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Introduction: 
 
The 2005 edition of Research in Optoelectronics (A) contains conference and journal 
articles published by Prof. Coldren, together with his students and post docs, and other 
collaborators.  These generally focus on III-V semiconductor lasers and related photonic 
integrated circuits.  The work spans efforts from basic materials and processing 
technology, through device physics and design, to device formation, characterization, and 
insertion into systems demonstrations.    
 
The reprints have been grouped into four areas: I. Photonic Integrated Circuits and 
Related Technology; II. InP-based Vertical-Cavity Lasers; III. Avalanche 
Photodetectors and SOA-PIN Receivers; and IV. Terahertz Technology, 
Microcavities, and Quantum Coherence.  The majority of the work is in the first area, 
which has been further subdivided into A. Quantum-well-intermixed PICs; B. Widely-
Tunable Transmitter PICs; C. Wavelength Converter Technology; and D. 980nm Edge-
Emitter Technology.  The 980nm edge-emitter technology and Section IV are based upon 
an MBE-grown GaAs materials platform, while all of the rest is grown on InP substrates 
either via MOCVD or MBE.  The epitaxial growth activity is strongly supported by Prof. 
DenBaars (MOCVD) and Prof. Gossard (MBE), who co-advise the students involved in 
these areas.   Thus, their contributions have been invaluable to the research, even when 
they do not appear as co-authors on the device oriented papers.  
 
The work was performed with funding from several grants from industry and 
government, some gift funds from industry, and support from the Kavli Endowed Chair 
in Optoelectronics and Sensors.    Specific projects included one on photocurrent-driven 
widely-tunable wavelength converters supported by DARPA via the CSWDM program; a 
second on wavelength converters and fiber-based buffers under the DARPA DoDN 
program; two projects to create very high-efficiency optical interconnects for ICs using 
either edge-emitting short-cavity laser-modulators (supported by the DARPA C2OI 
program) or directly-modulated vertical-cavity surface-emitting lasers (supported by 
MARCO as part of the Interconnect Focus Center).  A UC-MICRO project with 
leveraging funding from Intel supported work on quantum-well intermixing for more 
advanced Photonic ICs. 
 
The first group of reprints (IA. Quantum-well-intermixed PICs) summarizes efforts to 
make highly-functional and efficient widely-tunable transmitters, receivers and 
transceivers using the recently developed QWI technology.  This technique provides for 
an accurate post-growth shift of the active region absorption edge to higher energies by 
various amounts at specified locations on the wafer.  Thus, optimized gain, modulator, 
passive waveguide, and tuning regions can be formed from the initially grown centered-
MQW active region without any additional regrowths.  In 2005 this technology was also 
extended to add offset gain and absorber regions for high-saturation power SOAs and 
photodetectors.   Figure 1 illustrates a cross section of a portion of a QWI-PIC that 
contains a high-gain, high-saturation power optical receiver.  It includes a two-section 
SOA—a high-gain preamp (as grown c-MQW) and a high-power postamp (o-MQW 
above intermixed c-MQW)—as well as a uni-traveling carrier (UTC) photodiode.  Such 
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chips have given gains in excess of 20 dB with saturation powers in excess of 20dBm.   
The experimental results illustrate the small-signal rf-response for several input powers 
and eye-diagrams at 40Gb/s for two different biases.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (top) Schematic of Photonic IC formed with quantum-well intermixing (QWI) and MOCVD 
regrowth.  The centered multiple-quantum well (c-MQW) active region is intermixed by two differing 
amounts to form either passive waveguides or electro-absorption modulators (EAMs) as well as the as-
grown gain region at various places on the chip.  The EAM is not typically incorporated in a receiver, but 
rather in a transmitter stage that would exist in an integrated transceiver.  (bottom-left) Small-signal 
frequency response for several input powers (indicated by the dc currents they create), and (bottom-right) 
40Gb/s NRZ eye-diagrams. 
 
 
The next two sections (IB. Widely-Tunable Transmitter PICs and IC Wavelength 
Converter Technology) include papers using the more-conventional off-set gain 
integration platform, in which a MQW active layer is grown on top of a common 
waveguide, and this is then removed in regions where passive waveguides or modulators 
are desired.  Most of this work involves combining a widely-tunable Sampled-Grating 
Distributed-Bragg-Reflector (SGDBR) laser with monolithically integrated amplifiers 
(SOAs), modulators (both EA and MZ), waveguide splitters (MMIs), and photodetectors.  
In Fig. 2 results from a photocurrent-driven wavelength converter are illustrated.  In this 
case the common waveguide also contains quantum-wells with a higher energy gap to 
enhance the efficiency of the electro-absorption modulators (EAMs) to be incorporated in 
the transmitter stage.  This so-called ‘dual quantum-well’ design has enabled wavelength 
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converters to have overall chip gain (more signal out than in)  as well as good operation 
up to 10Gb/s across the full 32 nm tuning range of the SGDBR-EAM transmitter.  Flared 
amplifiers and tapered photodiodes are used to increase the saturation power of both the 
SOA receiver preamps and the photodetectors in order to have sufficient signal to obtain 
good extinction in the EAM.      
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.  (top) Schematic of photocurrent driven wavelength converter (or transceiver) chip that uses the 
dual quantum-well integration platform to provide EAMs enhanced by the quantum-confined Stark effect 
(QCSE).  (bottom-left) Device gain across the wavelength tuning range; (bottom-right) bit-error-rate at 
10Gb/s for several wavelengths together with example input and transmitted eye-diagrams. 
 
Figure 3 gives another example of a photocurrent-driven wavelength converter, which in 
this case uses a series-connected Mach-Zehnder modulator (MZM) in the transmitter 
stage.  This more complex design requires the use of a semi-insulating substrate and an 
on-chip capacitor to enable the phase modulators in the two arms of the MZM to be 
electrically connected in series.  It also incorporates integrated NiCr load resistors so that 
no rf is required to be coupled off the chip.  The bandwidth in this case is limited by the 
receiver stage as well as some unwanted resistance in the connection to the n-type layers 
next to the substrate.  These and other unnecessary parasitics lead to an unwanted dip in 
the small frequency response, which limit good results to RZ data.   
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Figure 3.  (top) Schematic of a photocurrent wavelength converter that uses a series-connected MZM in the 
transmitter stage. (bottom-left) Small-signal frequency response, and (bottom-right) 10Gb/s RZ eye-
diagrams.   
 
As another example of work in the photonic networking area, Fig. 4 illustrates results 
from the optical buffering of 40Gb/s RZ data for times up to 12.6 µs.  As illustrated this 
approach uses fiber-Bragg-gratings (FBGs) to selectively reflect different wavelengths.  
The complete buffer consists of a wavelength converter in front of the optical circulator 
to select the wavelength of the data and thus the delay it will undergo in traveling down 
the fiber, reflecting off the respective FBG, and then traveling back again.  For times up 
to 1 µs standard fiber could be used without too much pulse spreading.  For greater times 
dispersion-compensated fiber (DCF) was necessary to avoid intolerable pulse spreading.  
The very low loss of fiber (<0.2 dB/km), the quality of the FBGs, and the fast 
reconfiguration time of our wavelength converters (< 10ns) makes this approach one of 
the best alternatives for obtaining rapidly programmable delays from nanoseconds to tens 
of microseconds in a small relatively cheap package.  Using a wavelength converter with 
a 40 nm tuning range and assuming 100GHz channel spacing, we can obtain up to 50 
different selectable delays.   
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Figure 4.  (top) Schematic of optical buffer consisting of an optical circulator and an array of FBGs within 
a single fiber.  A wavelength converter is used in front of this for delay selection.  In this case the delays to 
the FBGs 1-4 were (1)-133ns, (2)-161ns, (3)-1.19 µs and (4)-either 10.09 or 12.6 µs, respectively.  (bottom) 
Bit-error-rate for 40Gb/s RZ for back-to-back (BTB) and FBG4 with two different delays.  The BER for 
the shorter delays showed nearly zero power penalty.   
 
 
The second general area of research is on high-performance long wavelength InP-based 
Vertical-Cavity Surface-Emitting Lasers (VCSELs):  II. InP-based VCSELs.  The focus 
of the effort is to create all-epitaxial VCSELs in a single MBE growth using AlGaAsSb 
alloys for the mirrors and InGaAlAs MQW active regions.  Both 1310 and 1550 nm 
VCSELs with good characteristics have been demonstrated.  The papers in 2005 bring to 
a culmination much of the work of the past several years with numerous results for 
devices in the 1310 nm range.  It is now clear that this material structure can provide a 
single vehicle for VCSELs across the entire 1300 -1600 nm wavelength range.  The new 
work has incorporated low-loss optical apertures for improved differential quantum 
efficiency.  Figure 5 illustrates a schematic of the VCSEL structure as well as light out 
and voltage vs. the drive current for an example device.  The results show record high 
differential quantum efficiencies of 64% and relatively good temperature behavior.  In 
this case the optical aperture was formed by etching out the tunnel junction that 
connected the n-type InP contact layer to the p-type side of the gain region.   
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Figure 5.  Schematic and PIV results for a 1310 nm all-epitaxial VCSEL grown on InP.   
 
 
Work on III. Avalanche Photodetectors and SOA-PIN Receivers contains a number of 
papers summarizing work done in collaboration with Prof. Joseph C. Campbell of the 
University of Texas at Austin.  Prof. Coldren’s group grew the materials used by MBE.  
One paper on high-saturation power SOA-PIN receivers in also included.  This describes 
the nature of flared-waveguide receivers used in some of the wavelength converters 
discussed above.   
 
The final group of papers, IV. Terahertz Technology, Microcavities, and Quantum 
Coherence, summarizes a collection of efforts utilizing GaAs-based MBE material 
grown by Prof. Coldren’s group.  The microcavity activity has grown out of our GaAs-
based VCSEL activity in which we have demonstrated record low optical losses.  Here 
this is being utilized to enable enhanced quantum microcavity effects. The Terahertz and 
quantum-coherence efforts are centered in the Physics Department, and our contribution 
has been to create novel epitaxial structures via MBE that have been designed by others.   
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films, including some of our prior VCL results, but was not sufficiently reproducible for reliable 

usage.  Antimony adatoms present on the static surface tended to remain even with subsequent 

P2 soaking, due to the relatively cool growth temperature of 465 ºC.  This led to the observed 

defects and roughness.  In order to overcome this limitation we developed a transition approach 

(referred to as P-soak) in which P2 is the only group-V species present during the growth pause 

between AlGaAsSb and InP.  This transition used a short initial P2 soak followed by a thin (2.0 

nm) InP buffer layer.  This buffer layer was then exposed to the P2 beam for 60 seconds to pump 

out the excess As and Sb still present.  Growth of InP continued using the optimized conditions 

described above.  Using this technique we routinely and repeatedly obtained films with low 

defect density and roughness.  In Table I we summarize and compare the two transition 

methods.   

Using this interface transition technique, in conjunction with the optimized AlGaAsSb and 

InP bulk heteroepitaxy, a full 1310 nm VCL device layer structures was grown.  An AFM image 

of the wafer surface after this 15 micron-thick growth is given in Figure 3.  The RMS  roughness 

of this surface is 0.31 nm. 

 

 

 

VERTICAL CAVITY LASER DEVICE STRUCTURE AND RESULTS 

Our 1310 nm VCL structure and design have been detailed elsewhere [8]; the major features 

are described here, with some of the most pertinent device results provided as well.  After MBE 

growth, the completed all-epitaxial laser structure was fabricated using standard lithographic 

techniques, with the thin tunnel-junction aperture formed by selectively etching the AlInGaAs 
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with respect to surrounding InP using a solution of citric acid and hydrogen peroxide (10:1 

ratio).  The devices were then probed on a stage mounted with an InGaAs photodetector, and the 

light-current-voltage (L-I-V) characteristics measured.  In Figure 4 we see L-I curves for a range 

of temperatures, showing continuous-wave (CW) operation up to a maximum of 90 ºC.  Figure 5 

shows the L-I-V curves for a device with an aperture diameter of 5 microns at room 

temperature.  

This device has single-mode output power greater than 1.0 mW, and differential quantum 

efficiency of 60%, and other devices exhibited up to 64%.  This efficiency is a record, to the 

authors’ best knowledge, for all long-wavelength vertical cavity lasers. The high differential 

efficiency can be attributed to low excess optical losses in the structure, thanks to the thin tunnel 

junction aperture located at the standing wave null of the mode in the optical cavity, along with 

low free-carrier absorption losses from the mostly n-type doping in the structure, and undoped 

DBRs.  The high temperature operation is limited by the active region injection efficiency, 

which decreased to zero near 120 ºC.  Improvements to the characteristic temperature via 

redesigning the band structure of the quantum wells and barriers will lead to increased 

maximum operating temperature for the VCLs.  In addition, optimization of the spectral offset 

between the cavity mode and optical gain peaks should increase the achievable maximum 

temperature. 

CONCLUSIONS 

Long-wavelength vertical cavity lasers grown all-epitaxially on InP substrates can take 

advantage of AlGaAsSb alloys for highly reflective Bragg mirrors and AlInGaAs alloys for 

quantum well active regions. The interface between AlGaAsSb and InP has been optimized for 

minimum defect density and roughness. Growth of complete layer structures with 0.31 nm RMS 
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roughness has been demonstrated with low defect density. 1310 nm VCLs were then fabricated 

with low-loss thin tunnel-junction apertures for current and optical confinement.  Operation at 

temperatures as high as 90 ºC was observed, with single-mode output power above 1.6 mW.  

Differential quantum efficiency as high as 64 % was achieved, a record for long-wavelength 

vertical cavity lasers. 
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Table I.  Transitions between AlGaAsSb - InP 

AsSb-soak P-soak 

AlGaAsSb DBR growth AlGaAsSb DBR growth 

Soak AsSb surface with 

both As2 and Sb2 flux – 30 

seconds 

Soak AsSb surface with 

only P2 flux – 5 seconds 

Open In shutter, grow 

according to optimized 

conditions 

Grow 2.0 nm InP buffer 

layer 

 Soak InP buffer layer with 

P2 flux – 60 seconds 

 Grow remaining InP using 

optimized conditions 

Macroscopic Growth Results 

Defect Density: 5000 cm-2 Defect Density: 200 cm-2 

RMS roughness: 1.5 nm RMS roughness: 0.18 nm 
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FIGURE 1.  1310 nm VCL with AlGaAsSb DBRs and AlInGaAs active region, with thin AlInGaAs tunnel junction aperture for 

current and optical confinement. 

 

FIGURE 2.  RMS roughness (top) and defect density (bottom) dependence on InP homoepitaxial layers.  Growth rate for InP in 

all cases is 0.15 nm/second. 

 

FIGURE 3.  10x10 m AFM image of completed VCL layer structure epilayers.  The scale in the image is 5 nm. 

 
FIGURE 1.  Light-current curves for a multi-mode 1310 nm VCL operating CW at a range of temperatures.  Maximum 

operating temperature of 90 ºC is observed. 

 

FIGURE 2.  L-I-V curves for a single-mode 1310 nm VCL operating CW at room temperature. Maximum output power of 1.1 

mW and differential efficiency of 60% is observed. 
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InP-Based 1.3–1.6-�m VCSELs With Selectively
Etched Tunnel-Junction Apertures on a

Wavelength Flexible Platform
D. Feezell, D. A. Buell, and L. A. Coldren, Fellow, IEEE

Abstract—In this letter, the authors demonstrate a wavelength
flexible platform for the production of long-wavelength ver-
tical-cavity surface-emitting lasers which provide full wavelength
coverage from 1.3–1.6 m. All-epitaxial InP-based devices with
AsSb-based distributed Bragg reflectors were achieved through
a common design, process, and growth technology at both the
important telecommunications wavelengths of 1.3 and 1.5 m.
Thin selectively etched tunnel junctions were implemented as
low-loss apertures and offer scalability to small device dimen-
sions. Devices showed low threshold currents ( 2 mA), near
single-mode (SMSR 20 dB) operation, and high differential
efficiency ( 40% at 1.3 m and 25% at 1.5 m).

