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Abstract—The temperature dependence of threshold current
th in vertical-cavity surface-emitting lasers (VCSELs) can be ap2
proximated by the equation th ( ) = + (
min ) , where
and are parameters,
min is the temperature of lowest th

and temperature is . We compare the temperature dependence
of threshold current in VCSELs with GaAs, InGaAs, and strain
compensated InGaAs–GaAsP quantum wells. From our analysis
we find the coefficient is related to the gain properties of the
quantum well, and is shown to serve as a benchmark for the
VCSEL temperature sensitivity. The incorporation of strain-compensated high-barrier GaAsP layers in the active region of 980-nm
VCSELs is demonstrated to reduce the threshold dependence on
temperature.

Index Terms—Diode lasers, temperature analysis, threshold current, vertical-cavity surface-emitting lasers (VCSELs).

I. INTRODUCTION

V

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
have emerged as a promising light source for short-haul
high-speed optical data communication and optical interconnections between electronic circuits on board-to-board and
perhaps chip-to-chip levels. VCSELs are attractive in these
applications due to wafer-scale manufacturability, on-wafer
testing, ease of packaging, and the ability to fabricate two-dimensional laser arrays. Moreover, VCSELs are advantageous
over conventional edge-emitting lasers because of a low divergent circular output beam, low threshold current, single
longitudinal mode emission, and inherent high-speed modulation [1]. A number of applications require VCSELs to operate
reliably over a broad temperature range. Changes in VCSEL
performance with temperature are primarily related to a temperature-induced spectral misalignment of the cavity resonance
and laser gain bandwidth [2].
In order to improve performance at elevated temperature
or reduce sensitivity to temperature change, it is important
to establish a criterion for VCSEL temperature sensitivity
with which different devices can be compared. In the case of
and
edge emitting lasers, the characteristic temperatures
, which are the coefficient of temperature dependence on
threshold current and the coefficient of temperature dependence on external differential efficiency, respectively, have long
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been employed as benchmarks to compare different material
structures [3]–[5]. However, a similar parameter for VCSEL
performance is not commonly compared, although the temperature characteristics of VCSELs have been observed and
analyzed in many earlier studies [2], [6]–[10]. In this work we
analyze the temperature dependence of threshold current in
VCSELs with different quantum well active regions. We find
an appropriate benchmark parameter for VCSELs that enables
comparison between different VCSEL structures. Moreover,
using this analysis we show strain-compensated high-barrier
GaAsP layers in 980-nm VCSELs with InGaAs quantum wells
have reduced temperature sensitivity compared to conventional
980-nm VCSELs without strain compensation.
In Section II, we analyze the temperature dependence of
threshold current in VCSELs. We show that it is appropriate to
fit the warm side of the threshold current versus temperature
curve with a second-order polynomial equation. The warm side
of the curve corresponds to the short wavelength side of the gain
spectrum, which is in turn governed by the Fermi–Dirac statistics of the carrier occupation probability. A fitting coefficient
is found to be inversely proportional to the effective electron
and hole mass in the quantum wells. In Section III, we measure
from three different VCSEL
and compare the coefficient
structures, where the differences in this parameter are attributed
to the differences in the degree of strain, leakage current, and
Auger recombination in the quantum wells. We show that the
coefficient can serve as a benchmark for VCSEL temperature
sensitivity. Strain-compensated high-barrier quantum wells
which have reduced values of the coefficient will aid the
development of lower temperature sensitivity in VCSELs.
II. ANALYSIS
Unlike edge emitting semiconductor lasers, a single longitudinal cavity mode due to the short cavity length of a VCSEL
spectrally overlaps the gain bandwidth. Lasing occurs at the
frequency of this single cavity resonance. The longitudinal
mode of a VCSEL also must spatially overlap the quantum
wells in the active region. The spectral alignment between
the laser gain and cavity resonance in VCSELs is known to
dominate the temperature dependence of the threshold current.
The minimum threshold current occurs approximately at the
temperature where the cavity resonance is spectrally aligned
with the maximum gain [2], [11], [12]. We denote this tem. Any temperature deviation from
results
perature as
in spectral misalignment between the maximum material gain
and the cavity resonance. Spatial effects, such as temperature
induced changes of the overlap between the optical mode and
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Fig. 1. Measured temperature dependence of threshold current for an 850-nm
VCSEL.

