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GaAs photonconductive dipole antenna for 
generation of a radiation with a frequency cor- 
responding to the mode separation of the LD. 
Due to the common-mode rejection effect of 
the identical laser cavity, the spectral linewidth 
of the generated radiation is approximately 
more than two times narrower compared with 
that of each mode of the LD. We used a simul- 
taneous two-mode-oscillation distributed 
Bragg reflector (DBR) laser with a two- 
frequency feedback grating, which operated at 
851 nm and excited LTG-GaAs photomixer at 
room temperature. A stable two-mode opera- 
tion was achieved by adjusting the bias current 
and the operating temperature of the laser. 
Figure 1 shows the spectrum of the two-mode 
LD at 191 mA bias current and 19 "C measured 
by using a double-monochrometor. The dif- 
ference of the frequency between the two 
modes is 0.39 nm (163.5 GHz). The spectral 
width, estimated by using a scanning Fabry- 
Perot with 50 MHz resolution, was 240 MHz. 

The experimental setup was similar to that 
used in the experiment of Tani et aL3 The 
two-mode laser beam (10 mW) was focused on 
the 5-pm gap, which was biased with 40 V of 
1-mm-long dipole antenna fabricated on the 
LTG-GaAs. The radiation was led into a 
Martin-Puplett polarizing interferometer 
with a 0.8-GHz spectral resolution. The inter- 
ference signal measured with an InSb hot- 
clectron bolometer at 4.2 K is shown in Fig. 2, 
where the inset is a fast Fourier transform 
(FFT) of the interferogram. Generation of ra- 
diation with the same frequency as the beat 
frequency of the two-mode LD (Fig. 1) indi- 
cates that the radiation from the antenna origi- 
nates from a modulated current by the laser. 
From the decay of the interferometric compo- 
nent against the averaged detected power with 
increasing path difference shown in Fig. 2, we 
estimated the coherent length of the radiation 
to be larger than 230 cm. This indicates that the 
linewidth of the radiation is smaller than 130 
MHz, confirming the common-mode rejec- 
tion effect, by which a large part of the fre- 
quency fluctuations of the two laser modes is 
canceled out, and the beat frequency of the 
laser is stabilized as has been demonstrated in 
Hyodo et aL4 

In conclusion, it was demonstrated that the 
identical laser cavity effectively suppressed 
common-mode frequency fluctuation and the 
two-longitudinal-mode laser is an excellent 
source for sub-THz wave generation byphoto- 
mixing. 
*Department of Electric Engineering, Shonan 
Institute of Technology, 1 - 1  -25 Tujido- 
Nishikaigan, Fujizawa, Kanagawa 251, Japan 
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Measurements with an ultrafast 
scanning tunneling microscope on 
photoexclted semiconductor layers 

Ulrich D. Keil, Jacob R. Jensen, 
Jmn M. Hvam, Mikroelektronik Centret, DTU 
Building 345 east, DK-2800 Lyngby, Denmark; 
E-mail: ulli@mic.dtu.dk 

Thus far, the photoconductively gated ultra- 
fast scanning tunneling microscope (USTM) 
has only been demonstrated on transmission 
lines-3 We extend the use of the USTM to 
resolve field transients on semiconductor lay- 
ers. The laser pump beam generates carriers in 
the semiconductor layer; the probe beam gates 
the signal picked up by the tunneling tip. The 
photoconductive (PC) switch connected to the 
tunneling tip is illuminated through a fiber 
with a 100-fs Tisapphire laser. The sample 
consists of a 1.5-pm-thick layer of low- 
temperature (LT) grown GaAs. The LT GaAs 
layer is lifted off from the GaAs substrate and 
placed on a transparent substrate with a semi- 
transparent Au-layer (Fig. 1). The transparent 
substrate allows for illumination from the back 
(Au) side as well as from the front (tip) side. 

