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Optical beam injection methods as a tool
for analysis of semiconductor structures
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Optical beam injection methods, such as an optical beam induced current (OBIC) one, have several
advantages. Such methods enable a comprehensive analysis of photocurrent generated at the
microregion of a semiconductor material or a device by focused light beam. In the paper, examples
of applications of the OBIC method for : i) examination of the silicon p-i-ndiodes used in a scanning
electron microscope (SEM) as a detector and ii) localization of electrically active regions at the
interface of the new transparent oxide semiconductor (TOS)-semiconductor structure have been
outlined.
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1. Introduction

Manufacturing of today’s microelectronic devices needs the use of novel
non-destructive techniques for optical and electrical characterization of the device
parameters with good spatial resolution. Suitable methods for such requirement are
based on focused beam which causes induction of excess carriers in a localized region.
The analysis of the current collected in the external circuit can provide important
qualitative and quantitative information of the local transport properties of the device
under test (DUT) [1].

Up to now, methods in which the focused light is used in order to generate carriers
for semiconductor investigations have been applied in many variations. There also
exist many names such as: light/laser beam induced current (LBIC) [2], optical beam
induced current (OBIC) [3], infrared beam induced current (IRBIC) [4], mono-
chromatic beam induced current (MBIC) [5] and others, but all of them describe the
same method. From experimental point of view, of major importance is the way how
the induced current is collected. As has been presented in Fig. 1, there is a common
difference depending on whether the signal measured was taken at a short (contacts A
and C) or an open (contacts A and B) junction. In both cases focused and modulated
light beam is scanned across the semiconductor sample and generates electron-hole
pairs in localized area. If this localized region has any electrical field (i.e., junction or
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Fig. 1. Schematic diagram of beam induced current phenomena in the case of planar p-n junction; A, B,
C - ohmic contacts, I, — photocurrent.

electrically active region caused by defects), the charges will be separated and the
induced current will flow between two remote contacts.

A short circuit current configuration has been especially applied in investigations
of p-n junction based devices, such as: solar cells [6], photodetectors [7], and silicon
wafers [8]. Based on the photocurrent measured it is possible to calculate quantum
efficiency of the device as well as other parameters such as: diffusion length, surface
recombination velocity or lifetime of minority carriers [9].

Although the open circuit configuration was first applied in the middle of the
1980°s[10], up to now there has not been developed any consistent theory which would
allow electrical parameters to be determined on the basis of photocurrent measured in
this case. Few exceptions, for example, include measurement of the junction depth, as
was reported by the group of Musca et al. [11]. A great advantage of the open circuit
configuration was that it allowed simultaneous investigation of multiple structures
fabricated at the same wafer using a single connection.

In the present work, tests of the p-i-n diodes were carried out in order to enable the
choice of detectors with similar electrical parameters. These detectors are most com-
monly used in multidetector system for backscattered electrons (BSE) in a scanning
electron microscope (SEM).

Additionally, the examination of electrically active areas at the interface of the
transparent semiconducting oxide—semiconductor by applying the OBIC method has
been outlined. The semiconducting thin film oxide was based on the titanium dioxide
lattice doped with transition metals and manufactured by a modified magnetron
sputtering method [12, 13]. Asa substrate well conducting (n-type) silicon wafers have
been used.

2. Experimental set up

In our experimental set up (Fig. 2) an OPTEL monochromator, remotely controlled by
PC equipped with a 450 W xenon lamp has been used as a light source. Owing to this
the experiment can be done at different wavelength of incident light beam ranging
from 2x10~" m to 24x10~" m with the minimum wavelength step of 1.5x107° m.
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Fig. 2. Schematic block diagram of the measurement system used in our OBIC method.
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Besides the power and the wavelength of the incident light beam also the spot size has
to be taken into account [14]. At first, the light is chopped and illuminates a 3x10™* m
pinhole. Then, the beam is focused with the help of optical lenses onto the sample
surface of about 35x107% m (or less) in diameter.