the quantum wells are not accounted for in the following analysis. Since the laser gain is fixed at threshold, greater current
is needed to maintain the threshold condition. The laser gain
red shifts more with temperature than the cavity resonance.
For example, the gain bandwidth in 980-nm VCSELs with
As quantum wells and 850-nm VCSELs with
In Ga
GaAs quantum wells spectrally shift at 0.33 nm/ C [2] and
0.32 nm/ C [3], respectively. However, the cavity resonances
for both VCSELs shift at an approximate rate of 0.07 nm/ C
[2], [6]. The misalignment between the peak gain and cavity
resonance with changing temperature causes the threshold current to increase, resulting in an approximate parabolic shaped
curve as shown in Fig. 1.
A second-order polynomial is employed to fit to the data in
Fig. 1
(1)
In this equation,
is the temperature-dependent threshold
current where
, and
are the parameters. The coeffiare related to the specific VCSEL structure.
cients and
The coefficient is the minimum threshold current which the
VCSEL can achieve, which occurs roughly at the temperature
which causes the cavity resonance to overlap the peak gain. The
minimum threshold current is related to the laser mirror and abis the temperature
sorption loss. As discussed previously,
at which this minimum threshold current occurs. The coefficient
is related to the threshold current change for a given temperature change, which is affected by the degree of the spectral alignment between the peak gain and cavity resonance as
temperature varies. The cavity resonance is determined by the
effective optical length of the cavity formed between the two
distributed Bragg reflectors (DBRs), and it shifts due to temperature-induced change in index of refraction [2], [6]. The laser
gain spectrum depends on the material type and thickness of the
quantum wells. Therefore, the coefficient will be influenced
by the quantum well design and overall effective index of the
cavity, and it can serve as a relative measure of the temperature
sensitivity in VCSELs analogous to for edge-emitting lasers.
A larger coefficient indicates higher sensitivity of threshold
current to temperature change.
Some degree of asymmetry is often observed from threshold
current measurements of VCSELs over a broad temperature
range, such that the cold side of curve is steeper than the

Fig. 2. (a) Calculated GaAs quantum well gain spectra at a constant carrier
density (5 10 cm ) for different temperatures. The open (closed) circles
indicate the gain-resonance overlap as the gain spectra red-shifts (blue-shifts)
due to increasing (decreasing) temperature. (b) Material gain at the cavity resonance versus temperature for a constant current density (5 10 cm ). (Color
version available online at: http://ieeexplore.ieee.org.)

