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For Drug Detection & Large-Scale
Integrated Circuit Inspection

Kodo Kawase

If we consider the world from the perspective of 

the visible and the infrared, we are operating at a

level of the spectrum that might be termed “deep

down.” From the standpoint of radio waves and

microwaves, we are operating “high above.” In the 

not too distant past, the terahertz (THz) radiation 

range was considered little more than the dark gap 

that separated the two halves of the electromagnetic

spectrum. In recent years, however, scientists have 

come to view the terahertz band as the bridge that 

joins the opposite ends of the spectrum. Today, the

future of terahertz is bright. Our research group has

used applications of terahertz technology to detect

illicit drugs in envelopes and to inspect large-scale

integrated (LSI) circuits.

Terahertz (THz) imaging can be used to noninvasively detect drugs hidden in envelopes and other containers, an application that may 
one day help law enforcement officials thwart traffickers. (Above) A packet of drugs and its THz image. (Lower right) In another application,
integrated circuits are being inspected for faults by means of laser-THz emission microscopes.
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T he terahertz band, bordered by 
far-infrared and millimeter-wave
bands of the spectrum, encom-

passes radiation that falls within an
approximate range of 0.3-10 THz, which
corresponds to wavelengths between
30 �m and 1 mm. Both ends of the spec-
trum have enjoyed a long history of
research and development, which has led
to the widespread availability of sources,
detectors, meters and other devices. The
terahertz range, however, is still in its
infancy. It represents the final frontier 
of the electromagnetic spectrum. The
delay in the development of the terahertz
range was caused primarily by the diffi-
culty of producing strong, dependable
terahertz wave generators, and by the 
fact that there were no sensors capable 
of efficiently detecting this exotic brand
of radiation.

In recent years, however, several
research groups have been able to fill the
gap that once separated the radio wave
band from the light wave band. Sources,
detectors and terahertz specific optics
—although still at a state-of-the-art
level—have become less rare and more
affordable. Research activities such as
those carried out in our group have led 
to the development of various applica-
tions that not too many years ago were
simply unimaginable.

The properties of 
terahertz waves
Much of current terahertz research and
applications revolve around two factors.
The first is spectral specificity. Most
chemical substances present char-
acteristic absorption features
in the THz range. Such fea-
tures are almost absent in
the millimeter and
microwave region, the
range under 0.3 THz.
The second key area
is transmission properties.
A wide range of materials are, in fact,
totally or partially transparent to THz
waves. As one passes beyond the 3 THz
range and into the infrared, these materi-
als generally become opaque.

The combination of these two proper-
ties is what makes THz radiation interest-
ing, unique and exquisitely suitable for
applications in the area of noninvasive

inspection: with terahertz radiation, one
can see through packages and identify
their contents. The amazing ability of
terahertz radiation to pass through pack-
aging materials—including paper, card-
board, textiles, plastics, wood, ceramics,
semiconductors, and dried and frozen
materials1—allows for the nondestruc-
tive, noninvasive inspection of, for exam-
ple, mail and packages in post offices, and
luggage at airport security checkpoints
and border crossings.

Compared to the inspection tech-
niques enabled by X-ray imaging, tera-
hertz radiation based applications offer
advantages such as a highly reduced risk
of irradiation, increased image contrast
for differentiation between various soft
materials and the possibility of chemical
identification. These advantages stem
from the fact that the terahertz frequency,
being more selective than X-rays, is more

sensitive to the nature of the materials 
it passes through.

Analysis of the frequency dependence
of the transmission or reflection intensity
of chemicals allows for identification 
of their unique spectral characteristics,
a process known as “fingerprinting.”
Spectral fingerprinting is an essential part
of the process of identifying the chemi-
cals contained in an unknown target.

In some highly reflective or highly
absorptive materials, the applicability
of terahertz waves is limited. Metals, for
example, reflect most incoming terahertz
radiation; this means that containers
made of metal are opaque to terahertz
probing. Water, and materials that con-
tain a significant amount of it, also block
terahertz waves. In this case, the terahertz
waves are blocked by strong absorption.
A layer of water as thin as 100 �m trans-
mits only about 10 percent of the inci-
dent power. Other materials with smaller
absorption coefficients—such as rubber
and glass—become relatively opaque if
they are present in thick layers. The prob-
lem posed by metals and water is not lim-
ited to THz waves but is also common 
for the neighboring ranges of the electro-
magnetic spectrum, including the
microwave and the infrared bands.

