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of the fundamental processes that occur dur-
ing laser irradiation which promote changes in
the physical and chemical structure of dental
enamel. For safe and efficient use of any laser in
the dental clinic, the absorption and redistri-
bution of energy during laser irradiation of
dental enamel must be well characterized
which requires accurate knowledge of the rel-
evant optical properties of dental enamel.
Since dental enamel strongly absorbs infrared
light, scattering can be neglected, and the rel-
evant optical properties are the reflectance and
absorption coefficient. Due to the strong ab-
sorption and the brittleness of dental enamel,
sufficiently thin enamel sections cannot be
prepared to allow conventional transmission
experiments that determine absorption coeffi-
cients in the infrared region from 9-10 wm. By
modeling the time resolved thermal emission
of dental enamel irradiated with a pulsed CO,
laser, we have estimated the absorption coeffi-
cient at 9.6 pm to be approximately 8000
cm ™. To verify the mode}, dental enamel was
irradiated with 10.3 and 10.6 pm light where
the absorption coefficients can be determined
by direct transmission experiments. In addi-
tion to the absorption coefficient, the math-
ematical model incorporates the spatial and
temporal profile of the laser pulse and the
spectral response and variable emissivity in the
detection region.

After confirming the capability of the
model to predict the temperature rise and
thermal emission of laser irradiated dental
enamel, the model was used to correlate the
depth of modified enamel with the tempera-
ture rise at that depth. The mineral phase of
enamel is a highly substituted hydroxyapatite
with the principal substitution of carbonate for
either the phosphate or the hydroxyl group.
These substitutions result in a greater solubil-
ity in acid. Carbonate loss of irradiated enamel
was measured as a function of depth by polish-
ing the enamel at 1 pm intervals and subse-
quently employing infrared spectroscopy to
ascertain the strength of the carbonate band. In
other experiments, carbonate loss has been
correlated to a reduction in the progression of
in vitro caries-like lesion formation by a
chemical model that approximates the demi-
neralization and remineralization cycle that
occurs in the oral cavity. The depth of carbon-
ate loss is dependent upon the absorption co-
efficient of enamel, the laser pulse duration,
and the energy deposited. The temperature rise
needed to eliminate carbonate from the hy-
droxyapatite structure is approximately 400°C.
This study provides fundamental information
that can be used to determine appropriate laser
parameters for safe and efficient use in clinical
dentistry.

This work was supported by NIH/NIDR
Grants DE09958 and DE12091.
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Metal-semiconductor-metal traveling-
wave-photodetectors
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The bandwidth/efficiency of traditional
vertically-illuminated metal-semiconductor-
metal (MSM) photodetectors are limited by
RC time constant, carrier drift time, and car-
rier recombination time. In order to shorten
the carrier transit/recombination time, 25 nm
finger spacing has been fabricated by using
high resolution e-beam lithography on Low-
Temperature (LT) GaAs.! Although this device
has large bandwidth, it suffers relatively low
quantum efficiency due to the high metal-
reflection loss. Besides, the fabrication pro-
cesses are expensive and complex. Recently,
transparent metal ITO (indium-tin-oxide) was
used to overcome the high-metal-reflection
loss.2 However, the quantum efficiency is still
low due to the fact that only the photoexcited
carriers near semiconductor surfaces can be
collected. Another major problem for most
vertically illuminated MSM photodetectors is
RC bandwidth limitation. An alternative ap-
proach to overcome RC bandwidth limitation is
traveling-wave-limitation. An alternative ap-
proach to overcome RC bandwidth limitation is
traveling-wave-photodetector (TWPD).? In
TWPD, the RC bandwidth limitation is replaced
by velocity mismatch between optical wave ve-
locity (V,) and electrical wave velocity (V,). A
bandwidth of 560 GHz and a quantum efficiency
of 8% has been reported using LT-GaAs TW-
PDs.4 In this paper we propose and analyze a new
device, the MSM traveling-wave-photodetector
(MSM-TWPD). Instead of traveling at a slow-
wave mode, the electrical wave will propagate as
ordinary waves in our new device structure. The
velocity-mismatch-limited bandwidth B, can
thus be greatly enhanced (usually on the order of
7 THz) compared with that of p-i-n TWPDs
(usually on the order of 2 THz). With an appro-
priate device design, the side-pumped carriers
will not only be completely absorbed but be gen-
erated close to the device surface, thus greatly
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CWF10 Fig. 1. Cross sectional diagram of
MSM-TWPD. This structure can be easily fabri-
cated by wet etching and self-aligned metal
evaporation.
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CWF10 Fig. 2. Net bandwidth v.s. LT GaAs
layer thickness. The bandwidth is dominated by
carrier lifetime, and varies lightly with different
layer thickness.
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CWF10 Fig.3. Bandwidth-efficiency product
v.s. LT GaAs layer thickness. The efficiency de-
creases when the layer thickness increases. The
coupling loss is neglected.