2

2

warm side (see Fig. 1) [8]. The shape of the curve arises
predominantly from the asymmetry of the gain spectrum. Since
the cavity resonance shifts less than the gain peak, it scans
the short or long wavelength side of the gain spectrum as the
, respectively. As
temperature increases or decreases from
shown in Fig. 2(a), due to the asymmetry of the gain spectrum,
the material gain at resonance drops from its maximum value
at different rates as the temperature changes. This is explicitly
plotted in Fig. 2(b). Because of this asymmetry and due to the
typical laser operating conditions, it is convenient to fit only the
warm side of the threshold current versus temperature curve
and its trend is thus dictated by the short wavelength side of the
gain spectrum.
A theoretical gain spectrum for a quantum well structure can
be calculated with the expression [13]
(2)
where
is the gain constant for a specific quantum well,
is the momentum matrix element,
is a Heaviside funcare
tion that describes the joint density of states, and and
electron occupation probabilities for the conduction and valence
bands, respectively. Other factors such as lineshape broadening
and many body effects further modify the gain spectrum [8],
[14]. As discussed earlier, the warm side of the temperature dependence of threshold current to be fit is related to the short
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wavelength side of the gain spectrum, which is primarily gov. The lineshape broaderned by the carrier inversion,
ening and many body effects on the short wavelength of the gain
spectrum are less significant. Therefore, the coefficient which
describes the curvature of the warm side of the temperature dependence of threshold current will be proportional to (3), shown
is the bandgap energy,
at the bottom of the page, where
and
are the th conduction and th valence subband enare the quasi-Fermi
ergy levels in the quantum wells, and
is the Boltzmann constant,
levels for electrons and holes,
accounts for the thermal energy at temperature
so
is the reduced mass, and
and
are the effective mass for
electrons and holes in quantum wells.
From (3) we see that smaller effective electron or hole mass
will result in a larger coefficient . Compressive or tensile
strain in quantum wells can reduce the effective electron and
hole mass [15]. For example, InGaAs quantum wells have
slightly smaller electron and hole mass than GaAs quantum
wells. Thus, for 980-nm VCSELs with InGaAs–GaAs compressive strained quantum wells, we expect the coefficient
to be greater than that of 850-nm VCSELs with unstrained
GaAs–AlGaAs quantum wells.
Simulations were performed to justify this analysis approach.
The injection current and carrier density are related by
Area

(4)

where
is the unit charge, “Area” is the cross-sectional
area of the laser cavity, is the active region thickness, is
is the leakage current,
is due to
the carrier density,
Schotky–Read–Hall (SRH) nonradiative recombination,
is due to spontaneous radiative recombination, and
accounts for Auger nonradiative recombination [3]. The VCSEL
threshold current is proportional to the threshold carrier density
and it should, therefore, follow a similar temperature dependence. In our simulations, laser gain versus carrier density in the
GaAs and InGaAs quantum wells described in the next section
were calculated at different temperatures. The gain curves are
generated using a free carrier gain model which incorporates
an 8 8 K P band structure computation to calculate the density of states and solves the Poisson and continuity equations
to determine the quasi-Fermi levels.1 Assuming a particular
, for lasing to occur (determined by the total
threshold gain,
laser loss), the cavity resonance and laser gain versus carrier
1LaserMOD

Software, RSoft Design Group

Fig. 3. Plot of the temperature dependence of the sheet carrier density for
80-nm GaAs–AlGaAs quantum wells of 850-nm VCSELs (closed circles) and
80-nm InGaAs–GaAs quantum wells of 980-nm VCSELs (open circles) for
(a)
= 1500 cm and (b)
= 2000 cm .

density were calculated for a given operating temperature. The
spectral intersection of these two curves indicates the threshold
carrier density. The same calculation is then repeated at different temperatures, resulting in the temperature dependence
of threshold carrier density for a particular threshold material
. The threshold carrier density for GaAs and InGaAs
gain,
are shown in Fig. 3. The
quantum wells for two values of
temperature dependence of threshold carrier density is fit with
a second-order polynomial. From Fig. 3 it is apparent that the
GaAs–AlGaAs quantum wells tend to have less dependence on
temperature (less curvature) than the InGaAs–GaAs quantum
wells.

(3)
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Fig. 4. Schematic diagram of the conduction band edge for the quantum well
region and cladding layers in the 980-nm (a) Laser I and (b) Laser II. Energy band
:
E is assumed [13], [16].
offset is calculated at 300 K and E