The measurement (Fig. 2, top) with the tip 
in contact to the substrate is a measure of the 
transient photncurrent and serves as a refer- 
ence for the measurement in tunneling mode. 
The pulse width of about 2 ps is determined by 
the carrier lifetime of the Ll GaAs layer. In 
order to operate the instrument reasonably 
stable in constant current mode, a tunneling 
current of 50 pA is chosen, approximately 100 
smaller than in contact. At the bottom ofFig. 2, 
the transient measurement with the tip in tun- 
neling mode and at a distance of around 1 p,m 
are compared. The tunneling mode signal fol- 
lows in shape and sign the contact measure- 
ment for negative bias, while the amplitude 
drops by a factor of 6. The fact that a signal is 
measured out of the tunneling range indicates 
that the signal is capacitively coupled to the 
tunneling tip. Capacitive coupling has been 
identified as the coupling mechanism for mea- 
surements on transmission lines.2.4 

The sign of the tunneling mode transient 
can be explained by the nonuniform carrier 
profile excited by the laser. If we neglect the 
hole contribution to the current, we expect an 
electron diffusion current towards the tip (in 
excitation direction) as the dominating contri- 

pump beam 
back or front side excitation 

l*feedback loop 
lock-in 

CWF5l Fig. 1. Setup for the USTM on a 
semiconductor layer. The sample consists of a 
1.5-km LT GaAs placed on a sapphire substrate 
with a 40-nm Au layer. The sample can be excited 
either from the back or the front side. 

tunneling 
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CWF51 Fig. 2. Back side excitation: transient 
photocurrent measurements in contact (top) and 
transient field measurements in tunneling mode 
and out of tunneling range (bottom). 
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CWF51 Fig. 3. Comparison of the transient 
signal in tunneling mode for back and front side 
excitation. Both signals are normalized indepen- 
dently. 

bution. The sign is equivalent to a drift current 
for a negative bias on the back side. Figure 3 
shows that the signal is indeed strongly depen- 
dent on the excitation direction. For front side 
illumination the main contribution changes 
sign. Although the illumination via a mirror is 
more versatile, as it does not require a trans- 
parent substrate, it results in a more compli- 
cated photoinduced carrier profile. The carrier 
profile is determined by the incident angle and 
the tip shadow, which accounts for the more 
complicated signal shape. 

In summary, we demonstrate the use of a 
USTM for detecting laser-induced field tran- 
sients on semiconductor layers. In principle, 
the instrument can detect transient field 
changes thus far observed as far-field THz ra- 
diation in the near-field regime and resolve 
small signal sources. For photoexcited LT 
GaAs we can explain the signal by a diffusion 
current driven by the laser-induced carrier 
density gradient. 
1. S. Weiss, D. Botkin, D.F. Ogletree, M. 

Salmeron, D.S. Chemla, Appl. Phys. Lett. 
63,2567 (1993). 
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Integration of a resonant tunneling 
diode and an optical waveguide to form 
an electroabsorption modulator with a 
large bandwidth to drive voltage ratio 

J.M.L. Figueiredo,* A.M.P. Leite,** 
C.R. Stanley, C.N. Ironside, Department of 
Electronics and Electrical Engineering, 
University of Glasgow, Glasgow, G12 8LT, 
United Kingdom 

Traditionally, electroabsorption optical 
modulators have operated by reverse biasing a 
p-n junction. Here, we present an entirely new 
approach of employing the electrical charac- 
teristics of a resonant tunneling diode (RTD) 
to switch an electrical field within an optical 
waveguide. A key advantage is that by correct 
dc biasing, the device can provide high band- 
width electrical gain for the drive signal of the 
modulator; thereby the modulator can have an 
exceptionally high bandwidth to drive voltage 
ratio. Moreover, the RTD electrical properties 
can provide oscillation and harmonic multi- 
plication at high frequency. 

Employing the RTD for high-speed electro- 
absorption modulation was investigated using 
the device configuration illustrated in Fig. 1, 
which shows the integration of a RTD with an 
optical waveguide. The electrical properties 
(see Fig. 2), introduced by the RTD into the 
optical waveguide, give the capability of easily 
switching large electric fields in the collector 
region by dc biasing in the negative differential 
resistance region of the I-V curve. A small rf 
drive signal then causes peak-to-valley switch- 
ing that results in a band-edge shift via the 
Franz-Keldysh effect;’ thereby producing elec- 
troabsorption modulation for light at photon 
energies close to the bandgap energy of the 
semiconductor, in this case around 900 nm. 
When dc biased in the negative differential 
resistance region of the I-V curve, the device 
has wideband electrical gain and allows effi- 
cient high-speed intensity modulation requir- 
ing a few hundred millivolts as RF drive volt- 
age. 