Although infrared radiation is also
spectrally sensitive to chemicals and
could be used for purposes of identifica-
tion, many fewer materials are transpar-
ent to infrared than to terahertz. Besides
the fact that much infrared radiation 
is absorbed, in many practical cases
infrared radiation is strongly scattered 

by the target, which prevents its being
used for security applica-

tions. Millimeter waves,
on the other side of the
terahertz range, have as
a disadvantage the fact
that they are generally
not chemically sensi-

tive: very few substances
have fingerprint spectra

in the millimeter range.
What’s more, for imaging applications,
their longer wavelength translates into
poor image resolution.

Despite the obvious advantages
offered by the terahertz frequency range
for applications in the area of non-
destructive testing, a number of practical

36 Optics & Photonics News ■ October 2004

TERAHERTZ IMAGING

THz parametric oscillator. Researchers are
working to decrease the size and weight of
THz sources and detectors.

The amazing ability of 
terahertz radiation to 

pass through packaging
materials ... allows for 
the nondestructive, 

noninvasive inspection 
of, for example, mail and
packages in post offices,
and luggage at airport
security checkpoints ...
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drawbacks must be mentioned. The 
novelty of the field and the lack of a
well-developed specialized industry have 
led to prohibitive prices for most THz
devices. Much of the equipment used in
terahertz research is large and heavy, and
requires special operating conditions—
such as controlled temperature and
humidity, and use of liquefied gasses —
which make it hard to implement these
systems in real-life applications. Research
is under way to decrease the size and
weight of sources and detectors, as well as
to make terahertz systems less bulky and
easier to manipulate and less demanding
of special operating conditions.

Although security applications that
employ terahertz waves have been under
consideration for many years, at present
there is no system that can be fully imple-
mented in practical situations. Much
research still needs to be done to achieve
sufficient levels of sensitivity, reliability,
portability and flexibility, all of which are
essential for security applications.

Our group at RIKEN has been con-
ducting research activities in several
directions in the terahertz field. We intro-
duced the THz-wave parametric genera-
tor as a widely tunable source. We have
also proposed a range of real-life applica-
tions of THz technology in general.
Our research has focused on applications
that include:

• noninvasive detection of illicit drugs
by use of spectral fingerprints;

• a laser-terahertz emission microscope
for semiconductor device inspection;

• real-time detection of micro-leak
defects in flexible plastic package seals;

• water content measurement in 
plants and seeds;

• verifying the level of freezing 
of foodstuffs;

• pathologic tissue diagnosis;

• development of a THz direct 
detector using superconducting 
tunnel junctions.

In this article I describe the results 
of our recent research in the areas of
noninvasive detection of illicit drugs and
semiconductor device inspection.

TERAHERTZ IMAGING

THz spectroscopic imaging for
detection of illicit drugs 
The lack of noninvasive techniques to
detect illicit drugs hidden in envelopes
has enabled traffickers to send them by
mail not only from one city to another
within countries but also across interna-
tional borders. The ease with which
smugglers are able to move drugs in this
manner can also be attributed to the fact
that, in some jurisdictions, law enforce-
ment officers are required to obtain a
search warrant to examine the contents
of envelopes or packages every time the

need arises. Current inspection tech-
niques include passing mail through an
X-ray scanner, examination by trained
sniffer dogs and trace detection systems
that entail swiping the outside of
envelopes. But all three alternatives have
their disadvantages. Since X-ray scan-
ners can identify only the outline of a
plastic bag or a tablet—not the type of
drug—they do not provide sufficient
grounds to justify opening an envelope
for examination. Trace and canine
detection are only effective if there are
detectable signs outside the envelope,

Much of current THz research revolves
around spectral specificity and trans-
mission properties. The THz frequency
is more selective than X-rays and is
therefore more sensitive to the nature of the materials it passes through. Here, a red
pepper and a prawn are presented alongside their THz images. [Yuichi Oshima, RIKEN.]
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such as a scent or trace amounts of the
concealed drug.

We combined a terahertz imaging 
system with spectral fingerprinting to
perform noninvasive drug detection and
identification. The THz spectroscopic
imaging system we built consists of a
THz parametric oscillator (TPO),2 an 
X-Z scanning stage, a detector, optics 
and electronics [see Fig. 1 (a)]. An
Nd:YAG laser pumps a nonlinear optical
crystal—MgO:LiNbO3 — to simultane-
ously generate, by non-collinear phase
matched parametric oscillation, a 
THz-wave tunable in the frequency range
from 1 to 2.5 THz, and an idler wave.
Frequency tuning is achieved by rotating
the oscillator slightly to change the
phase-matching angle.