increasing the quantum efficiency compared
with vertically illuminated MSM photodetectors.

The cross sectional schematic of this device
is shown in Fig. 1. It is made by a thin LT GaAs
layer which is grown on a LT semi-insulating
AlGaAs layers (for wave guiding). This struc-
ture can be fabricated easily by under-cut wet
etching, and directly evaporating indium on
LT GaAs as contact metal.¢ Complex fabrica-
tion processes can thus be easily avoided. In a
TWPD, the velocity-mismatch-limited band-
width will usually increase with higher V.3 In
p-i-n TWPD, the electrical waves propagate in
slow wave modes due to heavily doped p*/n*
regions.” On the other hand, in MSM-TWPD,
the electrical wave on coplanar waveguides
(CPW) will propagates an ordinary quasi-
TEM mode, due to semi-insulating substrate
materials (including LT GaAs LT AlGaAs).
This implies that B,,,, of MSM TWPD should
be much higher than that of p-i-n TWPD.
Another bandwidth limitation is carrier life-
time. Assuming that recombination current is
exponentially decayed, we can define the life-

time limited bandwidth B_; as B, = Py

where 7 is the carrier lifetime of LT GaAs.
Figure 2 shows the calculated net bandwidth,
considering both B, and B,,,,, as a function of
LT GaAs layer thickness with a LT GaAs carrier
lifetime of 200 fs. We let the thickness of re-
gions I and III in figure 1 to vary between
200 nm and 750 nm and the thickness of region
11 to be 1.5 times that of I and III. In such case
most optical power concentrates near elec-
trodes, and higher quantum efficiency can be
excepted. With a B, of 7 THz, the net band-
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width is found to be completely dominated by
B,.r to be on the order of 790 GHz in our
proposed structure. Figure 3 shows the calcu-
lated bandwidth-efficiency product as a func-
tion of LT GaAs layer thickness, neglecting
coupling loss. With a side-illumination struc-
ture, metal reflection loss can be neglected and
complete absorption can be achieved. The
quantum efficiency should thus be limited
only by the ratio between carrier lifetime and
carrier drift time. We estimate the drift dis-
tance by averaging different carrier travelling
distances between two electrodes. With a car-
rier saturation velocity of 90 nm/ps, a quan-
tum efficiency of 0.17 and a bandwidth-
efficiency product of 132 GHz can be achieved
with a LT GaAs layer thickness of 200 nm.
This work is supported by National Science
Council (NSC 88-2218-E-002-038).
*Department of Electrical Engineering, National
Taiwan University, Taipei 10617, Taiwan, ROC
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intersubband transitions by ndoped
InGaAs/AlAsSh MQW
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For the application of ultrafast optical devices
in future OTDM or WDM network, the inter-
subband transition (ISBT) provides attractive
features such as large optical nonlinearity with
ultrafast response. The material system avail-
able for achieving ISBT at optical communica-
tion wavelength is, however, limited. Although
the ISBT at 1.5 wm have been reported in
In, 53Ga, 4,As/AlAs?2, the large lattice mis-
match makes it difficult to grow, and the elec-
tron leakage into the X valley of the barriers?
reduces the absorption. Alternatively, GaN/
AIN? and InGaAs/AlAsSb# have attracted at-
tention because of their large AE,, reduced-
electron leakage, and the design flexibility of
the lattice-matched system. ISBT by use of In-
GaAs/AlAsSb has been recently observed by
our group® at 1.5 pm. However, its optical
nonlinearity has not yet been reported. We
show that the InGaAs/AlAsSb exhibits a larger
nonlinearity than GaN due to the large dephas-
ing time (7,) stemming from the small effec-
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AlAsSb