Index Terms—InP-based, long wavelength, molecular beam
epitaxy, optical fiber communications, semiconductor laser pro-
cessing, semiconductor lasers, tunnel junction, vertical-cavity
surface-emitting lasers (VCSELs).

I. INTRODUCTION

LONG wavelength vertical-cavity surface-emitting lasers
(VCSELs) operating in the 1.3–1.6- m wavelength range

are attractive light sources for metro, local area, and storage
area networks. These devices offer a potential low-cost alter-
native to existing distributed feedback laser transmitters. In ad-
dition, due to simple packaging, high fiber-coupling efficiency,
and on-wafer testing, VCSELs offer many inherent advantages
over the existing in-plane infrastructure.

Recently, much attention has been devoted to a variety of
approaches to long-wavelength VCSEL devices. Structures
employing epitaxial, dielectric, and wafer bonded distributed
Bragg reflector (DBR) mirrors have all been demonstrated.
Various active region designs have also been utilized with suc-
cess. Several of the most promising material systems include
GaInNAs [1], AlInGaAs [2]–[5], and InGaAsP [6]. The under-
lying drawback to the majority of these approaches, however,
is their inability to produce monolithic all-epitaxial devices
that span the entire 1.3–1.6- m wavelength range. From a
manufacturability standpoint, this is an important goal.

Previously, we have reported monolithic all-epitaxial
InP-based VCSELs with AlGaAsSb DBRs and AlInGaAs
active regions [7], [8]. AsSb-based DBRs are lattice matched to
InP and offer high reflectivity over a broad wavelength range,
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Fig. 1. Schematic of bottom-emitting all-epitaxial VCSEL structure with
undercut tunnel-junction aperture.

thus enabling wavelength selection from 1.3–1.6 m. In fact,
the available index contrast is , comparable to that of
the GaAs–AlGaAs system. Coupled with the mature AlInGaAs
active regions, AsSb-based technology facilitates all-epitaxial
InP-based devices spanning the entire long-wavelength range
with consistent device design, process flow, and materials
growth.

In addition, we have previously investigated several aper-
turing techniques [7]–[9]; unfortunately, these aperturing
schemes have suffered from high scattering loss, difficult
processing steps, or current crowding. Recently, we have
demonstrated an improved aperture through selective etching
of a thin tunnel junction layer to achieve simultaneous optical
and electrical confinement in in-plane lasers [10].

In this letter, we report the fabrication of InP-based 1.3-
and 1.5- m VCSELs with AsSb-based DBRs and selectively
etched tunnel-junction apertures. We demonstrate a platform
with flexible lasing wavelength and low-loss apertures scalable
to small dimensions. This is the first reported 1.3- m InP-based
all-epitaxial VCSEL with AsSb-based DBRs and a selectively
etched tunnel-junction aperture. Finally, we show the effective-
ness of the thin tunnel-junction apertures in facilitating single
mode operation, improving differential efficiency, and reducing
threshold current.

II. VCSEL DESIGN AND FABRICATION

Fig. 1 shows a schematic of the bottom-emitting device
structure applicable to both 1.3- and 1.5- m devices. The
VCSEL was grown by solid-source molecular beam epi-
taxy in a single growth step. A double intracavity contacting
scheme is employed to circumvent the high electrical and
thermal resistances of the AsSb-based DBRs. The

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. Cross-sectional SEM of selectively etched InAlAs–InP tunnel-junction
aperture in a VCSEL cavity test structure.

AlInGaAs active region contains five 1.0% compressively
strained 7-nm quantum wells and six 0.6% tensile-strained
5-nm barriers. Cladding both sides of the active region are
InP layers doped 5e17 cm that facilitate current spreading
and heat removal in the device. The upper InP cladding layer
contains a 3e19-cm n -InAlAs/1e20 cm p -InP
tunnel-junction layer placed at a standing wave null to min-
imize absorption loss, which is selectively etched to form
the thin aperture. The total cavity thickness is . The
DBRs are Al Ga As Sb –Al Ga As Sb
for the 1.3- m structure and Al Ga As Sb –
Al Ga As Sb for the 1.5- m structure. The top
and bottom mirrors contain 36.5 and 24.5 pairs for the 1.3- m
devices, respectively, and 34.5 and 24.5 pairs for the 1.5- m
devices, respectively. The major advantage of this structure is
that both 1.3- and 1.5- m devices are realized with parallel
design, process, and materials growth technology. This is
potentially an excellent platform for coarse wavelength-divi-
sion-multiplexing (CWDM) applications between 1.3–1.6 m
with 20-nm channel spacing.

Device fabrication involved reactive ion etching (RIE) of the
top DBR down to the top InP contact layer in Cl plasma. The
upper InP cladding layer, which functions as an etch-stop layer
for the upper DBR, was etched down to the tunnel-junction layer
via RIE with CH -H -Ar. Selective lateral etching of the InAlAs
portion of the tunnel junction was then performed with a mixture
of citric acid and hydrogen peroxide to form the thin air-gap
aperture. The selectivity of this etch over InP was observed to be
greater than 100 to 1. Subsequently, the remaining InP cladding
was etched to the active region via RIE. Finally, the active region
was etched with a citric acid and hydrogen peroxide mixture to
expose the bottom InP contact layer. Ni–AuGe–Ni–Au was then
evaporated on the top and bottom InP contact layers.

A scanning electron microscope (SEM) picture of the selec-
tively etched tunnel-junction air-gap aperture is shown in Fig. 2.
The dimensions of the aperture are controlled through observing
the removal of sacrificial etch pillars on the wafer.

III. RESULTS AND DISCUSSION

The 1.3- and 1.5- m devices were fabricated and tested. Light
output versus current and voltage ( – – ) curves are shown for
both 1.3- and 1.5- m VCSELs in Figs. 3 and 4, respectively.
These devices were each 20- m diameter pillars with 8- m di-
ameter tunnel-junction apertures. The spectra at 3 threshold
for both wavelengths are inset in the appropriate figures and

Fig. 3. Room temperature pulsedL–I–V curve for 1.3-�m VCSEL with inset
pulsed lasing spectrum. Data was under-sampled due to pulsed measurement
restrictions, giving apparent kink in L–I–V curve.

Fig. 4. CW L–I–V curves at various temperatures for 1.5-�m VCSEL with
inset CW lasing spectrum.

demonstrate the near single-mode SMSR dB nature of
these devices. This operation demonstrates that the thin air-gap
aperture placed at a standing wave null provides sufficient index
contrast to confine the mode to smaller dimensions without sig-
nificant scattering loss.

We believe this to be the first report of an InP-based 1.3- m
VCSEL with AsSb-based DBRs and tunnel junction aperturing
technology. The 1.3- m devices lased pulsed (20 C, 500 ns,
1 kHz) at 1.32 m and showed a high differential efficiency of
greater than 40%, demonstrating that the thin tunnel-junction
aperture effectively confines the optical mode away from the
rough DBR sidewalls. The 1.3- m devices only displayed con-
tinuous-wave (CW) lasing at 0 C due to a red shift of the gain
peak with respect to the cavity-mode and the low bottom mirror
reflectivity . The 1.5- m devices lased at 1.54 m
and achieved differential efficiencies above 25%. CW operation
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Fig. 5. Differential efficiency and threshold current versus tunnel-junction
aperture diameter for a 1.5-�m device, showing scalability of aperturing
technology.

was observed for these devices up to 35 C. Higher tempera-
ture performance is expected at both wavelengths with proper
adjustment of the gain peak to cavity-mode offset.

The scalability of the thin tunnel-junction apertures to small
dimensions is important for low threshold operation and to,
therefore, reduced heat generation in the devices. Fig. 5 dis-
plays an example of this scalability. A reduction in threshold
current is demonstrated in a 1.5- m device as the tunnel-junc-
tion aperture is scaled to smaller dimensions. In fact, both
wavelengths of devices displayed very low threshold currents,
with a lowest value of 0.67 mA for a 4- m tunnel junction
diameter in a 1.5- m device, and a lowest value of 1.4 mA for
a 6- m tunnel junction diameter in a 1.3- m device. This result
clearly indicates the effective current confinement achieved by
the tunnel-junction apertures.

Fig. 5 also shows a greater than 5 improvement in differ-
ential efficiency as the aperture is scaled to smaller dimensions,
indicating that the thin tunnel-junction aperture achieves mode
guiding down to small dimensions without introducing signifi-
cant scattering loss to the device. The low differential efficien-
cies for large aperture sizes are due to scattering off the rough
pillar sidewalls, as the aperture diameter is still comparable to
the pillar diameter. These results are in good correlation with
simulations based on an algorithm analogous to the classic work
of Fox and Li [11].

IV. CONCLUSION

We have demonstrated all-epitaxial 1.3- and 1.5- m
InP-based VCSELs on a wavelength flexible platform that

utilizes a common design, process, and materials growth tech-
nology. This shows excellent promise for CWDM applications.
Implementation of a thin selectively etched tunnel-junction
aperture provided simultaneous electrical and optical confine-
ment and has led to near single-mode operation. These apertures
have exhibited good performance down to small dimensions,
generating low threshold currents and high differential efficien-
cies. Future work will involve optimization of the gain peak to
cavity-mode offset and high-speed characterization.
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Efficient Modulation of InP-Based 1.3-�m VCSELs
With AsSb-Based DBRs

D. Feezell, L. A. Johansson, D. A. Buell, and L. A. Coldren, Fellow, IEEE

Abstract—We demonstrate efficient error-free 3.125-Gb/s modu-
lation of InP-based 1.3- m vertical-cavity surface-emitting lasers
with AsSb-based distributed Bragg reflectors up to 60 C. These
devices demonstrated high differential efficiencies [ 60% at room
temperature (RT)], which resulted in a required bias current for
modulation of only 5.9 mA. The measured extinction ratios were
greater than 8 dB up to 60 C with a peak-to-peak drive voltage
of only 800 mV. The 3-dB-down RT small-signal bandwidth was
4.4 GHz at a bias of 5.9 mA.

Index Terms—InP-based, long wavelength, modulation, optical
fiber communication, semiconductor laser processing, semicon-
ductor lasers, vertical-cavity surface-emitting lasers (VCSELs).

I. INTRODUCTION

LONG-WAVELENGTH vertical-cavity surface-emitting
lasers (VCSELs) operating in the 1.3–1.6- m wavelength

range are expected to provide a low-cost alternative to existing
edge-emitting lasers in optical fiber communication systems.
With low power consumption, on-wafer testing, and high
fiber-coupling efficiency, VCSELs are attractive candidates for
short to midrange high data-rate applications such as coarse
wavelength-division-multiplexing, metro, and local area net-
works.

Much of the progress toward more manufacturable
long-wavelength VCSELs has been hampered by the ne-
cessity to match a reliable high-gain active region with
high-index-contrast distributed Bragg reflectors (DBRs) over
the full 1.3–1.6- m wavelength range. Approaches employing
GaInAsN active regions have shown excellent characteristics
near 1.3 m but still struggle to replicate that performance at
higher wavelengths [1]. Wafer-bonded approaches have also
shown promising results, but suffer from difficult processing
steps [2]. A variety of methods employing the well-estab-
lished InAlGaAs active region technology have perhaps shown
the best performance [3]–[5]. Unfortunately, most of these
approaches require a dielectric DBR and do not produce
monolithic all-epitaxial devices, which is an important goal
toward a more manufacturable product. Another approach is
to utilize InAlGaAs active regions coupled with AlGaAsSb
DBRs. InAlGaAs active regions are lattice-matched to InP
and have demonstrated reliable high-gain operation over the
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Fig. 1. Schematic of bottom-emitting all-epitaxial VCSEL structure with
undercut tunnel-junction aperture.

full long-wavelength range with excellent temperature per-
formance. AlGaAsSb DBRs are also lattice-matched to InP
and offer high reflectivity over a broad wavelength range, thus
enabling wavelength selection from 1.3 to 1.6 m. In fact, the
available index contrast is , comparable to that of
the GaAs–AlGaAs system. Previously, we have demonstrated
excellent continuous-wave (CW) performance in devices em-
ploying AsSb-based DBR technology at both the important
telecommunications wavelengths of 1.3 and 1.55 m [6], [7].
The feasibility of this technology for use in high data-rate
applications, however, remains to be demonstrated.

In this letter, we report the first high-speed modulation of
monolithic all-epitaxial 1.3- m VCSELs with AsSb-based
DBRs. Modulation at a data rate of 3.125 Gb/s was demon-
strated and error-free operation was obtained up to 60 C. These
devices displayed high differential efficiencies, which resulted
in a required bias current for modulation of 5.9 mA. Open
eye diagrams were observed at 3.125 Gb/s up to 60 C. The
extinction ratios were extracted and remain 8 dB up to 60 C
for a peak-to-peak drive voltage of only 800 mV. Furthermore,
excellent static characteristics were observed. The single-mode
CW output power at room-temperature (RT) was 1.6 mW
and the differential quantum efficiency was 64%. The threshold
current was 1.7 mA and the lasing wavelength was 1.305 m
with a sidemode suppression ratio (SMSR) of 46 dB.

II. DEVICE STRUCTURE AND FABRICATION

The VCSEL structure was grown monolithically in a single
growth step by molecular beam epitaxy. Fig. 1 shows a
schematic of the bottom-emitting VCSEL device. The device
structure is the same as previously reported [7]. The 1/2-
InAlGaAs multiple-quantum well active region is clad on both

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. CW L–I–V curves for bottom-emitting 1.3-�m VCSEL with 8-�m
aperture for various stage temperatures. Inset lasing spectrum shows emission
at 1.305 �m and 46 dB SMSR. Ripples on L–I curve are due to substrate
reflections from bottom-emitting device.

sides by InP layers. These layers facilitate current and heat
spreading in the device and serve as intracavity contact layers,
allowing for the circumvention of the high electrically and ther-
mally resistive AsSb-based DBRs. The top and bottom DBRs
are AlGaAsSb and AlAsSb and contain 39.5 and 25.5 pairs,
respectively. Embedded within the upper InP cladding layer at
a standing wave null is a 350- n –InAlGaAs/p InAlGaAs
tunnel junction layer that is selectively etched to form a thin
low-loss air-gap aperture. This aperture provides excellent
optical and electrical confinement in the device [8], [9].

Device fabrication consisted of reactive ion etching (RIE)
of the top DBR down to the upper InP-cladding layer in Cl
plasma. Ni–AuGe–Ni–Au and SiO were then deposited as
the upper contact and etch mask, respectively. The upper InP
cladding layer, which functions as an etch-stop layer for the
upper DBR, was etched down to the tunnel-junction layer via
RIE with CH –H –Ar. Selective lateral etching of the tunnel
junction was then performed with a 10 : 1 mixture of citric
acid and hydrogen peroxide to form the thin air-gap aperture.
Subsequently, the remaining InP cladding was etched to the
active region via RIE. Finally, the active region was etched in
citric acid and hydrogen peroxide to expose the bottom InP
contact layer. Ni–AuGe–Ni–Au was then evaporated to form
the bottom contact.