1 = 0 651

III. EXPERIMENT
A. Device Structure
VCSELs with three different quantum well structures are fabricated and characterized. Laser I and II are designed for 980-nm
laser operation. The active region of Laser I shown in Fig. 4(a)
contains 3 In Ga As–GaAs quantum wells. The lower
and upper cladding layers are n-type Al Ga As and p-type
Al Ga As, respectively. The quantum well depth in the conduction band is 0.167 eV at 300 K. For Laser II, tensile-strained
layers are inserted between the InGaAs quantum
GaAs P
wells as shown in Fig. 4(b). The lower and upper cladding layers
are n-type Al Ga As and p-type Al Ga As, respectively.
The quantum well depth in the conduction band is 0.307 eV
at 300 K. Note that the deeper quantum wells as compared to
layers. Both Laser I and
Laser I result from the GaAs P
II contain similar top and bottom quarter-wavelength DBR
mirrors with 23 and 36 periods, respectively. The third laser
structure, Laser III, is designed to operate at 850-nm and contains 5 GaAs–Al Ga As quantum wells. The lower and
upper cladding layers of Laser III are n-type Al Ga As and
p-type Al Ga As, respectively, which creates a 0.167 eV well
depth. The top and bottom DBR mirrors have 21 and 36 periods,
respectively.
Lasing apertures for all lasers are defined using selective
oxidation [1], and all characterization and comparisons in this
work are for 5 5- m oxide aperture devices. The lasers are
placed on a temperature-controlled stage, and the light output
versus current ( – ) characteristics are measured by on-wafer
probing under continuous wave (CW) operation using a semiconductor parameter analyzer and a calibrated silicon photodetector.
Threshold current versus temperature for each sample is obtained

Fig. 5. Measured VCSEL temperature dependence of threshold current for (a)
980-nm Laser I–Sample 1, (b) 980-nm Laser II—Sample 1, and (c) 850-nm
Laser III.
TABLE I
FIT PARAMETERS FOUND FROM THE TEMPERATURE DEPENDENCE OF
THRESHOLD CURRENT

at temperatures ranging from 30 C to 110 C. Examples of the
measured threshold current are shown in the plots of Fig. 5.
B. Results
Using data sets such as shown in Fig. 5, the coefficients
and
were calculated using (1) for several samples and are
listed in Table I. As shown in Table I, the coefficient varies
slightly between VCSELs with a particular quantum well structure; however a greater variation is noticed between different
laser structures. Note that the minimum threshold current
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and the temperature where this occurs
does vary among
samples from the same wafer, as expected due to wafer non-uniformity [17]. Two other observations can be made: first, the
980-nm VCSELs (Laser I and Laser II) generally have larger
coefficients than 850-nm VCSELs (Laser III); secondly, the
980-nm VCSELs with strained quantum wells (Laser I) generally have larger coefficients than those with a strained compensated quantum well design (Laser II).
The first observation is consistent with 980-nm VCSELs with
compressive strained quantum wells having reduced effective
hole mass and thus having a larger coefficient than 850-nm
VCSELs with unstrained quantum wells. Note that 850-nm VCSELs with GaAs–Al Ga As quantum wells have the same
well depth in the conduction band at 300 K as 980-nm VCSELs
with In Ga As–GaAs quantum wells. Thus, both VCSEL
structures should have a similar degree of carrier confinement
in the quantum wells. Another explanation for 980-nm VCSELs
generally having a larger coefficient than 850-nm VCSELs is
that InGaAs quantum wells exhibit greater Auger recombination
than GaAs quantum wells. The Auger recombination coefficients of GaAs quantum well for 850 nm and InGaAs quantum
well for 980-nm lasing operation are approximately 3.5 10
cm /s and 10
cm /s, respectively [2], [18], [19]. Even though
Auger recombination at 850 and 980 nm is not as significant as
it is at longer wavelength [15], greater Auger recombination in
980-nm InGaAs VCSELs will contribute to increased temperature sensitivity compared to 850-nm GaAs VCSELs.
In order to improve VCSEL performance over a broad temperature range, it is desirable to reduce the temperature sensitivity. The benefit of introducing tensile-strained or strain-compensated GaAsP layer to achieve long-wavelength and hightemperature laser operation is evident from the performance of
Laser II. Improvement in crystal quality and carrier confinement for quantum wells containing GaAsP reduces the leakage
current and thus lowers the temperature sensitivity of threshold
for
current, resulting in a larger characteristic temperature
edge-emitting quantum well lasers [20]–[23]. From Table I, it
is evident that 980-nm VCSELs with strain-compensated highlayers also exhibit about 20% lower tembarrier GaAs P
perature sensitivity as compared to strained quantum wells. The
smaller coefficient for the VCSELs with the strain-compensated GaAsP layers is attributed to the reduction of compressive
strain and improved carrier confinement in the quantum wells.
IV. CONCLUSION
In summary, we have shown the temperature dependence of
threshold current in VCSELs can be approximated by th
. This expression provides a useful tool to
analyze VCSEL temperature characteristics. The coefficient
serves as an important benchmark for VCSEL temperature sensitivity (smaller is better), and can be a figure of merit for how
threshold current changes with temperature. The coefficient
is dependent on quantum-well active region material and design. We have shown experimentally that 980-nm VCSELs exhibit a larger coefficient than 980-nm VCSELs with high-barrier strain-compensated layers, which in turn are larger than the
coefficient found for 850-nm VCSELs. Smaller temperature
sensitivity will enable VCSELs to operate more reliably under a

