described 
on page 2, so that measured capacitance values without 
voltage shift can be reliably used for calculation of surface 
state density (See Appendix A) or for comparison with an 
ideal C-V curve. 

FIG. 11 Quasi-static C-V measurement on MOS 
diode 
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FIG. 12 Quasi-static C-V characteristics curve 

Cox value can be entered, so that the dis- 
played value can be selected as C (pF) or 
C/Cox (%) normalized by oxide layer ca- 
pacitance Cox. 
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III. Photo diode characterization 

APPLICATION: Dark current vs bias measurement 

The development of photo diodes in which the dark current 
is 10-“A or less has led to photo detectors which are 
very sensitive. These devices are used as photo sensors in 
cameras, spectra photo meters, and other optical precision 
instruments. (Shown in FIG’s 13 and 14) 

The 16055A Test fixture with its light and electrostatic 
shielding features, is useful for measuring dark current of 
such photo diodes. 

The breakdown voltage of diodes is distributed over a wide 
range. To adapt to this need, the cascade use of the 4140B’s 
two built-in voltage sources expands its capability up to 
200V. This is useful in making breakdown measurements. 
Three current limiter stages protect the DUT from over 
current after breakdown occurs. The connection and 
characteristic are shown in FIG’s 15 and 16, respectively. 

VA: ioov 
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FIG. 13 Dark current measurement circuit 

FIG. 14 Dark current-bias characteristics 

FIG. 15 Cascade use of two built-in voltage sources 
expands bias voltage range to 200V. 

FIG. 16 Diode I-V characteristic 
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Iv, HP-IB Programming example: Threshold voltage Measurement 

“All keys on the 4140B front panel can be controlled,from HP-IB capability expands the 4140B functions to automa- 
the HP-IB by one of the many available HP-IB controllers. tic measurements, data analysis and characteristic graphic 
An HP-IB system can obtain accurate measurement data plotting. The sample program given in Table 1 shows auto- 
very quickly and analyze the data within the controller. matic searching for threshold voltage (V,) at a nominal 
Results can be used, for example, to control a semicon- current value. By using this program, the Vth value can be 
ductor wafer process in real time or to save design time in automatically measured in a few seconds by sweeping over 
the R & D lab.” a 2 volt span. 

Table 1. Vth measurement program 



Appendix A: Quasi-static C-V measurement for evaluation of an 
MOS device in the manufacturing process 

The quasi-static technique determines the low frequency 
thermal equilibrium MOS cpacitance-voltage characteristics. 
With this technique, surface potential and surface state 
density can be obtained relatively simply over a large part 
of the energy gap on a single sample. Such measurement 
also provides a direct test for the presence of gross non- 
uniformities in MOS structures. By knowing the surface 
state density, the present production process can be eval- 
uated and feedback treatment can be applied. This can 
reduce non-uniformity for obtaining a higher quality and 
more reliable MOS device. 

MOS C-V CHARACTERISTICS 

FIG. 17 MOS C-V characteristics 

By measuring both C-V characteristics, the 
surface state density can be calculated 
below from the following equation. 

p. 873. 
2) Noguchi, H, 1979. Hewlett-Packard Journal, vol. 

30, no. 12, pp. 10-19. 

41406 SPECIFICATIONS 

If this low frequency technique is used alone, it would be 
difficult to calculate surface potential and surface state 
density. But by doing both a C-V measurement at high 
frequency and a quasi-static measurement, the complicated 
equation can be simplified to the following for surface state 
density, Nss : 

CSS 
NSS =T= 

[ CLFCOX CHFCOX I .L 
COX-C~~- C~X-CHF 4 

where Css : 

CLF : 
CHF: 
cox : 

Reference 
1) Kuhn, 

surface capacitance, 
q = 1.602 x 10-l’ coulomb 
quasi-static capacitance 
high frequency capacitance 
oxide layer capacitance 

M. 1970. Solid-State Electronics, vol. 13, 

MEASUREMENT FUNCTIONS: ‘I, I-V and C-V 
CURRENT RANGE: 0.001 x IO-‘*A - 1.999 x 10-2A 
DISPLAYS: 3-l/2 digits 
BASIC ACCURACY: 0.5% 

MEASUREMENT TIME: Approx. 4ms - 2.56s 
CALCULATED CAPACITANCE RANGE: 0.1 pF -1999pF RAMP RATE: O.OOlV/s - l.OOOV/s 
VOLTAGE SOURCE (VA and V,): 0.00 to +lOO.OV SWEEP MODE: Auto/Manual (Pause) 

HEWLETT 
PACKARD 

For mom information, call your local HP Sales Office or nearest Regional Office: * Eastern (201) 265.5000, . MIdwestern (312) 255-9800; * Southern (4041 955-1500. l Western 
(213) 970-7500; l Canadoan (416) 678.9430 Ask the operator for nnstrument sales. Or write Hewlett-Packard, 1501 Page Mull Road, Pal0 Alto,CA 94304. In Eumpe: Hewlett.Packard 
S.A., 7, rye du Boir-du-Lan, P.O. Box, CH 1217 Meyrm 2, Geneva, Switzerland. In Japan: Yokogawa-Hewlett-Packard Ltd., 29-21, Takaido.Hlgashi 3.chome, Suginami-ku, Tokyo 168 
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