III. EXPERIMENT AND RESULTS

Fig. 2 shows the RT static light and voltage versus current
( – – ) characteristics for a 20- m VCSEL device with an
8- m diameter aperture. CW lasing was observed up to 88 C
with an RT output power 1.6 mW and a 64% differential
quantum efficiency. These results represent new milestones for
AsSb-based long-wavelength VCSELs. The threshold current
was 1.7 mA and the device lased single-mode at 1.305 m
with an SMSR of 46 dB. These devices were optimized for
RT performance with a gain-mode offset of only 30 nm. With

Fig. 3. CW differential efficiency versus stage temperature showing
differential efficiency of 64% at RT and over 50% at 50 C.

Fig. 4. Small-signal frequency response for VCSEL with 8-�m aperture
diameter at 20 C, 40 C, and 60 C at 5.9-, 5.2-, and 4.9-mA drive currents,
respectively.

a larger gain-mode offset, the maximum lasing temperature is
expected to increase significantly.

Fig. 3 shows the CW differential efficiency versus stage tem-
perature for this device. The differential efficiency remained

50% up to 50 C. This result is an important advancement
toward creating higher power devices with low required drive
currents.

Fig. 4 demonstrates the small-signal frequency response of
the device at 20 C, 40 C, and 60 C. The maximum RT band-
width was obtained at a bias of 5.9 mA and is 4.4 GHz. To illus-
trate the high-speed capabilities of these devices, the VCSELs
were modulated using a pseudorandom bit sequence
(PRBS) at 3.125 Gb/s up to 60 C. A signal generator and an
error performance analyzer provided the data. Light was cou-
pled directly from the device into standard single-mode fiber
and then into a 10-Gb optical receiver. Open eye diagrams were
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Fig. 5. Eye diagrams for 3.125-Gb/s operation at (a) 20 C, (b) 40 C, and
(c) 60 C. Extinction is>8 dB up to 60 C with a drive voltage of only 800 mV.

Fig. 6. BER versus received power for 3.125-Gb/s modulation at 20 C, 40 C,
and 60 C for a 2 � 1 PRBS demonstrating error-free operation. Extinction
ratio is >8 dB up to 60 C. Measurements were performed back-to-back.

obtained up to 60 C. Fig. 5 shows these results. The extinc-
tion ratios were derived directly from the optical bit stream and
remained 8 dB for operation up to 60 C with a peak-to-peak
drive voltage of only 800 mV. The bias currents at 20 C, 40 C,
and 60 C were 5.9, 5.2, and 4.9 mA, respectively.

In order to demonstrate the quality of the eye diagrams at
3.125 Gb/s, bit-error-rate (BER) measurements were performed
in a back-to-back configuration. Fig. 6 shows the BER versus
received power for 3.125-Gb/s operation at 20 C, 40 C, and

60 C. Error-free operation was demonstrated for a
PRBS up to a temperature of 60 C. BERs below were
obtained, indicating that these devices are promising candidates
for transmitters at a 3.125-Gb/s data rate.

IV. CONCLUSION

We have demonstrated the first high-speed modulation for
InP-based long-wavelength VCSELs with AsSb-based DBRs.
Error-free operation at 3.125 Gb/s was demonstrated up to
60 C and open eye diagrams were obtained. The extinction
ratios were 8 dB up to 60 C with a peak-to-peak drive
voltage of only 800 mV. The high differential efficiencies
demonstrated resulted in the low required drive voltages. These
results clearly indicate the potential application of this all-epi-
taxial technology for high-speed data transmitters. Future work
will involve larger gain-mode offset devices for improved
temperature performance.
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Detrimental Effect of Impact Ionization in the
Absorption Region on the Frequency Response and

Excess Noise Performance of
InGaAs–InAlAs SACM Avalanche Photodiodes
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Abstract—It is shown that optimization of the electric field pro-
file in the absorption region of separate absorption, charge, and
multiplication InGaAs–InAlAs avalanche photodiodes is critical to
achieve low excess noise and high gain bandwidth product.

Index Terms—Avalanche photodiodes (APDs), excess noise
factor, impact ionization, photodetectors.

I. INTRODUCTION

AVALANCHE photodiodes (APDs) are important com-
ponents in many optical receivers due to the sensitivity

margin provided by their internal gain. The seperate absoprtion,
charge, and multiplication (SACM) structure APD, which
consists of an absorbing region and a multiplication region
separated by a charge layer, has the advantage that the photon
absorption process and the carrier multiplication process are
independent and can be optimized individually to improve both
the noise and speed performance [1]. Further, this structure ef-
fectively suppresses tunneling in the narrow bandgap-absorbing
layer.

In Ga As–In Al As (referred to below as InGaAs
and InAlAs) APDs have been studied for high-bit-rate optical
communication applications [2], [3]. Reduction of the transit
time in these APDs can be achieved by utilizing thin absorption
layers [4]–[6]. For high responsivity in normal incidence APDs,
however, a thick absorption layer is required (the quantum ef-
ficiency of a InGaAs–InAlAs SACM APDs with a 1.5- m
InGaAs absorption region is 13% higher than that with a 1- m
InGaAs absorption region), which results in a tradeoff between
the sensitivity and the speed. Further, it has been shown for
InP–InGaAs separate absorption and multiplication APDs that
impact ionization in the absorption region, which is more pro-
nounced for thick absorption regions, can significantly reduce
the gain–bandwidth product [7]–[10]. In this paper, we study
the speed and noise performance of InGaAs–InAlAs SACM
APDs with a thick ( 1.5 m) absorption region. We find that
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Fig. 1. Schematic layer structure of the InGaAs–InAlAs SACM APD.

the doping profile in the InGaAs absorption layer influences
the level of impact ionization in that layer, which, in turn,
significantly affects the gain–bandwidth product and the excess
noise.

II. DEVICE STRUCTURE

The structures were grown in a molecular beam epitaxy
reactor, on semi-insulating InP substrates. As shown in Fig. 1,
the first layer grown was a 100-nm-thick unintentionally
doped InAlAs layer to suppress silicon diffusion into the
semi-insulating InP substrate from the InAlAs n-contact layer,
which can cause excessive parasitic capacitance between
contact pads. A 500-nm-thick heavily doped n -type (silicon,

cm ) InAlAs layer was grown as a buffer layer and
was followed by a 500-nm n -type (silicon, cm )
In Al As contact layer. Following the n-type contact
layer, was the multiplication region, an intrinsic InAlAs layer,
with a thickness of 200 nm. Next to be deposited was the charge
layer, 150-nm-thick p-type (Be-doped) In Al As. A 1000
or 1500-nm-thick intrinsic InGaAs, which was sandwiched
between two 50-nm-thick unintentionally doped InAlAs spacer

0018-9197/$20.00 © 2005 IEEE
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TABLE I
PROPERTIES OF APD WAFERS

Fig. 2. Measured 3-dB bandwidth versus gain for devices A, B, and C.

layers, was grown as the absorbing layer. The 50-nm undoped
InGaAlAs grading layers were inserted to reduce the barrier
between InAlAs and InGaAs in order to prevent hole pile-up
in the heterointerface. Then a 400-nm-thick p-type (Be-doped,
7 cm ) InAlAs window layer was grown. The p-type
contact layers consisted of 100 nm of In Al As (Be:

cm ) capped with 50 nm of InGaAs doped at
the same level. The wafers studied are compared in Table I.
SIMS measurements on all three wafers indicated that, within
the measurement accuracy, the structures of wafers A, B,
and C were as designed with the same charge doping level
of cm . This was also confirmed with capaci-
tance–voltage measurements.

The wafers were fabricated by wet chemical etching into back
illuminated mesa structures with diameters in the range 20 to
50 m. The 50- m-diameter devices were chosen for speed and
noise measurements. The mesas were passivated by plasma-en-
hanced chemical vapor deposition of SiO . The passivation also
served as a partial antireflection coating. Ti–Pt–Au metal dot
contacts were deposited on the top p-surface of the mesa, and
AuGe–Ni–Au contacts were deposited on the n-surface. Con-
ventional photolithography and liftoff metallization techniques
were used to define the metal contacts. Microwave contact pads
with an air-bridge connection were fabricated for high-speed
measurements.

III. RESULTS AND DISCUSSION

S21 Frequency response measurements were made on
m-diameter devices at the wavelength of 1.3 m. Fig. 2

shows the measured 3-dB bandwidth of devices A, B, and C.
If avalanche multiplication is confined to the multiplication
region, the gain–bandwidth product should be same for all
three devices since they have the same multiplication region.

Fig. 3. One-dimensional electric-field profile of devices A, B, and C at gain
of 20.

Devices A and C have the same gain–bandwidth product of
120 GHz, an indication that there is insignificant impact ioniza-
tion in the absorbing layer for these two devices. However, for
device B, the bandwidth begins to drop at . This band-
width degradation compared to devices A and C is due to impact
ionization in the thick InGaAs absorption region. In the SACM
structure, a high electric field in the multiplication region is
required to provide gain, whereas the electric field intensity in
the absorbing layer is required to be sufficiently low so as 1) to
suppress tunneling and 2) to minimize carrier multiplication in
the absorbing region, which is extremely detrimental to APD
speed performance [7]–[10]. The electric field strength that
causes significant low field carrier multiplication in InGaAs
is approximately 150 kV/cm [11], whereas the threshold for
tunneling is approximately 220 kV/cm. This speed degradation
for device B can be explained by the electric field profile in
the absorption region (Fig. 3). The n-type background doping
in device B contributes to an electric field profile in which the
field in the absorption region closer to the top surface is higher
than at the side near the charge layer. When the gain exceeds

15, the electrical field in the absorption region of device
B is 150 kV/cm. With further increase in the electric field,
impact ionization becomes more and more significant. Hence,
the n-type background doping leads to impact ionization in
the portion of the absorption region closer to the top surface
where the electric field is higher, which can be extremely
detrimental to the speed owing to the effective increase in the
total multiplication width for a fraction of the carriers. If the
impact ionization in the absorption region occurs in the region
near the multiplication region, the speed degradation will not
be as serious.

To reduce this bandwidth degradation, we have introduced a
p doping of cm in the absorption region of device
C in order to keep the electric field low. From Fig. 2 it can be
seen that, for device C, the bandwidth for fits
the line of 120-GHz gain–bandwidth product. There is no band-
width drop similar to that observed for device B, a reflection of
the fact that the electrical field in the absorption region of de-
vice C remains low ( 150 kV/cm) up to a gain of 50 due to the
p doping as shown in Fig. 3. Although the electric field profile
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Fig. 4. Measured and simulated gain as a function of reverse bias voltage for
devices A, B, and C.

of device A is the same as that of device B, there is no signif-
icant bandwidth degradation for device A since its absorption
region is 0.5 m thinner than B. Hence, the maximum electric
field value in the absorbing region of device A is not as high as
that of device B as shown in Fig. 3. The degree of impact ioniza-
tion is proportional to the product of ionization coefficient and
available multiplication width (nonlocal theory). Device A has
both lower ionization coefficient and multiplication width.

The gain–bandwidth products of devices A and C are
120 GHz. This value is consistent with previously published
results for APDs with similar InAlAs multiplication layer
thickness [12]. Devices A and C have the same gain–band-
width product since they have the same 200-nm-thick InAlAs
multiplication region. In the low gain regime, the bandwidth
of device A is 9 GHz, while that of device C is 8 GHz. The
RC limited bandwidth was estimated by measuring the S11
parameters with a network analyzer. The measured capacitance
was 150 fF and total resistance was 70 , yielding an
estimated RC-bandwidth of 15 GHz. This frequency is too high
to account for the observed 8- and 9-GHz ceilings. The carrier
transit-time bandwidth is 13 GHz for devices B and C and
17 GHz for device A if there are no secondary carriers [13].
But for this case, the transit time for the secondary holes to tra-
verse the whole depletion region is important. (The secondary
electrons can be neglected since the absorbing layer is much
wider than the multiplication region). Taking the transit time of
secondary holes into effect, the transit time is 7 ps for devices
B and C and 6 ps for device A. Hence we conclude that the
observed low gain bandwidths of 8 and 9 GHz are determined
by the hole transit time [14]. In the high gain regime ( ),
the bandwidth is dominated by the avalanche buildup time.

According to Emmons’ model [15], in the high gain regime,
the effective transit time for devices A and C is 1.3 ps.

Using the analytical model described in [16], we simulated
the gain curves of devices A, B, and C (Fig. 4). The gain curves
were measured using the procedure described in [12]. The mea-
sured gain curve of device B is sharper than the simulated gain
curve since the simulation assumes no impact ionization in the

Fig. 5. Simulated and experimental excess noise factor as a function of gain
for devices A, B, and C.

absorption region, which causes the gain to increase faster. The
gain value contributed by a 1.5- m-thick InGaAs absorbing
layer with an electric field of 150 kV/cm is calculated to be
1.13 using the parameters and equations given by [10]. This cal-
culated gain result is consistent with the measured result of [11].
From [17], if a small fraction of the secondary holes traveling
back across the absorber initiate impact ionization in the absorp-
tion region, the total gain is given by

(1)

where is the electron initiated gain of the InAlAs avalanche
region and is the feedback factor. At a bias of 42 V as shown
in Fig. 4, the measured gain of device B is 30, while the
simulated gain is 15. The simulated gain of 15 is the gain
from the InAlAs multiplication region. Hence, we estimated that
the feedback factor at this point is 0.036. This shows that if
only 3.6% of the secondary holes that traverse the absorbing
layer initiate impact ionization, the gain will increase by a factor
of two. On the other hand, for devices A and C, the simulated
and measured gain curves are coincident. The estimated values
of are 0.01 and 0.007 for devices A and C, respectively. The
small feedback factors for devices A and C explain why there is
no bandwidth degradation for these two devices.

To further study the effect of ionization in the absorption
layer, the excess noise factor of these APDs was mea-
sured using the procedure described in [18]. A tunable laser op-
erating at 1.55 m was used as the light source for these mea-
surements. The measured of devices A, B, and C are
shown in Fig. 5. The effective value was estimated to be 0.2
for both devices A and C. This value is consistent with previ-
ously published results for a SACM APD with similar thick-
ness InAlAs multiplication region [19]. The black circle is the
simulated of device A and C using the analytical model
described in [16], assuming that impact ionization is confined to
the multiplication region. The excess noise of devices A and C
follows the simulation. On the other hand, for , the ex-
cess noise of device B deviates from the curve, further
confirmation that there is impact ionization in the absorption
region. A Monte Carlo simulation [20] confirmed that signifi-
cant impact ionization occurs in the InGaAs absorption layer;
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the simulated noise curve for device B is marked by black tri-
angles in Fig. 5.

In conclusion, we have demonstrated the detrimental effect
of impact ionization in the absorption region on the speed and
noise performance of InGaAs–InAlAs SACM APDs. We find
that the doping profile in the absorption layer strongly influences
the amount of impact ionization and thus the gain–bandwidth
product and the excess noise.
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High-Speed and Low-Noise SACM Avalanche
Photodiodes With an Impact-Ionization-Engineered

Multiplication Region
Ning Duan, Shuling Wang, Feng Ma, Ning Li, Joe C. Campbell, Chad Wang, and Larry A. Coldren

Abstract—A separate absorption, charge, and multiplication
In0 53Ga0 47As–In0 52Al0 48As avalanche photodiode with an
impact-ionization-engineered multiplication region is reported.
By implementing an electric field gradient in the multiplica-
tion region, better control of impact-ionization can be achieved.
Gain-bandwidth product of 160 GHz and excess noise factor with
an equivalent value of 0.1 are demonstrated.

Index Terms—Avalanche photodiodes (APDs), impact ioniza-
tion, photodetectors.