The RTD waveguide transmission spec- 
trum was measured at zero bias, at the peak, 
and at the valley using light from a tuneable 
Tisapphire laser. The observed shift on the 

Current-Voltage Characteristic 
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CWF52 Fig. 2. Current-voltage characteristic 
for a 2 pm X 300 pm active area RTD optical 
waveguide modulator. The device shows negative 
differential resistance in the bias voltage range 
2.2-2.6V. 
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CWF52 Fig. 3. Streak camera measurements 
of the 6 dB @ 14 GHz optical response of a 2 
p.m X 300 pm active area RTD optical waveguide 
modulator from 0.4 V @ 958 MHz drive signals. 
The packaged device was dc biased at approxi- 
mately 2.4 V. 

spectrum at the RTD resonance was 15 nm. 
The band edge shifted when biased at the valley 
was around 23 nm. To investigate the high- 
frequency optical response of the packaged de- 
vice, a streak camera was used to detect the 
optical signal. The device was dc biased in the 
negative differential region. The dc and the rf 
signal were applied through a bias tee. The 
packaged device shows electrical gain at a reso- 
nance around 14 GHz and can lock in to high 
harmonics of an applied signal around 1 GHz. 
We have observed 6-dB modulation depth 
around 14 GHz for an applied voltage 0.4 V @ 
1 GHz, implying a bandwidth-to-voltage ratio 
of 33 GHz/V @ 6 dB. The streak camera mea- 
surement of the 14-GHz optical modulation 
due to a 0.4 V @ 958-MHz signal is presented 
in Fig. 3. 

We have demonstrated a new device con- 
cept; by introducing an RTD to an optical 
waveguide an electroabsorption modulator 
can be integrated with a high bandwidth elec- 

trical amplifier. The results are an early indica- 
tion that the device does have a large 
bandwidth-to-drive-voltage ratio due to the 
electrical gain and a large modulation band- 
width. The device can be further improved and 
extended to optical communication wave- 
lengths. We are presently investigating a device 
implemented on a InAlGaAslInP-based mate- 
rial system towards the 1550 nm operation, 
which could have higher bandwidth, higher 
bandwidth-to-drive-voltage ratio, and higher 
extinction ratio due to the better material 
characteristics, which give higher current den- 
sity, higher peak-to-valley current ratio, and 
higher electron saturation velocity.2 
*Also with Centro de Fisica, University of Porto, 
Rua Campo Alegre 687,4150 PORTO, Portugal. 
**Centra de Fisica, University of Porto, Rua 
Campo Alegre 687,4150 PORTO, Portugal 
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External photoconductive sampling up 
to 1. THr 

H.-M. Heiliger, G. Vortmeier, H. Kurz, 
Institutfur Halbleitertechnik II, Rheinisch- 
Wesfalische Technische Hochschule Aachen, 
Sornmerfeldstr. 24, D-52056Aachen, Germany 

Photoconductive (PC) sampling is regarded as 
a powerful tool for characterization of 
ultrahigh-frequency electronic devices. How- 
ever, up to now, mostly the detection of single 
pulses of fairly short duration around 2.3 ps 
have been shown.’-3 Thus, there is real need to 
demonstrate the capability of this method for 
device characterization in the same way as for 
electro-optic (EO) sampling. Here, we present 
the characterization of a 50-&impedance 
thin-film microstrip line (TFMSL) by means 
of an external PC probe. The results for the 
attenuation a(f) and the effective permittivity 
er,&f) (f: frequency) are compared up to 1 
TH:r with the data extracted from EO measure- 
ments employing identically fabricated lines of 
the same dimensions. 

The TFMSL, as sketched in Fig. 1, is pre- 
pared on low-resistivity (5-8 Ocm) Si sub- 
strate. It consists of a 20/780-nm-thick Ti/Au 
ground conductor and a 20-mm-long, 7.4- 
pm-wide and 20/780-nm-thick Ti/Au signal 

Light 

CWF52 Fig. 1. RTD optical waveguide modulator schematic diagram before the 50 coplanar 
waveguide transmission line definition and the wafer schematic diagram. 

CWF53 Fig. 1. Schematic of the measure- 
ment setup for external PC sampling. 
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