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Abstract—Optical feedback in a vertical-cavity surface-emitting
laser due to a fiber facet of varying position is studied in experiment
and theory. Measured spectra and light-current curves show periodic variations in resonant wavelength, threshold current, differential quantum efficiency, and output power as a function of fiber
2 vector
position. Theoretical results were obtained using a 2
propagation matrix method which models the laser and fiber in a
single structure and shows good agreement with experimental results. A novel method for determining the linewidth enhancement
factor
by analyzing the wavelength variation as a function of
2.8 was obtained.
fiber position is presented and a value of

=

Index Terms—Linewidth enhancement factor, optical feedback,
optical fiber, vertical-cavity surface-emitting laser.

I. INTRODUCTION

I

N THE last decade, progress in the development of verticalcavity surface-emitting lasers (VCSEL) has emerged to benefit fiber-optic communication systems due to excellent VCSEL
performance characteristics and advantages in manufacturing
and testing over their edge-emitting counterparts. VCSELs typically consist of a multi-quantum-well active region surrounded
by top and bottom distributed Bragg reflectors (DBRs) which
create the resonant cavity. The incorporation of oxide apertures
for index-guided VCSEL design [1], [2] has allowed for lower
threshold currents, higher powers, and single-mode operation.
When coupling laser light into glass optical fiber for optical
communication systems, the presence of the fiber facet can
create optical feedback in the laser cavity and change the
operational characteristics of the laser. Optical feedback is
generally considered to be detrimental to the performance of
lasers because, under certain conditions, feedback can cause
significant changes in spectrum [3], [4], power instabilities
[5]–[7], relative intensity noise [8], [9], and polarization
switching [10], [11].
An important and practical case to consider is that of fiber-induced feedback where the fiber facet is positioned to within less
than two microns of the VCSEL. Heinrich et al. [12] showed experimentally that fiber feedback could have a significant effect
on the spectrum and output power of multimode VCSELs. Law
et al. [5] predicted power variations in VCSELs due to varying
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Fig. 1. Schematic of the VCSEL feedback model which consists of bottom
and top DBRs with facet field reflectivities r and r and an external fiber
reflector with reflectivity r . An effective reflectivity r (z ) is defined to take
into account both r and r . A linear change in position of the external reflector
z results in a periodic change in magnitude and phase of the r (z ).

fiber facet position. There has been little work, however, in correlating experiment and theory for fiber-induced optical feedback in VCSELs. In this work, we experimentally and theoretically investigate the effects of optical feedback on a selectivelyoxidized index-guided VCSEL operating in a single transverse
mode. The device characteristics are studied as a function of
fiber facet position. In addition, we present a method to estimate the linewidth enhancement factor of VCSEL’s by studying
the resonant wavelength variation as a function of fiber facet
position. In Section II, we describe the effects of feedback on
VCSEL operation and a 2 2 vector propagation matrix method
used to model a combined VCSEL and fiber structure. In Section III, we present the experimental results and compare these
results with theory in Section IV. We conclude with a summary
of the results in Section V. We show that our theoretical results
agree very well with the experimental results.
II. THEORY AND MODELING
We consider the case illustrated in Fig. 1 where the reflectivities are defined from the perspective of the active region of
the VCSEL. The field reflectivity is the reflectivity from the
is the reflectivity from the top DBR, and
bottom DBR,
is the reflectivity due to the fiber facet. An effective complex
with a phase
can be defined for the top
reflectivity
and . A linear change
side which takes into account both
in the fiber position results in a periodic variation in the
with a period of half the resonant
magnitude and phase of
wavelength of the VCSEL. This periodic change in the
leads to a change in a number of laser properties including

0018–9197/01$10.00 © 2001 IEEE

1644

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2001

(a)

(b)

(c)

(d)

(e)
Fig. 2. Refractive index of VCSEL and fiber and intensity standing-wave patterns for: (a) z
The output intensity in the fiber varies periodically as a function of z .

threshold gain, resonant wavelength, differential quantum efficiency, and output power.
The mirror loss will decrease as a function of increasing
and therefore the threshold gain and threshold current will also
decrease. The resonant wavelength is affected by: 1) the change
and 2) the gain-induced change in refractive index
in
through the linewidth enhancement factor as given by [13]
(1)
The magnitude and phase of the wavelength variation with respect to the threshold gain depends on the value of the linewidth

= 0; (b) z = =8; (c) z = =4; (d) z = 3=8; and (e) z = =2.