I. INTRODUCTION

THE separate absorption, charge, and multiplication
(SACM) structure avalanche photodiode (APD), which

consists of an absorbing region and a multiplication region
separated by a charge layer, has been widely studied for
high-bit-rate long-haul wide-band optical communication
applications. The SACM APD structure has the advantage
that the photon absorption process and the impact ionization
multiplication process are independent from each other and can
be optimized individually to improve both the noise and speed
performance. Further, this structure effectively suppresses
tunneling in the narrow bandgap-absorbing layer.

Much of the research on these APDs has focused on achieving
lower noise and higher gain-bandwidth products to accommo-
date the ever-increasing bit rates of fiber-optic systems. Lower
noise is usually associated with higher speed, since in the gain
distributions, the high-gain tail contributes to both higher noise
and longer transit time [1]. Very low noise has been achieved
in the GaAs–AlGaAs material system by impact ionization en-
gineering [2], [3]. It is now understood that the role of
heterojunctions in lowering the multiplication noise of APDs is
to spatially localize impact ionization events even with

[4]. To apply the concept first demonstrated with Al-
GaAs–GaAs APDs to more practical “long wavelength” ma-
terials that are widely used for fiber-optic components, APDs
with multiplication region using AlInGaAs–InAlAs have
been reported for a PIN-type structure [5]. However, incorpo-
ration of an multiplication region into an SACM structure
with an InGaAs absorber has not been reported. In this letter, we
present the design and successful implementation of an SACM
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Fig. 1. Schematic layer structure of the SACM APD.

APD with an In Al As–In Ga Al As multi-
plication region.

II. DEVICE STRUCTURE

The structure was grown in a molecular beam epitaxy re-
actor, on a semi-insulating InP substrate. As shown in Fig. 1,
the first layer grown was a 100-nm-thick unintentionally doped
In Al As layer to suppress silicon diffusion into the
semi-insulating InP substrate from the In Al As n-con-
tact layer, which can cause excessive parasitic capacitance
between contact pads. A 500-nm-thick heavily doped n -type
(silicon, cm ) In Al As layer was grown as
a buffer layer and was followed by a 500-nm n -type (silicon,

cm ) In Al As contact layer. Following
the n-type contact layer was the multiplication region.
The compound multiplication region consisted of an unin-
tentionally doped layer of In Al As with a thickness of
80 nm, an unintentionally doped In Ga Al As layer
with a thickness of 80 nm, a P-type (Be, cm )

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. Current–voltage and gain curves for a 150-�m-mesa-diameter APD.

120-nm-thick In Ga Al As layer, and an 80-nm-thick
In Al As layer with the same P-type doping level. The
latter two layers also served as the field control or “charge”
region. A 420-nm-thick intrinsic In Ga As layer was
grown as the absorbing layer. Undoped InGaAlAs grading
layers (50 nm) were inserted to reduce the barrier between
In Al As and In Ga As in order to prevent car-
rier pile-up at the heterointerface. The absorber was slightly
p-doped in order to suppress impact ionization in the absorp-
tion region [6]. Ideally, the doping in the absorber would be
graded to provide a slightly higher field in the direction of the
multiplication region. This was approximated by step doping
the absorber in two regions, one at cm and the other
at cm . After the top grading layer, a 400-nm-thick
p-type (Be-doped, cm ) In Al As window
layer was grown. The p-type contact layers consisted of 100 nm
of In Al As Be cm capped with 50 nm
of In Ga As doped at the same level.

The wafers were fabricated into back-illuminated mesa struc-
tures using the procedure described in [6].

III. RESULTS AND DISCUSSION

The photocurrent and dark current curves of an 80- m-diam-
eter APD are shown in Fig. 2. The punch-through voltage was

12 V and the breakdown voltage was 24 V. The photocur-
rent curve of the APD exhibited a slope after punch-through, an
indication of multiplication gain at punch-through. In order to
characterize the multiplication gain, the external quantum effi-
ciency (QE) was measured under different bias levels above the
punch-through voltage, using a laser operating at 1.55 m. At a
bias of 15 V, the APD was fully depleted and the measured ex-
ternal QE was 58%. The expected external QE at unity-gain
can be estimated by the following expression:

(1)

where is the reflection coefficient of the air–semiconductor
interface; is the absorption coefficient of In Ga As at
the relevant incident wavelength; and is the absorption layer
thickness. Since the absorption coefficient of In Ga As
is 0. 705 m at 1.55 m [7], for an SACM APD with a
0.42- m-thick In Ga As absorber, the expected external
QE is 18% assuming an optical transmission of 69%

Fig. 3. Simulated and experimental excess noise factor as a function of gain.

at the air–semiconductor interface (the SiO AR coating
was stripped off during the QE measurement in order to reduce
uncertainty in the reflectivity). The measured value ( 58%) at
the reference bias of 15 V is 3.2 times higher than the max-
imum theoretical value ( 18%). We attribute this large QE to
the multiplication gain at punch-through, hence the gain at a bias
voltage of 15.0 V is estimated to be at least 3.2. The calculated
gain curve of an 80- m-diameter APD is plotted in Fig. 2.

The excess noise factor was measured following the
procedure described in [8]. A semiconductor laser operating
at 1.55 m was used as the light source for these measure-
ments. Since there is multiplication gain at punch-through as
discussed above, the determination of is complicated by
the fact that the noise value at unity gain, which is the stan-
dard reference for this type of measurement, is unknown. This
was addressed by using a Monte Carlo simulation to estimate
the excess noise factor at . The value obtained was

. This then served as the reference point to
determine at higher gains. The measured and simulated

are shown in Fig. 3. The effective value was estimated
to be 0.1 up to a gain of more than 15. We note that this is consis-
tent with noise measurements on PIN-structure InGaAlAs–In-
AlAs APDs [5]. This low noise results from reducing the
initial dead space effect for electrons injected from the wide
bandgap In Al As into In Ga Al As, which has
lower threshold energy [9], [10]. The sloped electric field in the
multiplication region also plays an important role in achieving
low noise [11]. Electrons are injected from the absorption layer
to the multiplication region. They start to impact ionize when the
electric field in the charge layer becomes sufficiently high. More
and more electron-initiated ionizations occur as the electrons are
transported into the multiplication region toward higher electric
field. On the other hand, hole impact ionizations in the charge
layer are suppressed due to the lower and lower electric field
they encounter as they travel back toward the absorber. Hence,
there is less reliance on noisy feedback ionization to provide
multiplication.

Shown in Fig. 4 is a Monte Carlo simulation of the dis-
tribution of impact ionization events in the multiplication
region at an average gain of 14. It can be seen that most of
the ionization events occur in the In Ga Al As-well
layer. Photon generated electrons drift from the absorption
layer toward the charge layer. They gain kinetic energy



DUAN et al.: HIGH-SPEED AND LOW-NOISE SACM APDs WITH AN IMPACT-IONIZATION-ENGINEERED MULTIPLICATION REGION 1721

Fig. 4. Simulated impact ionization events distribution and electric field profile
as a function of position.

Fig. 5. Measured 3-dB bandwidth versus gain for a 20-�m-mesa-diameter
APD.

in the In Al As charge layer where impact ioniza-
tion events are rare as a result of the large carrier ionization
threshold energy in In Al As. Once the electrons reach the
In Ga Al As charge layer, where the threshold energy
is lower, they ionize quickly. As the electrons travel through the
In Ga Al As charge layer, they encounter higher and
higher electric field and initiate more and more impact ioniza-
tions. In the undoped In Ga Al As multiplication layer,
the electric field reaches its highest value and the electrons
continue to ionize. Once they reach the undoped In Al As
layer, although the electric field remains constant, the impact
ionization events decrease dramatically due to the higher
threshold energy in In Al As. Holes generated by elec-
tron initiated impact ionization in the In Ga Al As
multiplication region travel in the opposite direction toward the
p-contact. However, the hole initiated impact ionization events
decrease once holes reach the In Ga Al As charge layer
due to the lower and lower electric field they encounter. This
spatial modulation of electron and hole impact ionization events
by utilizing the structure combined with a graded electric
field in the multiplication region results in lower excess noise.

S21 RF amplitude measures were made on 20- m-diameter
devices. Fig. 5 shows the 3-dB bandwidth as a function of gain.
This device structure is shown to have a gain-bandwidth product

of 160 GHz up to a gain of 40. This gain-bandwidth product is
higher than an SACM APD with bulk In Al As multiplica-
tion region that has similar multiplication-region-thickness [6].
This is due to the fact that the suppression of hole initiated im-
pact ionization results in reduction of the long tail in the pulse
response. The low-gain bandwidth of a typical 20- m-diameter
device is 14 GHz. The calculated resistance–capacitance (RC)
limited bandwidth was 15 GHz, which indicates that the band-
width at low gain was RC limited.

IV. CONCLUSION

We have designed and studied an SACM APD structure that
was grown on InP substrate with impact-ionization-engineered
multiplication region. Lower noise and higher speed
performance GHz com-
pared to SACM APDs with bulk InAlAs multiplication layer
have been achieved.
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High Saturation Power and High Gain
Integrated Photoreceivers
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Abstract—A novel monolithically integrated semiconductor
optical amplifier (SOA) receiver is presented. This receiver im-
plements a flared SOA and tapered quantum-well detector. SOAs
exhibited 22-dB unsaturated gain and 15.7-dBm output power at
the 1-dB gain compression point while the receiver demonstrated
15-GHz bandwidth and 10.5-dBm sensitivity.

Index Terms—Offset quantum well, optical receivers, saturation
power, semiconductor optical amplifiers (SOAs), waveguide
photodiodes, wavelength conversion.

I. INTRODUCTION

MONOLITHICALLY integrated photoreceivers which
combine amplification and detection elements are

advantageous over discrete devices by producing greater
sensitivity, decreased coupling loss, simplified packaging,
and reduced cost. Although high performance semiconductor
optical amplifier (SOA)-PINs have been fabricated with band-
widths up to 40 GHz, typically they produce low output powers

mV - requiring the signal to be electronically ampli-
fied for many applications [1], [2].

As optical device integration density continues to increase,
it becomes desirable to develop integration platforms that are
compatible with tunable lasers as well as receivers. One such
photonic integrated circuit of interest is a photocurrent driven
wavelength converter. These devices use photocurrent from de-
tected input light to drive optical modulators. For size and pack-
aging considerations of wavelength converters, it is desirable to
monolithically integrate the receivers and transmitters, thus con-
straining the material used to be compatible with the fabrica-
tion of lasers. To maintain small footprints and minimize para-
sitic effects in monolithic wavelength converters, it is beneficial
to avoid the use of electrical amplification. In past devices, the
conversion efficiency and the extinction of the converted signal
have been limited by the gain and low saturation powers of the
photoreceiver used [3], [4]. These limitations can be overcome
with the use of the photoreceivers presented in this letter [5].

Waveguide photodetectors allow for efficient detection of
light and are easy to integrate with SOAs; however, they often
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Fig. 1. Scanning electron microscope (SEM) of integrated photoreceiver.

suffer from saturation problems and degrade at high optical
powers due to the high optical power density/photocurrent
at the front end of the detector. The detector presented here
achieves acceptable power densities at the front end and min-
imum capacitance through the use of lateral tapering.

It is well known that the high optical power density in SOAs
will deplete active region carriers creating gain saturation. When
modulated light is amplified, it is desirable to operate at power
levels below saturation to prevent signal distortion. The satura-
tion power levels can be increased through gain clamping, re-
ducing the power density [6], or increasing carrier density [7].
In this letter, the SOA has been laterally flared to keep the op-
tical power density below saturation while the power grows.

II. DEVICE

The photoreceiver consists of a monolithically integrated
SOA and quantum-well absorber, as shown in Fig. 1.

The SOA is designed as a two-stage amplifier. A 200- m-
long by 3- m-wide section provides gain to low input powers
while keeping amplified spontaneous emission noise to a
minimum. This is followed by a 400- m-long section, which
linearly flares from 3 to 9 m. The flaring is implemented
to reduce the optical power density, thus increasing the SOA
saturation power. The 50- m-long photodetector employs a
linear ridge taper from 9 to 3 m to prevent front-end saturation
effects at high optical powers. Photo-bis-benzocyclobutene
(BCB) is used under the detector pads in order to reduce the
parasitic pad capacitance.

The device is fabricated using an offset quantum-well ma-
terial structure with a single regrowth. The fabrication process
is completely compatible with that of a sampled-grating dis-
tributed-Bragg-reflector transmitter and requires no additional
steps [3]–[5]. A curved and flared input waveguide is used to
aid in fiber coupling as well as to reduce optical reflections. In
addition, a multilayer antireflection coating is applied to further
reduce the optical reflections. Seven quantum wells provide the

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. Gain versus wavelength plot for receiver. (I = 250 mA
(8.33 kA/cm ), V = �4 V, and P = 0:8 mW).

Fig. 3. Input power dependence of the frequency response of the receiver.
(I = 250 mA (8.33 kA/cm ) and V = �4 V).

gain for the forward-biased SOA and the same wells provide a
high absorption coefficient in the reverse biased detector.

III. RESULTS

The devices were thinned, cleaved, and mounted onto an
aluminum nitride carrier for testing. All dc contacts were
wirebonded to the carrier and contacted via a probe card. The
detector was directly probed by a coplanar stripline probe to
prevent any parasitic effects from wirebonds. In all cases, input
powers quoted were for light coupled into the waveguide. The
compressively strained quantum wells used in this device are
highly polarization-dependent; therefore, the polarization was
adjusted to transverse electric to allow for maximum gain
during all measurements. This polarization dependence is
typical of devices that implement strained quantum wells and
can be eliminated with redesigned quantum wells or bulk active
material [2].

The dependence of dc gain on wavelength was measured. As
shown in Fig. 2, the device exhibited less than 1.5-dB gain vari-
ation between 1530 and 1570 nm. This wavelength dependence
can be attributed to the optical bandwidth of the quantum wells
used for gain in the SOA and absorption in the detector.

The radio-frequency (RF) characteristics of the receiver were
also measured. For all measurements, the input wavelength was

Fig. 4. 20-Gb/s eye for 2 -1 pseudorandom binary sequence (PRBS).
(I = 250 mA, V = �5 V, and P = 0:8 mW).

Fig. 5. Optical P versus optical P / I at 10 Gb/s. (I =

250 mA (8.33 kA/cm ) and V = �4 V).

1548.1 nm and the detector was terminated with 50 . The de-
vice has demonstrated a 3-dB bandwidth of 15 GHz for Pin

mW (Fig. 3). It is believed the frequency response peaking
between 1 and 5 GHz is caused by the input optical signal modu-
lating the carrier density when the SOA experiences gain satura-
tion. Similar peaking was also seen in the frequency response of
electrically modulated gain-saturated SOAs [8]. Typically, pho-
todetector saturation will manifest itself through a steeper band-
width rolloff for high powers. In this case, there was no band-
width degradation, thus confirming unsaturated photodetector
operation. The 20-Gb/s eye diagrams were open and lacking pat-
tern dependence (Fig. 4).

Greater than 14 dB of optical gain was realized at 10-Gb/s
operation and the 1-dB gain compression point was reached at
12 dBm of output power (Fig. 5). This translates into 16 mA of
unsaturated photocurrent, which allows for unsaturated voltage
swings up to 0.8 V - when terminated with 50 . It should be
noted the RF gain was slightly higher than the dc gain due to
additional heating effects at dc.

Bit-error-rate (BER) testing at 10 Gb/s with a nonreturn-to-
zero - pseudorandom bit sequence was used to demonstrate
the 10.5-dBm sensitivity of the receiver (Fig. 6). The BER
testing utilized a 10-Gb/s transmitter (Agilent 83 433A) at a
wavelength of 1548.1 nm. The signal from the transmitter went
through a high power erbium-doped fiber amplifier followed by
a polarization controller, an optical filter, and finally an attenu-
ator before being coupled into the device.