high temperature environment, and will also extend VCSEL operation to higher current, allowing for higher power operation.
ACKNOWLEDGMENT
The authors acknowledge B. Grote at Rsoft Design Group for
assistance on the VCSEL simulations.
REFERENCES
[1] K. D. Choquette and K. M. Geib, , C. Wilmsen, H. Temkin, and L.
Coldren, Eds., “Fabrication and performance of vertical-cavity surfaceemitting lasers,” in Vertical-Cavity Surface-Emitting Lasers. Cambridge, U.K.: Cambridge Univ. Press, 1999, pp. 193–232.
[2] B. Tell, F. Brown-Goebeler, R. E. Leibenguth, F. M. Baez, and Y. H.
Lee, “Temperature dependence of GaAs-AlGaAs vertical cavity surface emitting lasers,” Appl. Phys. Lett., vol. 60, pp. 683–685, 1992.
[3] G. P. Agrawal and N. K. Dutta, Semiconductor Lasers. New York:
Van Nostrand, 1993.
[4] T. A. DeTemple and C. M. Herzinger, “On the semiconductor laser
logarithmic gain-current density relationships,” IEEE J. Quantum Electron., vol. 29, no. 5, pp. 2211–2214, May 2000.
[5] N. Tansu, Y.-L. Chang, T. Takeuchi, D. P. Bour, S. W. Corzine, M. R. T.
Tan, and L. Mawst, “Temperature analysis and characteristics of highly
strained InGaAs–GaAsP–GaAs ( > 1:17 m) quantum-well lasers,”
IEEE J. Quantum Electron., vol. 38, no. 6, pp. 640–651, Jun. 2002.
[6] D. B. Young, J. W. Scott, F. H. Peters, M. G. Peters, M. L. Majewski, B. J.
Thibeault, S. W. Corzine, and L. A. Coldren, “Enhanced performance of
offset-gain high-barrier vertical-cavity surface-emitting lasers,” IEEE J.
Quantum Electron., vol. 29, no. 6, pp. 2013–2022, Jun. 1993.
[7] K. D. Choquette, D. A. Richie, and R. E. Leibenguth, “Temperature
dependence of gain-guided vertical-cavity surface emitting laser polarization,” Appl. Phys. Lett., vol. 64, no. 16, pp. 2062–2064, 1994.
[8] W. W. Chow, S. W. Corzine, D. B. Young, and L. A. Coldren, “Many
body effects in the temperatures dependence of threshold in a verticalcavity surface-emitting laser,” Appl. Phys. Lett., vol. 66, no. 19, pp.
2460–2430, 1995.
[9] K. J. Ebeling, , A. Miller, E. Ebrahimzadeh, and D. M. Finlayson, Eds.,
“Analysis of vertical cavity surface emitting laser diodes (VCSEL),” in
Semiconductor Quantum Optoelectronics: From Quantum Physics to
Smart Devices, Scottish Universities Summer School in Physics. St.
Andrews, U.K.: Sussp Publications, 1998, vol. 50, pp. 295–338.
[10] H. C. Schneider, A. J. Fischer, W. W. Chow, and J. F. Klem, “Temperature dependence of laser threshold in an InGaAsN vertical-cavity surface-emitting laser,” Appl. Phys. Lett., vol. 78, no. 22, pp. 3391–3393,
2001.
[11] B. Lu, P. Zhou, J. Cheng, K. J. Malloy, and J. C. Zolper, “High
temperature pulsed and continuous-wave operation and thermally
stable threshold characteristics of vertical-cavity surface-emitting
lasers grown by metalorganic chemical vapor deposition,” Appl. Phys.
Lett., vol. 65, no. 11, pp. 1337–1339, 1994.
[12] J. Piprek, Y. A. Akulova, D. I. Babic, L. A. Coldren, and J. E. Bowers,
“Minimum temperature sensitivity of 1.55 m vertical-cavity lasers at
30 nm gain offset,” Appl. Phys. Lett., vol. 72, no. 15, pp. 1814–1816,
1998.
[13] S. L. Chuang, Physics of Optoelectronic Devices. New York: Wiley,
1995.
[14] W. W. Chow and S. W. Koch, Semiconductor-Laser Fundamentals.
New York: Springer, 1999.
[15] L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic Integrated Circuits. New York: Wiley, 1995.
[16] S. Niki, L. Lin, W. S. C. Chang, and H. H. Wieder, “Band-edge
discontinuities of strained-layer In Ga As/GaAs heterojunctions
and quantum wells,” Appl. Phys. Lett., vol. 55, pp. 1339–1341, 1989.
[17] K. D. Choquette, R. P. Schneider, Jr., and J. A. Lott, “Lasing characteristics of visible AlGaInP/AlGaAs vertical-cavity lasers,” Opt. Lett.,
vol. 19, pp. 969–971, 1994.
[18] Y. Liu, K. D. Choquette, and K. Hess, “The electrical turn-on characteristics of vertical-cavity surface-emitting lasers,” Appl. Phys. Lett.,
vol. 83, pp. 4104–4106, 2003.
[19] Y. Liu, W.-C. Ng, K. D. Choquette, and K. Hess, “Numerical investigation of self-heating effects of oxide-confined vertical-cavity surface-emitting lasers,” IEEE J. Quantum Electron., vol. 41, no. 1, pp.
15–25, Jan. 2005.
[20] M. Sagawa, T. Toyonaka, K. Hiramoto, K. Shinoda, and K. Uomi,
“High-power highly-reliable operation of 0.98-m InGaAs–InGaP
strain-compensated single-quantum-well lasers with tensile-strained
InGaAsP barriers,” IEEE J. Sel. Topics Quantum Electron., vol. 1, no.
2, pp. 189–195, Feb. 1995.