InGaAs AlAsSb
lattice constant & 587 A —
LO phonon energy & 36 meV —
static permitivity €, 13.9 —
high frequency permittivity e.. 11.4 —
band gap energy & 0.720eV | 2.66eV
spin-orbit split-off energy A, | 0.361eV | 0.474eV
electron effective mass m,/m, | 0.0426 0.132

CWF11 Fig. 1. Schematic of band diagram
and material parameters of In,5;Ga,,;/As/
AlAsq 565bg 44 quantum well.
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CWF11 Fig. 2. Calculated electron-LO pho-

non (ep) scattering rate 7_', electron-electron
(ee) scattering rate 7..!, and dephasing time T, of
the (a) first and (b) second subbands for three
different electron densities N.

tive mass (m) and LO phonon energy (fw, o),
and that the conduction band nonparabolicity
plays only a minor role.

In calculating T,, both the electron-LO
phonon (7,,,) and electron-electron () scat-
terings were considered. 7., was calculated
based on the dielectric continuum model.
Fermi golden rule was used with the screened
Coulomb potential® to calculate ... Saturation
intensity (I) was evaluated using perturba-
tional density matrix theory.

The schematic band diagram and the mate-
rial parameters are shown in Fig. 1. Figure 2
shows the calculated 72!, 7.}, and T, for the
(a) first and (b) second subbands. At higher
electron density N (~1 X 10* cm ™), filling of
the final states and the Coulomb screening
dominate the scattering rate, resulting in de-
crease in 7_.'. Similar reduction was observed
for 7., ! at increased doping level and is ex-
plained by the state filling. These combined
effects produce an extremely large T, exceed-
ing 1 psat N=1 X 10'° cm ™3, This T, is much
larger than that for GaN/AIN (80 fs)?, and is a
result of the smaller m, and fiw;, for the In-
Gads/AlAsSh MQW.

e 10 f(a) N = 2x10"%cm?
g ol

2 5 110"

‘g i x 1012

o 4t

[&]

s 2t 1x10¢

<9

o',g 103 (b) 1x10'®
= .52

= 10

E 1o

=y

2 10°

Q

£ 10" = 1x107fem?
& 10® 2x10'?

10‘3 L L .
1300 1400 1500 1600 1700
Wavelength [nm]

CWFI11 Fig. 3. (a) Linear absorption coeffi-

cient oy and (b) saturation intensity I, for differ-
ent electron densities N.

Figure 3(a) shows that the linear absorption
coefficient oy increases with N until it saturates
t0 0.95 X 10° cm ™! and broadens due to the
nonparabolicity. On the other hand, such satu-
ration and broadening are not significant for
GaN/AIN. In spite of the saturated absorption
for InGaAs/AlAsSb, the absorption is en-
hanced by one order of magnitude in compari-
son with commonly accepted values for the
interband transitions (IBTs). This is supported
by our recent experimental observation of o,
(~4 X 10° cm™!) comparable to that for IBTs
in a sample nominally n-doped by 3 X 10'®
cm 3, still leaving room for improvement 7.

In Fig. 3(b), an I, as low as 0.04 mW/pm? is
achieved by increasing Nup to 1 X 10 cm™>.
When compared to GaN/AIN, this is at least
two orders of magnitude larger. Since I is ap-
proximately proportional to T; >, such alow I
is explained by larger T as indicated in Fig. 2,
which compensates the increase of I, due to the
larger nonparabolicity. It is interesting to note
that I, for IBTs is typically 0.1 mW/pum? witha
response of ~1 ns. In contrast, the estimated
intersubband relaxation time is as short as 1.5
ps.
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