For the experiment, we chose three
drugs as samples: methamphetamine,
currently the most widely abused drug 
in Japan; MDMA, an illicit drug that is
the object of widespread, global abuse;
and, as a reference, aspirin. Small poly-
ethylene bags containing these drugs
[(see Fig. 1 (b)] were placed inside an
envelope and scanned. We obtained seven
images by changing the frequency emit-
ted by the TPO in the 1.3 to 2.0 THz
range [see Fig. 2 (a)]. The shape of the
bag, its position inside the envelope and
the concentration of each drug were
obtained3 [see Fig. 2 (b)]. For the calcula-
tion, we used only the information con-
tained in the multispectral image and the
previously recorded absorption spectra 
of the drugs.

We verified experimentally that we
can isolate and extract the spatial pat-
terns of each component of the drug by
use of the above method, even in cases 
in which the target is a mixture of multi-
ple drugs or when different drugs are
arranged in layers. We also confirmed
that spectroscopic measurements can be
used to determine the component pat-
tern of almost all major categories of
illicit drugs. We plan to conduct non-
destructive imaging of all categories of
illicit drugs, while at the same exploring
potential applications of the technology
in package screening, security frisking,
quality inspection of pharmaceuticals
and pathologic diagnosis. Currently
under way is a project to develop a high
speed THz-spectroscopic imaging system
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Figure 2. (a) Multispectral image of the target, recorded at seven frequencies
between 1.32 and 1.98 THz. (b) Spatial patterns of MDMA (yellow), aspirin (blue)
and methamphetamine (red) extracted from the multispectral image by use of 
fingerprint spectra.

Figure 1. (a) Schematic of THz
spectroscopic imaging system
using THz wave parametric
oscillator. (b) View of the sam-
ples. The small polyethylene
bags contain (left to right):
MDMA, aspirin and metham-
phetamine. The bags were
placed inside the envelope and
the area indicated by the yel-
low line was scanned.
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that uses CCD electro-optic sampling.
This system is expected to dramatically
shorten the measurement time associated
with use of our method.

Laser-THz emission microscopy
to inspect LSI chips 
As demand for chip quality and reliability
has grown, inspection and failure analysis
of large-scale integrated (LSI) circuits 
has become a critical issue. A number
of techniques have been used to localize
electrical failures in LSI circuits; they
include thermal or infrared emission
analysis, laser testing, emission micro-
scopy and electron beam testing.

Our approach consists of focusing a
femtosecond laser beam on the circuit
and analyzing the terahertz wave thus
generated while scanning the surface of
the circuit. This technique, which we
call laser-terahertz emission microscopy
(LTEM), is a tool with potential applica-
tions in electrical circuit failure inspec-
tion. The LTEM produces an image of the
amplitude of the backward THz emission
that is proportional to the local electric
field in the area of the circuit irradiated
by the femtosecond laser.4 A completely
noncontact inspection system can be
constructed by use of an LTEM because it
measures the THz emission in free space
from the ultrafast transient photocur-
rents in a circuit scanned with laser
pulses. By comparing the THz emission
images of a normal and a damaged chip,
the abnormal electrical field resulting
from an electrical failure in the circuit
can be visualized.

The optical setup, based on a mode-
locked erbium-doped fiber laser, is
shown in Fig. 3(a). The THz emission
image of an LSI 8-bit microprocessor
chip was captured and superimposed
on an optical view; see Fig. 3(b). The red
and blue regions indicate THz emissions
with—respectively—positive and nega-
tive amplitudes which correspond to the
direction of the electric field. We have
achieved spatial imaging resolution better
than 3 �m.

Note that in the case of multilayered
circuits, rear illumination through the
substrate semiconductor of the chip is
necessary because the multilevel inter-
connections in the chip prevent the gen-
eration and detection of THz emission.

This technique is the next step toward
development of a noncontact, non-
destructive inspection tool for electrical
failure analysis.
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Figure 3. (a) Schematic
diagram of the laser-THz
emission microscope. 
(b) THz emission image
of an LSI microprocessor
superimposed on its
optical image.
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