The receiver is less sensitive than the 17-dBm sensitivity
reported for similar devices in literature [1]. The wider ridge of
the receiver presented here is necessary to improve the satura-
tion power; however, this also increases the spontaneous emis-
sion therefore limiting the device’s sensitivity.
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Fig. 6. BER curve for a input signal at 10 Gb/s and 2 -1 PRBS. (I =
200 mA and V = �5 V).

Fig. 7. Output power for 1-dB gain compression point versus the final flare
width. (J = 8:33 kA/cm ).

IV. DESIGN STUDIES

To aid in future receiver designs, the effects of SOA length
and flare width have been examined. The SOAs studied were
identical to the receiver’s SOA except for variations in the length
or flare width. These SOAs were integrated with detectors and
characterized with dc testing.

The SOAs demonstrated a linear dependence of output satu-
ration power with flare width (Fig. 7). A maximum 1-dB com-
pression point of 15.7 dBm was achieved with a 12- m flare
width.

Gain versus length was characterized for straight 3- m-wide
SOAs. The unsaturated gain for different lengths and current
densities was measured with the integrated detector. This data
shows excellent linearity with length achieving up to 22 dB of
gain, as shown in Fig. 8.

V. CONCLUSION

A monolithically integrated photoreceiver has been suc-
cessfully fabricated on a simple offset quantum-well platform
requiring only a single regrowth. The 600- m-long flared SOA
has produced greater than 14 dB of gain and 1-dB output satura-
tion power of 12 dBm. However, additional design studies have
indicated that improvements in the SOA saturation power and

Fig. 8. Unsaturated gain versus length for three different current densities.

gain are possible. The tapered photodetector biased at 4 V has
shown no signs of saturation and has demonstrated a 15-GHz
bandwidth and a sensitivity of 10.5 dBm. In conclusion, the
high saturation power and significant gain of these receivers
make them an excellent choice for the photocurrent driven
wavelength converter as well as other applications.
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Comments and Corrections__________________________________________________

Correction to “Recent Advances in Avalanche Photodiodes”

Joe C. Campbell, Fellow, IEEE, Stephane Demiguel, Feng Ma,
Ariane Beck, Xiangyi Guo, Shuling Wang, Xiaoguang Zheng,

Xiaowei Li, Jeffrey D. Beck, Senior Member, IEEE, Michael A. Kinch,
Andrew Huntington, Larry A. Coldren, Fellow, IEEE, Jean Decobert,

and Nadine Tscherptner

In [1], the graphic in Fig.10 was incorrect. Therefore, in Figs. 11–18,
the captions did not match the correct figures. The following are the
figures with the correct captions.

Fig. 10. Photocurrent, dark current, and gain curves for an Al In As/
In Ga As SACM APD.

Fig. 11. Measured dark current and quadratic fit versus mesa diameter for
Al In As/In Ga As SACM APDs.

Manuscript received December 13, 2004.
J. C. Campbell, S. Demiguel, F. Ma, A. Beck, X. Guo, S. Wang, X. Zheng, and

X. Li are with the Microelectronics Research Center, The University of Texas
at Austin, Austin, TX 78712 USA (e-mail: jcc@mail.utexas.edu).

J. D. Beck and M. A. Kinch are with DRS Infrared Technologies, LP, Dallas,
TX 75374 USA.

A. Huntington and L. A. Coldren are with the Materials Department, Opto-
electronics Technology Center, University of California at Santa Barbara, Santa
Barbara, CA 93106 USA.

J. Decobert and N. Tscherptner are with Alcatel R&I, 91460 Marcoussis,
France.
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Fig. 12. Raster scan of photoresponse of a 500-�m-diameter Al In As/
In Ga As SACM APD for M � 20.

Fig. 13. Schematic cross section of 4H-SiC APD. The inset shows an SEM
photograph of the etched mesa.

Fig. 14. Photocurrent, dark current, and gain of 100-�m-diameter 4H-SiC
APD.

1077-260X/04$20.00 © 2004 IEEE
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Fig. 15. Spectral response of 4H-SiC APD for a range of bias voltages.

Fig. 16. Responsivity of 4H-SiC APD with and without a 266-nm “laser line”
filter.

Fig. 18. Measured excess noise, F(M), of a SiC APD versus gain, M. The
excess noise corresponds to a k value of 0.15.

Fig. 17. Raster scans of the photocurrent of (a) nonbeveled and (b) beveled
mesa-structure SiC APDs.

REFERENCES

[1] J. C.J. C. Campbell, S.Stephane Demiguel, F.F. Ma, A.A. Beck, X.X.
Guo, S.S. Wang, X.X. Zheng, X.X. Li, J. D.J. D. Beck, M. A.M. A.
Kinch, A.A. Huntington, L. A.L. A. Coldren, J.Jean Decobert, and N.Na-
dine Tscherptner, “Recent advances in avalanche photodiodes,” IEEE J.
Select Topics Quantum Electron., vol. 10, pp. 777–787, July/Aug. 2004.



 



  
  
  

IIVV..  TTeerraahheerrttzz  TTeecchhnnoollooggyy,,  
MMiiccrrooccaavviittiieess,,  aanndd  QQuuaannttuumm  

CCoohheerreennccee  
  
  
  
  
  
  
  
  
  

 



  
  
  

 



Abstract Submitted
for the MAR05 Meeting of

The American Physical Society

Sorting Category: 13.6 (E)

Cavity Quantum Electrodynamics with Single Quan-
tum Dots in Microcavities MATTHEW RAKHER, Department of
Physics, University of California at Santa Barbara, STEFAN STRAUF,
Department of Physics and Materials Department, UCSB, NICK
STOLZ, Materials Department, UCSB, KEVIN HENNESSY, ECE
Department, UCSB, ANTONIO BADOLATO, Materials Department,
UCSB, EVELYN HU, Materials Department and ECE Department,
UCSB, LARRY COLDREN, Materials Department, UCSB, PIERRE
PETROFF, Materials Department and ECE Department, UCSB, DIRK
BOUWMEESTER, Department of Physics, UCSB — Several proposals
for solid-state cavity quantum electrodynamics rely on a strong interac-
tion between the cavity mode and an embedded single atom or a single
quantum dot (QD). In order to achieve a strong light-matter interac-
tion, the cavity must have a small mode volume while maintaining a
large quality factor. To this end, InAs/GaAs QDs in GaAs-based mi-
crocavities have been investigated using micro-photoluminescence spec-
troscopy and photon statistics measurements. Individual QDs in these
devices have been identified by their photon anti-bunching signatures.
Pronounced enhancement of the single QD lifetime has been measured,
with some lifetimes limited by the detector resolution (200 ps), corre-
sponding to a Purcell factor of more than 10. Together with active
spatial positioning schemes of QDs, these devices are promising avenues
to reach the strong coupling regime with individual solid state emitters.

Prefer Oral Session
X Prefer Poster Session

Matthew Rakher
rakher@physics.ucsb.edu

Department of Physics, University of California at Santa Barbara

Date submitted: 01 Dec 2004 Electronic form version 1.4

Proc. 2005 American Physical Society March Meeting, abstract no. C1.00011, Los Angeles, CA (March 21-25, 2005)



Excitonic Autler-Townes splitting induced by an intense 
Terahertz field 

 
S. G. Carter, V. Ciulin*, and M. S. Sherwin 

Physics Department and iQUEST, Broida Hall Building 572,Room 3410, University of California, Santa Barbara, California 93106 
scarter@physics.ucsb.edu  

 
C. S. Wang and L. A. Coldren 

Electrical and Computer Engineering Department, University of California, Santa Barbara, California 93106  
 

A. V. Maslov 
Center for Nanotechnology, NASA Ames Research Center, MS 229-1, Moffett Field, California 94035 

 
Abstract: An InGaAs quantum well driven by a strong THz field has exhibited a splitting of the 
exciton line, due to strong coupling of hole states. This effect is closely-related to the Autler-
Townes effect and electromagnetically-induced-transparency. 
© 2005 Optical Society of America 
OCIS Codes: (190.5970)  Semiconductor nonlinear optics including MQW;  (270.1670)  Coherent optical effects 
 

The effect of a Terahertz (THz) electric field on quantum well (QW) interband absorption has been given a great 
deal of theoretical attention due to interest in THz-dressed states and in ultrafast optical modulation,1,2 but few 
experimental results have been published.3 We have measured the effect of a strong THz field from the UCSB Free 
Electron Laser on the linear interband absorption of InGaAs QWs at low-temperature. The results demonstrate a 
THz-induced splitting of the exciton absorption analogous to Autler-Townes splitting in atomic systems.4
 

 
 

Fig. 1. Reflectivity spectra at 10 K for a series of THz powers at (a) ħωTHz = 14.1 meV and (b) ħωTHz =  10.4 meV. The 
spectra are offset and labelled according the the THz power (in Watts). A schematic of the sample and experimental 
geometry is displayed above. 

 
 The sample consists of 10 undoped 14.3 nm In0.06Ga0.94As QWs separated by 30 nm Al0.3Ga0.7As barriers. 
The experimental geometry is shown above Fig. 1. The interband probe beam, from a near-infrared (NIR) LED, 
passed through the GaAs substrate, through the QWs, and then reflected off of an Al layer evaporated on the 
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surface. This Al layer gave a strong growth-direction THz field and prevented any in-plane fields, a significant 
improvement over previous THz-coupling methods.5  

Figure 1 displays a series of NIR reflectivity spectra taken at increasing THz powers for (a) ħωTHz = 14.1 
meV and (b) 10.4 meV. Without the THz field (lowest spectra), the reflectivity shows absorption by the lowest 
exciton state, e1hh1X. The e1hh2X state is optically forbidden in these symmetric QWs and is expected to be ~13.5 
meV above e1hh1X. Higher electron and heavy-hole states are expected to be sufficiently far away that they can be 
ignored. The lowest light hole exciton appears to be shifted out of the way due to strain.  

In the presence of the THz field, the changes in absorption were quite striking. For ħωTHz = 14.1 meV, 
which was near the e1hh1X-e1hh2X resonance, there was a clear splitting of the exciton line, which increased as a 
function of power. For ħωTHz = 10.4 meV, which was below the resonance, the splitting was more asymmetric, with 
a weaker absorption line appearing above the undriven exciton line. This splitting has been predicted by several 
authors for QWs driven by a strong intersubband pump,1,6 but has never before been observed. These results show 
for the first time clear evidence of Autler-Townes splitting of excitons in a THz-driven QW. Fig. 2(a) displays the 
exciton splitting schematically. 

Reflectivity measurements were performed for many THz frequencies at a series of powers. The spectra 
taken at a THz power near 550 W were fitted to two Lorentzians, and the results are plotted in Fig. 2(b). The 
absorption strength is represented on a greyscale for each marker. The existence of the two absorption lines is due to 
the two dressed (Floquet) states created by the THz field. On resonance, the oscillator strength is shared equally 
between the two dressed states and thus, the two absorption peaks are equal in magnitude. Off-resonance, the 
oscillator strength is strongest for the absorption line nearest the undriven exciton line. Using a Rabi splitting model, 

the energies of these dressed states are ))2()(21( 22
0 THzEEE µ+∆∆−=± m , where E0 is the undriven exciton 

energy, ∆ is the detuning from resonance, µ is the intersubband dipole moment, and ETHz is the THz field. The 
measured absorption energies fit very well to this simple formula. A much more sophisticated model using the 
semiconductor Bloch equations has also been applied to this system, giving similar results.1 

 

 

Fig. 2. (a) Schematic exciton energy level diagram showing the splitting that occurs in the presence of a resonant THz 
field. (b) Absorption line positions vs. THz frequency, showing the anticrossing behavior. The absorption strength for each 
point is represented on a greyscale. A completely black dot indicates the absorption strength was the same as the undriven 
absorption strength, while a white dot indicates very small absorption. The lines are plots of E± from the Rabi model with 
µETHz = 2 meV. 

The observation of THz-dressed excitons in this system is particularly interesting since the dressed states can be 
observed for detunings that are a significant fraction of the level spacing. This comes from the fact that the Rabi 
frequency can be comparable to the THz frequency, making a number of nonperturbative strong-field effects 
potentially observable.7 This system is also technologically interesting as it is essentially a QW modulator driven at 
THz frequencies. The presence of quantum coherence in a QW modulator may enable fascinating new 
functionalities. This work was supported by the NSF and SUN Microsystems. 
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High-quality factor optical microcavities using oxide apertured micropillars
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An oxide aperture is used to confine optical modes in a micropillar structure. This method
overcomes the limitations due to sidewall scattering loss typical in semiconductor etched
micropillars. High cavity quality factors �Q� up to 48 000 are determined by external Fabry–Perot
cavity scanning measurements, a significantly higher value than prior work in III-V etched
micropillars. Measured Q values and estimated mode volumes correspond to a maximum Purcell
factor figure of merit value of 72. © 2005 American Institute of Physics. �DOI: 10.1063/1.1999843�

Optical microcavities combined with active emitters pro-
vide a great opportunity to study the light-matter interaction
at a fundamental level. To produce a high-quality microcav-
ity, it is necessary to confine light to precise resonance fre-
quencies with little or no optical loss.1 The measure of this
optical confinement is referred to as the cavity quality factor
�Q�. In order to limit the number of optical modes present in
a cavity, it is important to reduce the effective optical mode
volume �Veff�. Figures of merit for optical microcavity appli-
cations are proportional to the ratio of these two values
Q /Veff.

2 Potential applications include solid-state cavity
quantum electrodynamics �CQED� experiments, modifica-
tion of single-emitter lifetimes, and single-photon emitters
and detectors for quantum cryptography.1,2

Several solid-state microcavity architectures including
microdisks,3,4 photonic crystals,5–7 and micropillars8,9 have
shown CQED effects in III-V semiconductors using self-
assembled quantum dots �QDs� as active emitters. Among
these architectures, micropillars couple light normal to the
semiconductor in a single-lobed Gaussian pattern that is eas-
ily fiber coupled.10 This high photon collection efficiency
makes micropillars a better alternative for device applica-
tions. However, micropillars exhibit higher Veff��5�� /n�3�
and lower Qs��2000–10 000� when compared with photo-
nic crystals.1,9 Veff can be reduced by decreasing pillar diam-
eter, but scattering losses due to sidewall roughness have
been shown to limit achievable Q values.1,11

Here, we present an alternative approach, using oxide
apertured micropillars in order to reduce Veff while maintain-
ing high Q values. Oxidized micropillars have been used for
vertical cavity laser applications to produce low threshold
laser devices that are fabricated into inexpensive arrays for
optical data networks.12 By confining the optical mode with a
laterally oxidized aperture layer these structures simulta-
neously provide optical mode and electrical current confine-
ment while eliminating the scattering loss due to sidewall
roughness inherent to etched pillar structures. This method
has been applied to the field of QD-microcavity coupling
with limited success due to very low Qs ��1000� as well as
high Veff��35�� /n�3� when compared with conventional

micropillars.13,14 If these values are improved, the advan-
tages in ease of fabrication will make oxide apertured micro-
pillars very attractive for coupled QD-microcavity applica-
tions.