The optical system has been equipped with a digital CCD camera connected with
the host computer via USB (universal serial bus) interface. Thanks to this, both the
scanning area selected in the experiment and the actual position of the scanning beam
can be observed directly on the computer screen. A digital image of the light reflected
from the surface of the device under test (DUT) can be achieved and stored. DUT is
placed on a remotely controlled x-y-z stage. To obtain an image, the current induced
must be measured step by step at each point of selected area. A high signal to noise
ratio is assured by a lock-in technique application. The lock-in type amplifier (EG&G
PARC 5301A type) measures the magnitude of generated photocurrent and the phase
-shift between this current and reference signal. The digitized values are sent via the
GPIB (IEEE-488.2) interface to PC and stored in a file as a function of incident light
position. The minimum step size in the applied system amounts to 2.5x107° m.
The data is plotted as 2D gray scale or colour images with custom palette. Both the
magnitude and phase-shift images can be obtained. The control system was
implemented in the TestPoint environment working under Windows. The set of
equipment used allows one to make a full-automated measurement and data
acquisition.
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3. OBIC application

Focused optical beam injection methods enable comprehensive analysis of photocurrent
generated in the microregion of semiconductor and on the basis of collected data 2D
grey scale or colour images can be created [14, 15]. This may be useful in detection
of defects with very poor electrical activity [3, 16].

3.1. Analysis of SEM detectors

In Figures 3 and 4, exemplary distribution maps of the magnitude of induced current
measured on silicon p-i-n type photodiode in the case of different connection
configurations have been presented. In Fig. 3, the induced current was obtained in the
case of the open circuit current collected between A and B contacts. The magnitude
of collected current strongly depended on the position of incident light beam vs. remote
contacts. Near the centre of the structure being analysed photocurrent decreased to
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Fig. 3. Distribution of the magnitude of induced current obtained at silicon p-i-n detector in the case of
open circuit connection configuration between: A and B (), B and A (b) contacts and the magnitude I,

2 2
calculated as lpy = W/l pha * 1pns (0.
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Fig. 4. Distribution of the magnitude of the induced current obtained at silicon p-i-n detector in the case
of short junction connection configuration.
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Fig. 5. Distribution maps of phase shift between measured current and reference signal in the case of the
connection configuration as: a— in Fig. 3c, and b — in Fig. 4.

zero. The polarity of the current measured depends on whether a signal was collected

at A or B contact. In Fig. 3c the magnitude of collected current calculated as

_ )2 2.
loh = Alpha * 1phe IS presented.

h

i In Figure 4, a short junction configuration is presented and the current is collected
between A (or B) and C contacts. The photocurrent has quite a uniform distribution
over the area under investigation. The visible darker spots are due to the surface
impurities of the structure being tested.

Figure 5 presents a distribution of phase shift between measured photocurrent and
the reference signal in the case of different connection configuration in the OBIC
method. Similarly to the image presented in Fig. 4, Fig.5b shows a uniform
distribution of measured quantity over investigated area. Pinholes correspond to the
same surface impurities which can also be observed in Fig. 4. The phase shiftin Fig. 5a
has changed near the centre of the structure, which indicates change of the direction
of collected current (see Fig. 3).

Experiments described above in the case of open and short circuit current were
performed without any additional external electric field. The current could be observed
thanks to the photogenerated excess minority carriers separated directly at the p-n
junction of the detectors being tested. Besides the nature of collected current it is worth
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noting that measured signal in Fig. 4 was about two orders of magnitude higher than
in the case of signal in Fig. 3.

3.2. Analysis of the transparent semiconducting oxide-semiconductor interface

A new kind of structure with nanocrystalline titanium dioxide-based semiconducting
thin films was manufactured using a low-pressure hot target reactive magnetron
sputtering process [12]. As dopants a V and Pd sheets have been co-sputtered from
Ti target in order to obtain Ti-V-Pd oxide compositions. The amount of dopants has
been estimated at V = 10.6 at.%, Pd = 6.67 at.%. The thickness of the fabricated films,
measured by optical interference method with Hg (551 nm) filtered lamp was 395 nm.