enhancement factor . We can, therefore, determine by experimentally measuring the change in resonant wavelength as a
function of and compare the results with theoretical simulations using different values of .
A simplified Fabry–Pérot (FP) resonator feedback model is
useful in explaining how optical feedback affects the properties of an edge-emitting semiconductor laser with well-defined
facets [14]. Several groups have modeled feedback in VCSELs
by defining effective cavity lengths and reflectivities for the
VCSEL and using the FP model [5], [9], [7].
We take a more rigorous approach in modeling optical
2 vector propagation
feedback in VCSELs by using a 2
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matrix method [15], where the optical fiber is directly included
in the modeled structure. The real and imaginary refractive
index layers of the VCSEL and fiber were included in the
simulated structure. The model calculates the plane-wave longitudinal standing wave and parameters for the VCSEL-fiber
structure. The model also calculates the resonant wavelength
and threshold gain for specific transverse modes.
The real part of the refractive index n for several upper layers
), the glass optical fiber (
of the top DBR (
), and air gap (
) are plotted in Fig. 2 for
,
,
,
, and
, where is the distance between the
fiber facet and top DBR. To illustrate the effect of varying fiber
facet position, the plane-wave longitudinal standing-wave pat,
terns for the intensity are also plotted in Fig. 2. At
the standing wave is terminated at a peak which corresponds
, the standing wave is
to maximum output power. At
not a resonant mode of the air cavity, resulting in a decrease in
, the output
the output intensity and phase change. At
, the output intensity
intensity reaches a minimum. At
, the standing wave is a resonant mode
increases, and at
of the air cavity and the output intensity reaches the same value
. It should be noted that feedback-dependent effects
as at
depend on the longitudinal structure of the VCSEL. Transverse
structures such as the oxide apertures have virtually no effect on
feedback.

(a)

III. EXPERIMENT
A. Device Structure
The device under study is a selectively-oxidized VCSEL
grown in the AlGaAs–GaAs material system [16]. The active
region has five quantum wells and is surrounded by barrier
layers and top and bottom DBR layers. The top DBR has 23
pairs and the bottom DBR has 33.5 pairs. Selectively oxidized
apertures which are 5 5 m in area were fabricated in the
top and bottom DBR regions. The threshold current for this
device is 4.4 mA. This particular device was chosen because
it operates in a single mode up to 6 mA, corresponding to the
fundamental mode (TEM or LP in fiber mode notation).
This allows us to isolate feedback effects for a single mode and
avoid more complex multimode interaction due to spatial hole
burning [5].
B. Experimental Setup
The VCSEL was mounted on a thermoelectric cooler to keep
25 C. The light emission from
the temperature constant at
the VCSEL was coupled into the cleaved facet of a 50- m
graded-index multimode fiber which was positioned less
than 2- m away from the top of the VCSEL. The fiber facet
produces a power reflectivity of 4%. The fiber was mounted
on a piezoelectric positioner and controller with a position
resolution on the order of 10 nm. The other end of the fiber was
connected to an optical spectrum analyzer to measure spectra
and a power detector to measure light-current (L–I) curves at
various fiber facet positions. For the spectral measurements,
mA.
the VCSEL was current-biased at

(b)
Fig. 3. (a) Measured spectra at arbitrary fiber facet positions z = z and
z = z at I = 5:0 mA. (b) Measured L–I curves at z = z and z = z . At
z = z , I = 4:1 mA and C  = 0:027 and for z = z , I increases to
4.5 mA and C  increases to 0.036.

C. Experimental Results
The properties of the spectra and L–I curves were observed
to vary as a function of fiber facet position as shown in Fig. 3
where the zero reference in is arbitrary. The spectra for two
, the resofiber facet positions are shown in Fig. 3(a). At
nm and decreases to
nant wavelength is
nm at
. The peak output power is also observed to decrease by about 50%. As shown in Fig. 3(b), the L–I curves show
changes in threshold current and differential quantum efficiency
for different fiber facet positions . The differential quantum efis defined as
ficiency

(2)
where
electron charge;
photon energy;
experimental power-coupling efficiency for the L–I
curve measurement;
measured slope of the L–I curve from
to
mA
in W/A which is a function of fiber facet position .
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(a)

Fig. 5. Experimental and theoretical threshold current I as a function of
fiber facet position z . The experimental position axis has an arbitrary reference
and is aligned to the simulation position axis. The discrete simulation points are
connected with lines to guide the eye.

A. Threshold Current
For a quantum-well laser, the threshold current density can
be written as [13]
(3)
where
,
(b)
Fig. 4. (a) Measured threshold current and C  as a function fiber facet
position z . (b) Measured resonant wavelength and peak fundamental mode
power as a function of fiber facet position z .

In Fig. 3(b), at
,
mA, and
,
, the
increases to about
mA and
while for
increases to 0.036.
values were extracted from the
Threshold current and
measured L–I curves over a 1- m range of and plotted in
Fig. 4(a). The periodic behavior in threshold current and gain
as expected from the feedback theory is observed, where the period corresponds to roughly half the resonant wavelength of 850
varies from 4.1 to 4.6 mA, a variation
nm. Over this range,
varies by almost 40%. From the measured
of 11%, and
spectra, the resonant wavelength and peak fundamental mode
power are plotted as a function of in Fig. 4(b). The periodic
behavior in resonant wavelength is observed with a variation
of 0.08 nm and is shifted in phase with respect to the variation
in threshold current. The output power varies significantly as a
function of . The position of the fiber facet clearly has a significant effect on the threshold current, differential quantum efficiency, and output power of the VCSEL.
IV. COMPARISON OF THEORY AND EXPERIMENT
The model was used to calculate the resonant wavelength,
threshold gain, differential quantum efficiency, and output
power for the fundamental mode of the combined VCSEL-fiber
structure.