Micropillar samples investigated in this study were
grown by molecular-beam epitaxy on a semi-insulating
GaAs �100� substrate with a 0.1 �m buffer layer. There are
four independent sections in the structure: The bottom mir-
ror, the active region, the aperture region, and the top mirror
as shown schematically in Fig. 1�a�. Mirrors consist of alter-
nating one-quarter optical thickness distributed Bragg reflec-
tor �DBR� layers of GaAs and Al0.9Ga0.1As. 32 pairs of
Al0.9Ga0.1As/GaAs layers with thicknesses of 79.8/68.4 nm,
respectively, form the bottom DBR mirror, while the top
DBR mirror is made of 23 pairs. The active region is one
optical wavelength in thickness, with two 135.4 nm layers of
GaAs embedding a centered InGaAs/GaAs QD layer. QDs
self-assemble during epitaxy operating in the Stranski–
Krastanov growth mode. InGaAs islands are partially cov-
ered with GaAs and annealed before completely capped with
GaAs. This procedure blueshifts the QDs emission
wavelengths15 toward the spectral region where Si-based de-

a�Electronic mail: stoltzie@engineering.ucsb.edu
b�Materials Department.
c�Physics Department.
d�Electrical Engineering Department.
e�Currently at: Raytheon Visions Systems, Goleta, CA 93117.

FIG. 1. �Color online� �a� Schematic and layer structure for oxide apertured
micropillars. �b� SEM image of a fully processed 21 �m micropillar. �c�
SEM cross section image of an oxidized mesa showing actual layer structure
depicted in �a�. �d� The theoretical fundamental mode profile for the 21 �m
micropillar modeled in this study with a Gaussian mode radius of 0.78 �m.
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tectors are more efficient. The thickness of the aperture re-
gion is three-quarters optical wavelength and consists of a
pure AlAs layer sandwiched by Al0.89Ga0.11As and
Al0.75Ga0.25As in order to produce the desired aperture quali-
ties. It is designed to give a change in effective index,
�neff=0.08, between the fully oxidized and unoxidized re-
gions of the micropillar in addition to a linear oxide taper
with a length of 1.1 �m after an approximate 10 �m oxida-
tion. A scanning electron microscopy �SEM� image of a fab-
ricated oxide apertured microcavity is shown in Fig. 1�b�,
while Fig. 1�c� shows a cross-sectional SEM image of an
oxidized mesa calibration sample with mirror, active, and
aperture regions corresponding to Fig. 1�a�. Samples are fab-
ricated by optical lithography and reactive ion etch in Cl2
plasma penetrating approximately five mirror periods into
the bottom DBR. Micropillars are fabricated in large arrays
with diameters varying from 21–25 �m. The wet lateral oxi-
dation is performed at 430 °C in order to oxidize the aperture
region by converting AlAs into AlxOy.

Microphotoluminescence ��-PL� measurements are per-
formed using a He-flow cryostat �4–300 K�. QDs are excited
nonresonantly by a continuous-wave 780 nm laser diode fo-
cused to a spot size of 2.5 �m using a microscope objective
with numerical aperture of 0.55. �-PL emission is collected
through the same objective and recorded with a 1.25 m spec-
trometer equipped with a charge-coupled device with
30 �eV spectral resolution at 900 nm. A scanning Fabry–
Perot cavity along with a single photon counting avalanche
photodiode detector and an integrated counting unit are used
to experimentally determine linewidths beyond the resolu-
tion of the spectrometer.

A two-dimensional model of the cavity has been devel-
oped based on the experimentally determined values for the
oxide aperture taper length and core width from SEM images
�Fig. 1� along with the one-dimensional reflectivity spectrum
of the unprocessed sample. This produces a two-dimensional
index profile determined by the effective index �neff� in the
growth direction for the unoxidized and oxidized layer stack.
The �neff between the unoxidized and oxidized regions is
evaluated by replacing the AlAs and Al0.89Ga0.11As with
AlxOy�n=1.5�. It has been demonstrated16 that the linear ox-
ide taper shown in Fig. 1�c� corresponds to a parabolic index
grade over the length of the taper.

We used this model to solve for the eigenmodes of the
two-dimensional scalar wave equation using a finite differ-
ence technique with a nonuniform mesh.17 The solution for
the fundamental mode of a 21 �m pillar is shown in Fig.
1�d� and has a Gaussian mode radius of approximately
0.78 �m. Scattering and radiation losses are determined by
propagating a scalar field around the unfolded cavity until
the field no longer changes shape. This procedure is analo-
gous to the classic work of Fox and Li.18

Mirror, scattering, and radiation losses determine the
empty or cold cavity linewidth of the apertured micropillar.
Assuming that undoped AlGaAs regions have no internal
optical loss at 4 K, the only optical loss mechanisms in the
cavity are due to mirror loss ��m�, radiation loss ��rad�, and
aperture scattering losses ��scat�.

17 Furthermore, �rad and
�scat are very small for the fundamental mode, 1.7e−3 and
1.7 cm−1, respectively. This leaves photon escape through
the top DBR mirror as the dominating loss mechanism in the
cavity, calculated as 13.9 cm−1. Cold cavity �Qcold� values
are determined by cavity losses according to � /Qcold=1/�p

=vg�gth=vg��scat+�rad+�m�.17 Here, �p is cavity lifetime, vg

is group velocity, � is the frequency, � is the confinement
factor, and gth is the threshold material gain. The estimated
Qcold for a 21 �m micropillar is 14 500.

Experimental mode spectra for 21–25 �m diameter pil-
lars are shown in Fig. 2�a� with mode orders 0, 1, and 2
labeled. The lifting of higher-order mode degeneracy is due
to asymmetry in the fabrication process. �−PL data shows
cavity modes with lower fundamental energies and increas-
ing mode spacing as pillar diameter decreases. This effect is
shown in Fig. 2�b� for varying pillar diameters. In addition,
intensity decreases are observed for higher-order modes due
to increased scattering losses, an intentional effect produced
by the oxide aperture and the larger effective radii of multi-
lobed higher-order modes.

A Fabry–Perot scanning cavity is used to determine ex-
perimental Q values. A reference laser is used to calibrate the
maximum measurable Q for the Fabry–Perot cavity as
600 000, shown in Fig. 3�a�. The fundamental cavity mode is
then directed through a 1 nm bandpass filter into the detector
for sample measurement. Experimental quality factor �Qexp�
is determined to be approximately 48 000 for a 21 �m pillar
as shown in Fig. 3�b�. This value is larger than the theoretical

FIG. 2. �Color online� �a� Normalized optical mode spectra for 21–25 um
micropillars measured by �−PL at 4 K are shown. Fundamental, first-, and
second-order modes are labeled 0, 1, and 2, respectively. �b� Mode position
is shown as a function of pillar diameter for fundamental, first-, and second-
order modes.

FIG. 3. �Color online� �a� Transmission through a Fabry–Perot cavity as a
function of cavity length for a reference laser. Using the given free spectral
range of the measurement cavity, the reference laser has Q	600 000 giving
a maximum measurable Q. �b� The Fabry–Perot measurement of the funda-
mental mode linewidth of a 21 �m micropillar cavity. This measurement
was done at 50 �W pump power at 4 K.
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cold cavity value due to linewidth narrowing caused by
modal gain from the QD active region. The experimental
gain �gexp� is determined by the relationship between Qcold

and Qexp values according to � /Qexp= �� /Qcold�−vg�gexp.
17

Q values show little change for pump powers above
10 �W and no laser threshold behavior is observed up to
50 �W pump power. This indicates that material gain in the
QD layer saturates before the threshold condition is
achieved. Estimated values show that gexp saturates at ap-
proximately 10.44 cm−1, corresponding to approximately
2864 cm−1 material gain from the active region. This is a
reasonable value for the single QD layer in this cavity.19 At
low pump powers, Q values are expected to increase as the
optically pumped QD region provides gain and causes line-
width narrowing. For the small lateral area and narrow spec-
tral linewidths in these devices, the modal gain provided by
the QD single-exciton emission saturates at pump powers
below 1 �W.6 In this regime, a slight linewidth narrowing
from 0.06 to the observed 0.02 nm is expected to occur.
However, it is difficult to resolve this linewidth narrowing
with a scanning Fabry–Perot cavity at these low pump pow-
ers.

The Purcell factor determines the figure of merit for a
coupled QD microcavity in the weak coupling regime. Using
the theoretical Veff�� /neff�−3 of 51 and experimental Qexp val-
ues, it is possible to estimate the maximum achievable Fp
according to Fp= �3/4
2��Q�� /neff�3 /Veff�.

20 Experimentally
observed values are decreased due to spectral and spatial
detuning. Estimating the Purcell factor with experimental
linewidths gives a maximum value of 72.

Oxidized micropillars have a promising outlook for QD-
microcavity coupling due to high Q values. Further improve-
ment for these devices could be achieved by reducing Veff.
Although oxide aperture micropillars reduce two-
dimensional mode areas while maintaining high Q values,
Veff remains relatively high. This is due to the large effective
cavity length in the growth direction of this structure, ap-
proximately 1.39 �m. Improvement lies in reducing this
value, potentially by replacing AlGaAs/GaAs DBR mirrors
with AlxOy /GaAs DBR mirrors having reduced mirror pen-
etration depths.

Experimental data show very high Q �48 000� optical
microcavities using an oxide apertured micropillar architec-
ture. Devices exhibit controlled mode positions and sizes
down to core widths of approximately 0.5 �m. Unlike
etched air interface micropillars, which can be difficult to
fabricate with acceptable loss values at smaller diameters,

apertured micropillars accomplish this in a controllable and
repeatable fashion. Cavities exhibit low loss values resulting
from gain related linewidth narrowing effects due to stimu-
lated emission from the QD active region. Apertured micro-
pillars show promise for QD-microcavity coupling applica-
tions due to these high experimental Q values producing a
maximum Purcell factor of 72.
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Quantum Coherence in an
Optical Modulator

S. G. Carter,1* V. Birkedal,1. C. S. Wang,2 L. A. Coldren,2

A. V. Maslov,3 D. S. Citrin,4,5 M. S. Sherwin1-

Semiconductor quantum well electroabsorption modulators are widely used
to modulate near-infrared (NIR) radiation at frequencies below 0.1 terahertz
(THz). Here, the NIR absorption of undoped quantum wells was modulated by
strong electric fields with frequencies between 1.5 and 3.9 THz. The THz field
coupled two excited states (excitons) of the quantum wells, as manifested by
a new THz frequency- and power-dependent NIR absorption line. Nonpertur-
bative theory and experiment indicate that the THz field generated a coherent
quantum superposition of an absorbing and a nonabsorbing exciton. This quan-
tum coherence may yield new applications for quantum well modulators in
optical communications.

Quantum three-state systems in which two of

the states are strongly coupled by an intense

laser field have been widely studied in atom-

ic and molecular systems (1). The energies

of the quantum states are altered as they are

Bdressed[ by the strong light-matter interac-

tion. Such dressed states were first observed

by Autler and Townes (AT) in a molecular

system driven by a strong radio-frequency field

and probed by weak microwaves (2). When a

radio-frequency resonance occurred, the micro-

wave absorption line split in two. In three-state

systems with weak coupling to the environ-

ment, AT splitting can evolve into electromag-

netically induced transparency (EIT), in which

a strong coupling beam induces transparency

at a resonance at which the undriven system is

opaque (3). This transparency is due to quan-

tum interference between the dressed states.

EIT is the basis for slow (4) and stopped light

(5, 6) in atomic systems.

A variety of quantum systems similar to

atomic three-state systems can be engineered

in semiconductor quantum wells (QWs). A

QW is a layer of one semiconductor grown

between semiconductors with larger band gaps

(7). The layer with the smaller gap is suffi-

ciently thin that well-defined sets of quantized

states, or subbands, are associated with elec-

tron motion parallel to the growth direction.

Within each subband, there is a continuum of

states associated with different momenta par-

allel to the plane of the QW (perpendicular

to the growth direction). AT-like splitting (8),

quantum interference (9, 10), and EIT (11, 12)

have been reported in QWs, but their observa-

tion has been more difficult than in atoms and

molecules. This is in part because of much

larger absorption linewidths, which result from

disorder, from stronger coupling to the envi-

ronment, or from scattering between subbands.

We have fabricated a particularly simple

three-level system in undoped QWs (Fig. 1).

The excitation with the lowest frequency oc-

curs at about 350 THz (wavelength 857 nm or

energy 1.46 eV) when an electron is promoted

from the filled valence subband of highest

energy (labeled h1) to the empty conduction

subband of lowest energy (labeled e1). The

excited electron binds with the hole it left be-

hind to form an exciton with a hydrogen-like

wave function in the QW plane. Transitions

between different in-plane states (e.g., the 1s

and 2p states) are allowed only for in-plane

THz polarizations (13, 14), which are not

present in the experiments discussed here. The

lowest exciton state is labeled h1X. The next

exciton state, h2X, consists of an electron from

e1 and a hole from the second highest valence

subband, h2. NIR transitions between the crys-

tal ground state and h2X are not allowed be-

cause of quantum mechanical selection rules.

However, intersubband transitions from h1X to

h2X are allowed for THz radiation polarized

in the growth direction. The three states anal-

ogous to those in an AT picture are the crystal

ground state, the lowest exciton h1X, and the

second exciton h2X (15).

This report explores the NIR absorption

of undoped QWs at low temperatures (È10 K)

when they are driven by strong electric fields

polarized in the growth direction with frequen-

cies between 1.5 and 3.9 THz. Because the

frequency of the THz laser is about 1% of that

required to create an exciton, the strong laser

field does not alter the populations of the quan-

tum states of the system. Near 3.4 THz, the

drive frequency is resonant with the transition

between the two lowest exciton states. The AT

splitting of excitons driven by strong intersub-

band radiation is experimentally observed, and

theoretical predictions (16, 17) are confirmed.

The sample consists of 10 In
0.06

Ga
0.94

As

QWs (each 143 )) separated by Al
0.3

Ga
0.7

As

barriers (300 )). InGaAs QWs were used

instead of GaAs QWs so that the GaAs sub-

strate was transparent for NIR light near the

exciton energies. A 100-nm layer of aluminum

was deposited on the surface of the sample

on which the QWs were grown. The metallic

boundary condition improved THz coupling

and ensured that the THz field at the QWs

was polarized almost perfectly in the growth

direction (18). The interband absorption was

probed using broadband, incoherent, NIR light

from an 850-nm light-emitting diode focused

onto the sample backside to a spot size È250

mm in diameter. The NIR intensity was less

than 0.3 W/cm2. As illustrated in Fig. 1, the

NIR beam was transmitted through the trans-

parent substrate, interacted with the QWs, was

reflected off of the Al layer, and was then

collected and sent to a monochromator with

an intensified charge-coupled device detec-

tor. The reflected NIR beam was measured

during the 1 to 1.5 ms at the peak of the THz
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pulse (fig. S2). The sample was mounted in a

closed-cycle refrigerator and maintained at a

temperature near 10 K. The lowest curves in

Fig. 1, A to C, display the NIR reflectivity

measured without the THz field. (The reflec-

tivity is essentially double-pass transmission

in this geometry.) The strong absorption line

is from h1X. As expected, no absorption is

observed from h2X. The energy of h2X is

expected to be È3.34 THz (13.8 meV) above

h1X from calculations (19).

The THz radiation, given by the UCSB

Free-Electron Lasers, was focused onto the

edge of the sample with an off-axis parabolic

mirror. The spot size was È400 mm in diame-

ter for THz frequencies between 2.5 and 3.9

THz, near the h1X-h2X resonance. The THz

beam was on for È4 ms with a repetition rate

near 1 Hz. The maximum peak power incident

on the sample was È2 kW, giving a maximum

intensity in the sample of È1 MW/cm2 (È15

kV/cm electric field amplitude). EThis estimate

of the electric field ignores propagation inside the

sample and the Al coating on the surface (18)^.
The effect of the THz field on the sample

reflectivity was quite striking (Fig. 1, A to

C). Each graph displays the reflectivity for a

series of THz intensities. In Fig. 1A the THz

frequency is f
THz

0 2.52 THz, below the ex-

pected h1X-h2X resonance. As the THz inten-

sity increased, the absorption line redshifted

and a weaker absorption line appeared above

the undriven exciton energy. Near the expected

resonance, at f
THz

0 3.42 THz (Fig. 1B), there

was a clear symmetric splitting of the exciton

line, which increased as a function of intensity.