In order to make electrical measurements, the Ag/TigWy, electrode with a
diameter of 3 mm was evaporated through the mask in the layer under examination.
At the backside of silicon wafer an ohmic contact has been made using In-Ga eutectic
alloy. A schematic drawing of the structure under test is presented in Fig. 6.

In Figure 7a, characteristics obtained from the measurement of i ;,(X) photocurrent
generated during a single scan of light beam through the range of analysed structure:
electrode-thin oxide film-silicon substrate (Me/(Ti-V-Pd) oxide/Si) are presented.
Below the characteristics, a general view of the structure is shown.

The measurements were carried out at room temperature at the wavelength
A =660 nm, for which the thin film is permeable at different values of supply voltage
(Upias)- The increase in the amplitude of photocurrent, registered in the junction range:
thin oxide film-silicon substrate, confirms the presence of the built-in potential (space
charge), ensuring the separation of generated current carriers. Based on the
characteristics shown in Fig. 7 it can be noticed that the location of electrically active
range corresponds to dimensions of analysed structure. Similarly to the case of
conventional semiconductor junctions, the increase in bias voltage results in extension
of space charge range. This is confirmed by the fact that at the boundary: thin
Ti-V-Pd oxide film-silicon substrate, the junction has been formed. Additionally, the
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Fig. 6. Schematic drawing of the structure under test.
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Fig. 7. Characteristics of photocurrent i,;(x): @ — obtained in effect of single scan of light beam across
the area of Me/(Ti-V-Pd)/Si structure and b — vs. polarisation bias (Uy;,). Light beam parameters:
diameter ca. 35 um, frequency of modulation f=182 Hz. The characteristics were taken at room
temperature with the wavelength of 4 =660 nm in the case of short junction connection configuration.
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Fig. 8. Map of photocurrent distribution at the boundary: semiconducting oxide-Si of Me/(Ti-V-Pd)
oxide/Si structures determined at the bias voltage: a— Up;,s =0V, b — Upips =1 V.

o

increase in the value of measured photocurrent with increase in bias voltage is
presented in Fig. 7b.

Distribution of space charge can also be observed on 2D maps of measured
photocurrent, as is shown in Fig. 8. The maps were obtained by point-by-point
measurement of photocurrent generated in the selected area scanned with the light
beam upon selected polarisation bias.
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Photocurrent presented in Figs. 7 and 8, was collected in the short circuit current
configuration. This type of connections allowed us to collect the photogenerated
current in a simple way with a high sensitivity (a high signal to noise ratio).

The results described above seem to be very attractive for novel applications of
this kind of structures in microelectronics. For example, as we have already shown in
[13], they could be applied in a new kind of photodevices.

4. Conclusions

Optical beam induced current method (OBIC) has proven to be very useful in the
diagnostics of typical semiconductor detectors as well as analysis of the new kind of
structures with the electrically active region at the interface of semiconducting metal
oxide thin film deposited on silicon substrate.

Characteristics scanned “in-line” allow us to indicate the electrically active regions
which were equal to physical dimensions of the structure analysed. Similar to the
conventional junction based structures, the distribution of measured photocurrent at
the fabricated heterojunction of semiconducting oxide—semiconductor was found to
be dependent on external polarisation bias.

The photoelectric effect revealed on the boundary of thin semiconducting oxide
layer with silicon substrate by OBIC method seems to be very interesting. From the
subject literature [17] it follows that thin semiconductor films produced on the basis
of oxides are highly desired. In the the authors’ opinion, the connection of the films
with conventional semiconductor materials, like silicon, which are widely used in
electronics, should lead in the nearest future to the fabrication of new types of
microelectronic devices.
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