0

CHEN et al.: TEMPERATURE ANALYSIS OF THRESHOLD CURRENT IN INFRARED VERTICAL-CAVITY SURFACE-EMITTING LASERS

[21] W. Choi, P. D. Dapkus, and J. J. Jewell, “1.2 m GaAsP/InGaAs strain
compensated single-quantum well diode laser on GaAs using metalorganic chemical vapor deposition,” IEEE Photon. Technol. Lett., vol.
11, no. 12, pp. 1572–1574, Dec. 1999.
[22] N. Tansu, D. Zhou, and L. J. Mawst, “Low-temperature sensitive, compressively strained InGaAsP active ( = 0:78–0:85 m) region diode
lasers,” IEEE Photon. Technol. Lett., vol. 12, no. 6, pp. 603–605, Jun.
2000.
[23] N. Tansu and L. J. Mawst, “High-performance strained-compensated
GaAs–GaAsP–GaAs ( = 1:17 m) quantum-well diode lasers,”
IEEE Photon. Technol. Lett., vol. 13, no. 3, pp. 179–181, Mar. 2001.

Chen Chen received the B.S. and M.S. degrees
in electrical and computer engineering from the
University of Illinois at Urbana-Champaign, in
2004 and 2006, respectively, where he is currently
working toward the Ph.D. degree in electrical and
computer engineering.
His research interests include design, fabrication,
and characterization of vertical-cavity surface-emitting lasers and other novel optoelectronics devices.