Just above the resonance, at f
THz

0 3.90 THz

(Fig. 1C), a weaker absorption line appeared

below the undriven exciton energy. These mea-

surements were carried out at È10 K, but the

splitting at f
THz

0 3.42 THz was observed at

temperatures up to 78 K.

The calculated reflectivity of a THz-

driven QW is shown in Fig. 2 for THz inten-

sities that give spectra comparable to those

in Fig. 1. These results were obtained by nu-

merically solving the SchrPdinger equation

for the dynamics of an optically created

electron-hole pair in an infinitely deep QW.

The quantization of the electron-hole states,

the Coulomb interaction, and the THz field

are all treated on an equal footing, without

resorting to perturbation theory Esee (20) for

more details^. In essence, the THz field rocks

the QW potential, which couples the various

confined QW states in a dynamic fashion.

All of the QW states are included in the cal-

culations. This approach is equivalent to solving

the polarization equation of the semicon-

ductor Bloch equations (SBEs) in the low-

density limit (21). The reflectivity is defined

as the fraction of the incident optical power at

a given NIR frequency that is not absorbed.

For these calculations, the absorption

strength and energy position of h1X for zero

THz field were set to best fit the measured

reflectivity. The calculated reflectivity in the

presence of the THz field is qualitatively simi-

lar to the measured reflectivity, although small

differences can be seen. It appears that the

calculated splitting at 3.42 THz is more asym-

metric than that observed experimentally,

indicating that the experimental h1X-h2X

resonance is closer to 3.42 THz than 3.34

THz. Also, there is an overall redshift of the

measured reflectivity with increasing THz in-

tensity that does not appear in the calculated

spectra. This redshift is most likely due to

heating by the THz beam and can clearly be

seen in fig. S1A, where the absorption line

positions are plotted as a function of intensity.

The separation between the two absorption

lines on resonance at f
THz

0 3.42 THz is plotted

as a function of intensity in fig. S1B. The

splitting is discernible over a factor of È4 in

THz intensity (È2 in THz field). Theory and

experiment are not far from one another over

this limited range, although the dependence of

the splitting on THz intensity is closer to a line

than the square root function predicted by the-

ory. More work must be done to characterize

and understand the dependence of the splitting

on THz intensity (18).

The reflectivity was measured at many THz

frequencies from f
THz

0 1.53 to 3.90 THz. Ab-

sorption spectra for f
THz

0 2.82 through 3.90

THz (Fig. 3) were obtained by subtracting a

linear decrease in reflectivity over the mea-

sured NIR frequency span and then calculating

the negative natural logarithm of the reflectiv-

ity. These absorption spectra were then fit to

two Lorentzians. The spectra at f
THz

0 1.53,

1.98, and 2.52 THz (not shown) were more

difficult to fit because the second absorption

line was so weak. Differential spectra (spec-
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Fig. 1 (left). Reflectivity spectra for a series of THz intensities at fTHz 0 (A) 2.52 THz, (B) 3.42 THz,
and (C) 3.90 THz. The spectra are offset and labeled according to the THz intensities (in kW/cm2).
Level diagrams illustrating the detuning from the expected h1X-h2X resonance are shown to the
right of each graph. A schematic of the experimental geometry and the band diagram of a QW
along with the relevant subband energies are displayed above. The red arrow represents the lowest
excitation of the system, the h1X exciton. The AlGaAs barriers are labeled ‘‘Al’’ and the InGaAs
layer is labeled ‘‘In.’’ Fig. 2 (right). Calculated reflectivity spectra for a series of THz intensities at
fTHz 0 (A) 2.52 THz, (B) 3.42 THz, and (C) 3.90 THz. The spectra are offset and labeled according to
the THz intensity (in kW/cm2). The absorption strength and energy position of the spectrum for
zero THz field were set to best fit the measured reflectivity.
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trum with THz field minus spectrum without

THz field divided by spectrum without THz

field) were used to determine the absorption

line positions.

Figure 4 displays the absorption line po-

sitions as a function of THz frequency. The

spectra used were all obtained with a THz

intensity near 300 kW/cm2 (within 10%), rel-

atively low because this was the highest avail-

able intensity at f
THz

0 3.75 THz and 3.90

THz. The anticrossing behavior in Fig. 4 near

the h1X-h2X resonance is expected for the

AT effect. The two absorption lines are asso-

ciated with the two excitons dressed by the

THz field. On resonance, the oscillator strength

is shared equally between the two dressed

states and the two absorption peaks are equal

in magnitude. Off-resonance, the oscillator

strength is strongest for the absorption line

nearest the undriven exciton line. For low THz

frequencies, the weaker peak approaches the

h2X energy. The data points connected by

solid lines in Fig. 4 are the results of cal-

culations using the model equivalent to the

SBE for an intensity of 375 kW/cm2, which

agree well with the measurements. The dis-

agreement at 1.53 and 1.98 THz (lower po-

sitions) may be due to uncertainty in the THz

intensity (18).

Quantum wells driven by growth-direction

electric fields are already important as elec-

troabsorption modulators for fiber-optic com-

munications operating with bandwidths G100

GHz (0.1 THz) (22). The basis for the QW

modulators (QWMs) is the dc quantum-

confined Stark effect, wherein a dc electric

field polarized in the growth direction causes

a redshift of the h1x absorption (23). The oper-

ating frequencies of QWMs are smaller than

the exciton_s linewidth. Thus, the response is

adiabatic: The NIR absorption spectrum at

any instant is determined only by the electric

field at that same instant, and not by the

modulation frequency. Modulation at higher

frequencies is desirable given the 50-THz

bandwidth of optical fibers.

Our results show that fascinating quan-

tum effects occur when QWMs are driven in

the high-frequency diabatic limit. Most im-

portant, AT splitting of excitons due to a strong

THz field has been observed. The decrease in

absorption at the undriven exciton resonance

in the presence of the THz field is certainly

suggestive of EIT, although the linewidth of

h2X is not expected to be narrow enough for

the required quantum interference effects.

The observation of dressed states in this

system is noteworthy for several reasons. First,

the effects have been observed over a wide

range of THz frequencies, where the detun-

ing from the resonance was comparable to the

drive frequency. Observation of dressed states

at large detunings is possible because the Rabi

frequency (half the splitting on resonance) is

relatively large, up to 20% of the drive fre-

quency on resonance. Second, the THz driving

field does not generate any excited-state pop-

ulation, in part because it is at a much lower

frequency than the probe. The driving field is

also quasi–continuous wave, which is rare for

observations of coherent strong-field effects in

semiconductors. Finally, applications to optical

communications have been proposed for the

THz-driven QW. Two NIR lasers resonant

with different dressed states of this system in-

teract strongly (24), leading to mutual transpar-

ency of the beams depending on their relative

phases. This effect could be used for inter-

modulation of laser beams at arbitrarily low

NIR intensities.
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infinite barriers. The electron and hole effective masses
(for the growth direction) were 0.067 m0 and 0.36 m0,
respectively.

20. A. V. Maslov, D. S. Citrin, IEEE J. Sel. Top. Quantum
Electron. 8, 457 (2002).

21. H. Haug, S. W. Koch, Quantum Theory of the Optical
and Electronic Properties of Semiconductors (World
Scientific, River Edge, NJ, ed. 4, 2004).

22. D. A. B. Miller, Opt. Photon. News 1, 7 (1990).
23. S. Schmitt-Rink, D. Chemla, D. A. B. Miller, Adv. Phys.

38, 89 (1989).
24. A. V. Maslov, D. S. Citrin, J. Opt. Soc. Am. B 19, 1905

(2002).
25. Supported by NSF grants DMR 0244390 (S.G.C., V.B.,

M.S.S.) and DMR 0305524 (D.S.C.) and by Sun Micro-
systems. We thank D. Allen, R. Owings, D. Bouwmeester,
and A. Wodtke for helpful feedback on the manuscript,
and D. Enyeart for skillful operation of the UCSB Free-
Electron Lasers.

Supporting Online Material
www.sciencemag.org/cgi/content/full/310/5748/651/
DC1
SOM Text
Figs. S1 and S2

16 June 2005; accepted 21 September 2005
10.1126/science.1116195

352

353

354

355

1.5 2.5 3.5 4.5

5 10 15 20

1.456

1.458

1.460

1.462

1.464

1.466

1.468

N
IR

 f
re

q
u

en
cy

 (
T

H
z)

Drive frequency (THz)

Drive frequency (meV)

N
IR

 freq
u

en
cy (eV

)

Fig. 4. Measured absorption line positions (large
circles) versus THz frequency for a THz intensity
of È300 kW/cm2. The absorption strength for
each point is represented on a grayscale; darker
circles indicate stronger absorption. The standard
error of the positions from fitting is indicated by
error bars except where smaller than the circle
diameter. The data points and solid line represent
the calculated absorption positions at a THz in-
tensity of 375 kW/cm2. Near the resonance at
fTHz 0 3.4 THz, the calculated spectra were fit to
two Lorentzians to determine absorption posi-
tions; away from resonance, the positions were
taken at the minimum of the reflectivity for each
peak. The horizontal dashed line marks the un-
driven exciton line position.
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Terahertz-optical mixing in undoped and doped GaAs quantum wells: From excitonic
to electronic intersubband transitions
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The mixing of near-infrared and terahertz �THz� beams has been observed in n-doped GaAs quantum wells
�QWs� and is shown to be quite different from that in undoped QWs. The resonant behavior of the sidebands
demonstrates that mixing in doped QWs is primarily sensitive to electronic intersubband transitions while that
in undoped QWs is due to excitonic intersubband transitions. These results demonstrate that THz-optical
mixing can be used to probe the collective dynamics of a driven electron gas.

DOI: 10.1103/PhysRevB.72.155309 PACS number�s�: 78.67.De, 42.65.�k, 73.21.Fg, 78.20.Jq

Nonlinear spectroscopy has become a powerful tool in
studying a variety of different systems. In semiconductors,
nonlinear techniques are routinely used to explore the dy-
namics of electrons.1 These experiments provide far more
information on the fundamental physics of semiconductors
than linear spectroscopy alone and demonstrate methods of
controlling optical processes. In this paper, nonlinear mixing
of terahertz �THz� and near-infrared �NIR� radiation in doped
GaAs quantum wells �QWs� is studied.

Previous experiments2–7 and theories8,9 have examined
THz-optical mixing in undoped QWs. In these cases, exci-
tonic interband resonances dominated the NIR spectra. The
THz field did not drive a real intersubband �ISB� polarization
as there were no free carriers. The mixing occurred as the
THz field excited excitonic ISB transitions as part of a para-
metric process. The result of the mixing was that sidebands
were generated at �SB=�NIR+n�THz, where n= ±1,2 , . . ..
The intensity of the sidebands was greatly enhanced when
the NIR laser and/or sideband frequencies matched those of
sharp ��1 meV wide� excitonic resonances. The n= +1 side-
bands have been used to demonstrate the potential of THz-
optical mixing for voltage-controlled, all-optical wavelength
conversion.4–6 In strong THz fields, sidebands have been
used to study nonperturbative effects induced by “dressing”
the exciton states with the THz field.7,9

One might expect THz-optical mixing to be weaker in
doped quantum wells since excitons are screened, interband
resonances are much broader, and some NIR transitions are
Pauli blocked by the Fermi sea at low temperatures. How-
ever, in doped quantum wells, the THz radiation can excite
an intersubband polarization directly, leading to a channel for
sideband generation that has not been previously investi-
gated. In this communication, THz-optical mixing is shown
to be quite different in the presence of free carriers but, sur-
prisingly, of similar strength. The differences are illustrated
by the resonant structure of the n= +1 sideband. Instead of
having several sharp excitonic resonances as in an equivalent
undoped sample, there is only one broad resonance in the
doped sample. The frequency of this resonance matches that
of the independently measured intersubband plasmon, the

collective intersubband oscillation which couples to THz
light. Thus sidebands at NIR frequencies can probe the co-
herent dynamics of electrons driven at much lower THz fre-
quencies. The results are explained qualitatively in terms of a
second order nonlinear susceptibility ���2�� model.

The samples consist of ten periods of double GaAs QWs,
nominally 100 and 120 Å wide and separated by a 25 Å
Al0.2Ga0.8As tunnel barrier. The sample structure is displayed
at the top of Fig. 1. Each pair of wells is separated by a
410 Å �920 Å� Al0.3Ga0.7As barrier for the undoped �doped�
sample. The difference between the widths of the GaAs wells
breaks inversion symmetry in the growth direction, thus al-
lowing the generation of n= +1 sidebands at zero bias. Fur-
thermore, the tunnel-splitting produces a spacing between
electron subbands in the range of our THz source, the Uni-
versity of California-Santa Barbara �UCSB� free electron la-
ser. In the doped sample, there is silicon � doping in the
middle of the 920 Å barriers between each pair of coupled
wells. This gives �1.2�1011e / cm2 per well, as determined
by capacitance-voltage measurements. Some band bending
in the vicinity of the doped double QWs is calculated due to
space-charge fields, but the potentials and charge densities
are nearly identical for each double QW except for the one
closest to the surface. This active region is grown in-between
two doped, 70 Å wide QWs. These QWs are contacted
ohmically and used to apply a growth-direction electric field
�Ebias� to the sample, tuning the ISB collective mode fre-
quency �as measured by Fourier-transform infrared �FTIR�
spectroscopy and plotted in the inset of Fig. 1�b�� and the
optical properties. For most measurements the electric field
was pulsed for less than 1 ms to avoid tunneling between
wells. The active region and gate QWs are grown on a 30-
period distributed Bragg reflector �DBR�, designed to reflect
the incident laser and the sidebands, which would otherwise
be absorbed in the semi-insulating GaAs substrate. In order
to maximize interaction with the NIR beam, the coupled
wells in the doped sample are placed at the nodes produced
by interference between the incident and reflected NIR
beams.

The photoluminescence �PL� and reflectivity of the two
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samples are shown in Fig. 1, where the reflectivity is similar
to a transmission measurement due to the DBR. In the un-
doped sample �Fig. 1�a�� there is sharp PL from the lowest
state, e1hh1X, and a number of sharp, exciton absorption
lines �labeled by theory�.5 In the doped sample �Fig. 1�b��,
the absorption is much broader as continuum absorption
plays more of a role due to exciton screening.10 The onset of
absorption, at �1.534 eV, can be taken as the Fermi edge,
which is near the peak of the PL. The width of the PL reflects
the fact that electrons from the Fermi energy to the bottom of
the conduction band �a width of �4.2 meV based on the
charge density� can recombine with holes. The obvious shift
in PL between the doped and undoped samples may be due
to band gap renormalization.11

The geometry for sideband experiments is illustrated on
the right side of Fig. 2. The sample was mounted in a closed-
cycle He cryostat, where its temperature was kept constant
between 10 and 16 K. The THz beam was coupled into the
edge of the sample with its polarization perpendicular to the
QW plane, allowing ISB transitions. The dielectric wave-
guide modes of the sample give in-plane electric fields and

substantially reduce the electric field at the surface. Glass
coated with indium tin oxide �which conducts at THz fre-
quencies� was pressed onto the sample frontside, improving
the surface electric field while leaving the frontside transpar-
ent to NIR light. The THz beam was on for about 4 �s at a
repetition rate of 1.5 Hz with a maximum power of �3 kW.
It was focused onto the sample with an off-axis parabolic
mirror �f /2.4� to a spot measured to be between 0.3 and
1.2 mm in diameter, for THz frequencies between 3.4 and
0.66 THz, respectively. Typically, the intensity was attenu-
ated to �40 kW/cm2 �just outside the sample�.