threshold current density and peak gain constants, respectively, used in the empirical logarithmic formula
for the peak gain-current density relation;
internal quantum efficiency;
threshold gain.
and
as
We can define
(4)
(5)

is a steady-state component and
is a varying
where
component which is a function of the fiber facet position and
. By substituting (4) and (5) into (3) and solving
similarly for
for the steady-state and varying threshold density components
explicitly, we can write the threshold current density as
(6)
and similarly for the threshold current
(7)
and
is given by the model.
where
to
Using (7), we can fit the experimental data by setting
value,
cm , which is the maxthe
to the
imum value over the fiber position range. We set
mA.
corresponding maximum measured value of
cm [14], we obtain
Using a reasonable value of
and compare them with experiment as
theoretical results for
shown in Fig. 5. The experimental position axis has an arbitrary
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=

Fig. 6. Experimental and theoretical resonant wavelength for
2.4, 2.8,
and 3.2 as a function of fiber facet position z . The
2:8 gives the best fit
in terms of the magnitude and phase of the fit. The error in determining is
estimated at 0.2.

=

6

reference point since the exact position of the fiber facet was
not known during measurements and is aligned to the simulaoccurs at the
tion axis such that the maximum experimental
. The same posisame position as the maximum theoretical
tion offset is used in the all subsequent comparisons between
experiment and theory. The discrete simulation points are connected with lines to guide the eye. The experimental and theoare in good agreement, considering that the only one
retical
fitting parameter was used.

Fig. 7. Experimental and theoretical differential quantum efficiency
function of fiber facet position z .

as a

C. Differential Quantum Efficiency
is an important
The differential quantum efficiency
parameter of a semiconductor laser which determines the
output power. The effect of fiber facet position on differential
quantum efficiency is approximately given by [14]
(8)
where
internal quantum efficiency;
mirror loss;
optical confinement factor;

B. Resonant Wavelength
Because the model is an optical solver, it will simulate the
contribuvariation in the resonant wavelength due to the
tion only. However, the wavelength shift due to the gain-induced
as given by (1) is also included
change in refractive index
in the following way. We assume that a change in threshold
from the
reference is equivalent to a change in
gain
in (1), and calculate the resulting
for a given value
gain
is added to the real part of the refractive index
for . This
of the quantum wells in the modeled structure and the simulation is run again to determine the total wavelength shift. The
changed by less than 1% between the two
threshold gain
simulations so iterative simulations between the threshold gain
and resonant wavelength were not necessary. Shown in Fig. 6 is
the experimental data for resonant wavelength as a function of
and the simulation results for
2.4, 2.8, and 3.2. The reclearly gives the best fit in terms of magnitude
sult for
and phase with the experimental data. This value falls within
the values of other reported results for the measured linewidth
enhancement factor of VCSELs which range from 2.3 to 3.7
[17]–[20]. Using this method, we estimate an error of 0.2 in
, the
determining . From (2), we can see that for
second wavelength shift contribution leads to an increase of the
magnitude of the wavelength shift by a factor of three over the
phase-shift contribution alone. The overall wavelength shift of
0.08 nm, however, remains relatively small. We note that heating
in the active region will also induce changes in the refractive
index which will depend on fiber position, but we found this effect to be negligible for the low current bias used here.



and
(9)

and
are the effective power reflectivity
where
is the
and transmittivity from the top DBR and fiber and
is the fraction of
power reflectivity from the bottom DBR.
from (8),
the total power out of the top facet. In calculating
,
, and
, , and from
we take values for
the simulation results and choose a value for of 0.9. For the
in (2), we use
as a constant fitting parameter
measured
. Fig. 7
over the small distance range and choose
shows the measured and calculated as a function of and the
results show good agreement. These results show that varying
fiber facet position can produce a significant variation of 40%
in the differential quantum efficiency. Because of the low transmittivities from the DBR facets, feedback-induced changes in
of the top facet results in large changes in
on the order
of 50% in the simulations. Therefore, the term dominates the
periodic behavior in .
D. Output Power
Because the differential quantum efficiency and threshold
gain vary periodically with fiber facet position, the output
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Fig. 8. Experimental (open circles) and theoretical (closed circles) output
power of the fundamental mode as a function of fiber facet position z .

power is also expected to vary. The output power can be written
as
(10)
and
have been
From the previous sections,
calculated, and is the known experimental value of 5.0 mA.
Fig. 8 shows the theoretical results and the measured results
from Fig. 3(b). The agreement between theory and experiment
is very good.
V. CONCLUSION
In summary, we have presented an experimental and theoretical study of fiber-induced optical feedback in an index-guided
2 vector propagation matrix
VCSEL. We show that a 2
method model correctly predicts the effects of the fiber-induced
feedback on threshold gain, resonant wavelength, differential
quantum efficiency, and output power for the VCSEL with
good agreement between theory and experiment. In fitting
the measured resonant wavelength variation behavior with
theory, we have developed a method to determine the linewidth
enhancement factor in VCSELs which is applicable to semiconwith an estimated
ductor lasers in general. A value of
error of 0.2 was determined for our VCSEL.
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