Paul O. Leisher (S’98) was born in Sao Paulo,
Brazil, in 1980. He received the B.S. degree in electrical engineering from Bradley University, Peoria,
IL. In 2003, he joined the Photonic Device Research
Group, University of Illinois at Urbana-Champaign,
and received the M.S. degree in electrical engineering in 2004, where he is currently working
toward the Ph.D. degree in electrical engineering.
His research interests include design, fabrication,
and characterization of photonic devices including
photonic crystal and holey vertical-cavity surfaceemitting lasers, photonic crystal light-emitting diodes, and photonic crystal
emitters.
Mr. Leisher is a student member of the IEEE Lasers and Electro-Optics Society and the Optical Society of America.

Andrew A. Allerman received the Ph.D. degree in physics from Auburn University, Auburn, New South Wales, Australia, in 1992.
He was a Research Scientist at the Australian National University, Canberra,
and later worked on GaAs-based electronic devices with Texas Instruments,
Dallas, TX. Currently, he is a Principle Member of Technical Staff at Sandia
National Laboratories, Albuquerque, NM. His research projects are focused
on developing MOCVD growth of wide-band gap nitride semiconductors for
ultraviolet emitters and electronic devices. While at Sandia, he has advanced
MOCVD growth techniques of antimony-based compound semiconductors for
use in mid-infrared (3.3 to >6.0 mm) lasers and LEDs. He has also studied the
growth and properties of novel materials such as InGaAsN and GaAsSbN for
long-wavelength (1.3 m) optoelectronics and high-efficiency solar cells. He
has developed VCSELs from 740 nm to 1 m for a number applications, including external-cavity frequency doubling.

1083

Kent M. Geib received the B.S. and M.S. degrees in
electrical engineering at Colorado State University,
Ft. Collins.
He worked as a Research Associate at Colorado
State University for 15 years implementing surface
analytical spectroscopies to study the chemical
compositions and the development of the interfaces
of III–V compound semiconductors with their oxides
and/or metals. He has been a member of the VCSEL
Development Team at Sandia National Laboratories,
Albuquerque, NM, since 1994. His current research
focus is on the development of advanced processes for the fabrication of novel
optoelectronic devices including high-performance VCSELs and other surface
normal devices. He has co-authored more than 100 peer reviewed journal
articles.
Dr. Geib is a member of the American Vacuum Society and Sigma Xi.

Kent D. Choquette (M’97–F’03) received the B.S.
degrees in engineering physics and applied mathematics from the University of Colorado–Boulder, in
1984, and the M.S. and Ph.D. degrees in materials
science from the University of Wisconsin–Madison,
in 1985 and 1990, respectively.
In 1990, he held a postdoctoral appointment
at AT&T Bell Laboratories, Murray Hill, NJ. In
1992, he joined Sandia National Laboratories, Albuquerque, NM, as a Postdoctoral Researcher and in
1993 as a Principal Member of Technical Staff. He
became a Professor in the Electrical and Computer Engineering Department,
University of Illinois at Urbana-Champaign, in 2000. He became the Acting
Director of the Micro and Nanotechnology Laboratory in July 2005. His
Photonic Device Research Group is centered around the design, fabrication,
characterization, and applications of vertical-cavity surface-emitting lasers
(VCSELs), novel microcavity light sources, nanofabrication technologies, and
hybrid integration techniques. He has authored over 200 technical publications
and three book chapters and has presented numerous invited talks and tutorials
on VCSELs.
From 2000 to 2002, Dr. Choquette was a IEEE/LEOS Distinguished Lecturer. He has served as an Associate Editor of the IEEE JOURNAL OF QUANTUM
ELECTRONICS, IEEE PHOTONIC TECHNOLOGY LETTERS, and Guest Editor of
the IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS. He is a
Fellow of IEEE/Lasers and Electro-Optics Society (LEOS) and a Fellow of the
Optical Society of America (OSA).