The NIR beam, which came from a cw tunable Ti:sap-
phire laser, was incident perpendicular to the sample and
typically focused to an intensity of roughly 25 W/cm2. It
then made a double pass through the sample active region,
by reflecting off the DBR, and was sent to a 0.85 m double
monochromator, where it was detected by a photomultiplier
tube.

Figure 2 displays a typical sideband spectrum for the

FIG. 1. PL �solid line� and reflectivity �dashed line� of the �a�
undoped and �b� doped samples at zero bias taken at �11 K. For
PL, the samples were excited at 777 nm with an intensity of
�9 W/cm2 for the undoped sample and �30 W/cm2 for the doped
sample, and both were normalized to 0.5. The interband transitions
in �a� are labeled according to theory, but the assignments are un-
certain near 1.55 eV because several absorption lines overlap. The
doped sample structure is displayed above �a�. Doping is indicated
by vertical dashed lines. In the undoped sample, the doping adjacent
to the coupled quantum wells is absent. The inset in �b� plots the
ISB absorption tuning as measured by FTIR �solid dots� along with
the calculated dressed �solid line� and bare �dashed line� ISB fre-
quencies. Band bending due to space-charge fields is included in the
calculations.

FIG. 2. Sideband spectrum taken at �11 K with �THz

=2.0 THz �8.2 meV� at �730 kW/cm2. The NIR laser signal is
divided by �1�104. Ebias=5.8 kV/cm. The experimental geom-
etry is to the right of the figure.

FIG. 3. The n= +1 sideband resonance maps of �a� the undoped
and �b� doped samples at �THz=2.0 THz �8.2 meV�, taken by vary-
ing �NIR and Ebias, while always measuring the n= +1 sideband.
The sideband conversion for each point is represented on a grey
scale, displayed on the right. The maps were taken at �12 K with a
THz intensity of �18 kW/cm2 and a NIR intensity of �25 W/cm2.
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doped sample. The reflected NIR laser �attenuated by 104� is
at 1.533 eV with n= ±1 sidebands offset by 8.2 meV, the
THz frequency. The ratio of the n= +1 sideband power to the
incident laser power, called the conversion efficiency, is
measured to be �1.7�10−4. This is the same order of mag-
nitude conversion efficiency as in the undoped sample.
Higher order sidebands were extremely small under these
conditions.

Sideband generation is strongest when the NIR and THz
frequencies ��NIR and �THz� are resonant with interband �IB�
and ISB transitions, respectively. Figures 3�a� and 3�b� dis-
play n= +1 sideband resonance maps for the undoped and
doped samples. These are obtained by scanning Ebias and
�NIR while measuring the sideband. Scanning Ebias varies the
ISB spacing, bringing it into resonance with �THz, while
scanning �NIR brings it into resonance with IB transitions.
There are several sharp excitonic resonances for the undoped
sample, which have been studied previously and assigned to
particular transitions.5 The lower-energy resonance only in-
volves a change in electron state while the other resonances
involve hole transitions. In the doped sample, only the reso-
nance involving electron transitions remains significant. The
resonance is much broader in NIR frequency as it involves
continuum states instead of exciton states, and broader in
Ebias as ISB tuning is screened somewhat by the electron gas.

For the doped sample, the sideband intensity �on reso-
nance� increased linearly with NIR intensity up to the highest
NIR intensity available, �1500 W/cm2. In the undoped
sample saturation began at �160 W/cm2. This difference
likely occurred because the sideband resonance in the doped
sample is just below the absorption edge, so few carriers
were generated. Also, the addition of optically excited carri-
ers in the doped well should have little effect since there is
already significant charge density. As a function of THz in-
tensity, both undoped and doped samples began to saturate at
�80 kW/cm2. This is surprising since resonant ISB absorp-
tion has been shown to start saturating at only �1 W/cm2.12

Valuable information can be obtained by measuring the
sideband signal as a function of �THz. Figure 4 displays the
n= +1 sideband resonance scans at many different THz fre-
quencies. These data were taken with Ebias= �5.8 kV/cm,
where the ISB absorption was measured to be at �8.3 meV
�see inset of Fig. 1�b��. The resonance scan at 8.2 meV was
closest to this frequency and had only a single resonance
centered below the PL peak, despite the many IB resonances
shown in Fig. 1. Resonance scans near 8.2 meV and at
higher �THz had only one significant resonance that red-
shifted as �THz increased. For lower �THz, there were several
resonances at higher �NIR. Figure 5�a� plots the peak of each
sideband resonance scan as a function of �THz, showing the
resonance at the ISB absorption frequency as well as a sig-
nificant low frequency response. A similar behavior was seen
in undoped square QWs but was due to purely IB processes.4

Sideband generation is a measure of the coherent response
of the QW, but we have also probed the incoherent response
by measuring the change in PL when the THz field is
present. The electron gas is heated up by the THz beam,
quenching the PL and shifting the Fermi distribution as seen

FIG. 4. The n= +1 sideband resonance spectra �solid dots and
lines� of the doped sample taken with various THz frequencies, all
with intensities near 40 kW/cm2. The temperature was between 11
and 16 K, and Ebias was at 5.8 kV/cm. Each point represents the
sideband signal when �NIR is tuned to the value on the horizontal
axis. The spectra are vertically offset and labeled according to �THz.
��2� model calculations �dashed lines� are plotted for comparison.
Spectra at �THz=11.7 and 12.8 meV are multiplied by 100 and their
model curves are multiplied by 10 for clarity.

FIG. 5. �a� Peak values of the n= +1 sideband resonance spectra
�solid dots� for the doped sample and the peak values of the ��2�

model curves �solid line� plotted vs �THz. �b� Percent change in the
integrated PL of the doped sample with the THz field on at an
intensity of �40 kW/cm2.
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in similar systems.13,14 Figure 5�b� displays the percent
change in the integrated PL as a function of the THz fre-
quency. A single resonance near the ISB absorption is vis-
ible, as would be expected when the dominant heating
mechanism is ISB absorption.

A qualitative understanding of THz-optical mixing in the
doped sample can be obtained from a ��2� model. We will
only consider three subbands: heavy hole 1 �hh1�, electron 1

�e1�, and electron 2 �e2�. This approximation makes sense as
the sideband resonance spectra with �THz�5.5 meV have
one dominant resonance near the e1-hh1 transition. This
model has been applied to doped GaAs QWs previously.15

Taking an expression for ��2� from Ref. 16 and applying it to
this system, the result after eliminating nonresonant and di-
pole forbidden terms is

�xzx
�2� ��NIR + �THz� � �1n

x �n	
z �	1

x �
n,	=2,3

�
0




kdk
�11�k� − �		�k�

�En1�k� − �SB − i�n1��E	1�k� − �NIR − i�	1�

−
�		�k� − �nn�k�

�En1�k� − �SB − i�n1��En	�k� − �THz − i�n	�
. �1�

The indices 1, 2, and 3 represent the hh1, e1, and e2 sub-
bands, respectively, and k is the in-plane wave vector. Elm�k�
is the energy of the lth subband minus the mth subband, both
at wave vector k, and �x ��z� is an IB �ISB� dipole matrix
element. �mm�k� is the equilibrium occupation function of the
mth subband, and �lm represents the dephasing rate between
subbands l and m.

The first term contains IB population differences and IB
resonant denominators, and will be nonzero even without
doping. A similar term was used in modelling sidebands in
undoped QWs.4 When n�	, the first term is in resonance
when �NIR and �sideband match up with IB transitions, giving
an indirect ISB resonance. When n=	, the first term can only
be in resonance for �THz
�	1, and it only involves one IB
matrix element and the asymmetry, �		

z . For these reasons,
the n=	 first term is interpreted as resulting from the quasi-
static modulation of the IB absorption, and gives rise to the
low �THz sidebands. The second term in Eq. �1� requires an
ISB population difference and has one ISB resonant denomi-
nator, so it represents sidebands due to ISB excitations. Near
the ISB transition, this second term is significantly larger
than the others for a Fermi energy of several milli-electron-
volts, as in these experiments. Thus, as �THz is varied, there
is an interplay between sidebands due to excitations of the
electron gas, and those due to IB processes.

A complication when evaluating Eq. �1� is that the Cou-
lomb interaction strongly modifies the potential well and the
subband energies.17 The Schrödinger equation must be satis-
fied with Poisson’s equation self-consistently in order to cor-
rectly include the Coulomb interaction. The ISB spacing �or
bare ISB frequency� was calculated by such a self-consistent
program as a function of the dc electric field and is plotted in
the inset of Fig. 1�b�.18 However, the Coulomb interaction
also modifies the dynamics of the QW, such that a driving
field induces collective excitations of the electron gas called
“intersubband plasmons”17 �“charge density excitations” in
the literature on Raman spectroscopy of two-dimensional
electron gases �2DEGs��.19 The frequency of this collective
excitation, called the dressed frequency, along with the mea-
sured absorption, is also plotted in the inset of Fig. 1�b�. The
disagreement between the two at positive voltages is not well
understood.

A simple way to correct the ��2� model is to use the
dressed frequency, 8.3 meV, for the ISB term while using the
bare ISB frequency, �5.2 meV, for the IB terms �see inset of
Fig. 1�b��. Using this correction, Eq. �1� was evaluated using
dipole matrix elements calculated for an empty well and with
�IB=2 meV and �ISB=1 meV, values which gave the best fit.
The 2D band gap was also adjusted to fit the lower edge of
the measured PL at 1.532 eV. The subband occupation func-
tion of e1 was approximated as a step function while hh1
and e2 were treated as full and empty, respectively. The in-
tensity of the n= +1 sideband is proportional to ���2��2, which
is plotted next to the experimental data in Fig. 4. The
maxima of ���2��2 are plotted as a function of �THz in Fig.
5�a�.

The model accurately predicts the strong resonance near
the dressed ISB frequency and the significant signal at low
frequencies. It also predicts the redshift of the NIR resonance
as �THz increases. However, the signal at �THz=2.7 meV is
significantly stronger than predicted, and the signal above
�THz=10.4 meV is much weaker than predicted. It may be
that comparing the spectra with the same intensity outside
the sample introduces this type of error as the intensity
coupled to the QW layers may depend on the �THz. The extra
resonances at low �THz are likely due to higher states similar
to those in Fig. 3�a�, which are not considered in the model.
Finally, the widths and positions of the NIR resonances near
�THz=8.3 meV are quite different from the model and cannot
be improved by adjusting the �’s. A challenge remains to
fully explain the experimental results, perhaps using a theory
which includes the electron-electron and electron-hole inter-
actions ab initio.

THz-optical mixing has been measured for the first time
in doped QWs, showing strikingly different resonant behav-
ior than in undoped QWs. The most important distinction is
that sidebands in doped QWs are primarily sensitive to the
collective excitations of the electron gas, as demonstrated by
the large resonance at the dressed ISB frequency. This fact
allows the use of THz-optical mixing to probe ISB dynamics,
providing a useful diagnostic for ISB devices such as THz
quantum cascade lasers.20 The THz fields in these devices are
comparable to those used in these experiments.21 Using NIR
light as opposed to FIR light has the advantage of being able
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to probe very small areas, to use mature NIR optics, detec-
tors, spectrometers, and to target specific QWs based on their
IB transitions. These benefits are similar to those of Raman
scattering,19 but sideband generation is uniquely suited to
probe the coherent response of electrons to THz driving. Ad-
ditionally, exciting effects have been predicted for doped
QWs in strong THz fields, such as period-doubling bifurca-
tions to chaos,22 which may be more easily observed using

THz-optical mixing. The ��2� model provides a good quali-
tative understanding of THz-optical mixing and reproduces
many of the experimental trends.
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0244390 and Sun Microsystems.

*Present address: JILA, University of Colorado, Boulder, CO
80309, USA.

†Present address: V. Birkedal née Ciulin, Department of Chemistry,
University of Aarhus, Langelandsgade 140, DK-8000 Aarhus C,
Denmark.

‡Present address: Voxtel, Inc., Beaverton, OR 97005, USA.
1 J. Shah, Ultrafast Spectroscopy of Semiconductors and Semicon-

ductor Nanostructures �Springer, New York, 1996�.
2 J. Cerne, J. Kono, T. Inoshita, M. Sherwin, M. Sundaram, and A.

C. Gossard, Appl. Phys. Lett. 70, 3543 �1997�.
3 J. Kono, M. Y. Su, T. Inoshita, T. Noda, M. S. Sherwin, S. J.

Allen, and H. Sakaki, Phys. Rev. Lett. 79, 1758 �1997�.
4 V. Ciulin, S. G. Carter, M. S. Sherwin, A. Huntington, and L. A.

Coldren, Phys. Rev. B 70, 115312 �2004�.
5 M. Y. Su, S. G. Carter, M. S. Sherwin, A. Huntington, and L. A.

Coldren, Appl. Phys. Lett. 81, 1564 �2002�.
6 S. G. Carter, V. Ciulin, M. S. Sherwin, M. Hanson, A. Hunting-

ton, L. A. Coldren, and A. C. Gossard, Appl. Phys. Lett. 84, 840
�2004�.

7 M. Y. Su, S. G. Carter, M. S. Sherwin, A. Huntington, and L. A.
Coldren, Phys. Rev. B 67, 125307 �2003�.

8 T. Inoshita and H. Sakaki, Physica B 249–251, 534 �1998�.
9 A. V. Maslov and D. S. Citrin, Phys. Rev. B 62, 16686 �2000�.

10 C. Delalande, J. Orgonasi, J. A. Brum, G. Bastard, M. Voos, G.
Weimann, and W. Schlapp, Appl. Phys. Lett. 51, 1346 �1987�.

11 D. A. Kleinman and R. C. Miller, Phys. Rev. B 32, 2266 �1985�.
12 K. Craig, B. Galdrikian, J. N. Heyman, A. G. Markelz, J. B.

Williams, M. S. Sherwin, K. Campman, P. F. Hopkins, and A. C.
Gossard, Phys. Rev. Lett. 76, 2382 �1996�.

13 R. Romestain and C. Weisbuch, Phys. Rev. Lett. 45, 2067 �1980�.
14 N. G. Asmar, J. Cerne, A. G. Markelz, E. G. Gwinn, M. S. Sher-

win, K. L. Campman, and A. C. Gossard, Appl. Phys. Lett. 68,
829 �1996�.

15 A. Neogi, Y. Takahashi, and H. Kawaguchi, J. Opt. Soc. Am. B
14, 570 �1997�.

16 R. W. Boyd, Nonlinear Optics �Academic, San Diego, 1992�,
Chap. 3, p. 137.

17 M. Helm, Semicond. Semimetals 62, 1 �2000�.
18 In these calculations, the tunnel barrier was made 12% wider to

better fit the experimental data. The Al0.3Ga0.7As and
Al0.2Ga0.8As conduction band offsets were set as 300 and
200 meV, respectively.

19 G. Abstreiter, R. Merlin, and A. Pinczuk, IEEE J. Quantum
Electron. QE-22, 1771 �1986�.

20 R. Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield,
A. G. Davies, D. A. Ritchie, R. C. Iotti, and F. Rossi, Nature
�London� 417, 156 �2002�.

21 D. S. Citrin �private communication�.
22 B. Galdrikian and B. Birnir, Phys. Rev. Lett. 76, 3308 �1996�.

TERAHERTZ-OPTICAL MIXING IN UNDOPED AND… PHYSICAL REVIEW B 72, 155309 �2005�

155309-5




