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A B S T R A C T

Polarization-stable vertical-cavity surface-emitting lasers (VCSELs) with a simple fabrication
process are presented. The gratings fixing the polarization are defined by a two-step exposure
technology taking advantage of the displacement Talbot lithography technique. This enables
grating lines to remain within the inner circle mesa of the VCSELs. These surface grating VCSELs
with different periods are theoretically modeled and experimentally verified. Most of these
VCSELs exhibit full polarization stability as predicted theoretically. For VCSELs with grating
periods larger than the emission wavelength we found a weak orthogonal polarization sup-
pression ratio, thereby deviating from those grating VCSELs with smaller periods.

1. Introduction

Vertical cavity surface emitting lasers (VCSELs) have been gaining increased researchers’ attention because of their unique
properties [1,2]. However, the lack of a priori defined polarization direction may limit their application in optical sensing, spec-
troscopy, and measurement, where stable polarization is desirable or even mandatory [3,4]. In the past, considerable work has been
performed such as anisotropic gain [5], asymmetric resonators [6,7], external optical feedback [8]. Surface gratings were subse-
quently proposed. The VCSELs with surface grating directly etched on the mesa performed consistent polarization stability even
under strong current modulation [9–16]. High-contrast gratings, as an advanced product of surface gratings, have been incorporated
into VCSELs to control their polarization state [17–21]. However, their grating fabrication in laboratory is mostly accomplished by
electron beam lithography, which is costly and time consuming. Therefore, the low-cost method of nanoimprint lithography (NIL)
was proposed [22,23]. They made the surface gratings to control the polarization for VCSELs by directly pressing the grating mold
into the polymer within circular mesa. Whereas, the presence of a residual polymer layer and particulate contamination have been
encountered. Displacement Talbot lithography (DTL) is a robust, high-throughput and low-cost technique for patterning nanoscale
period structures without contacting the photolithography mask during entire exposure process [24–26].

In this work, we fabricated polarization-stable surface grating VCSELs by a twice exposure technology. The technology takes
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advantage of a DTL step and an extra ordinary I-line lithograpy step to remain the grating pattern within the inner circle mesa of
VCSELs. Firstly, the relative dichroism and optical field of the grating with different periods were theoretically investigated. Then, we
fabricated VCSELs without and with different periods gratings to compare their performance. Finally, the polarization characteristics
of them were measured and discussed in detail.

2. Device structure and simulation

Fig. 1 shows a schematic cross-section of the VCSEL structure. This grating VCSEL consists of three quantum wells and a one-
wavelength (890 nm) inner cavity sandwiched between 34 and 21 pairs of bottom and top distributed Bragg reflectors (DBRs),
respectively. A 30 nm-thick high-aluminum-concentration oxide layer is positioned immediately above the active region to provide
current and optical confinement. The oxide diameter of VCSELs in this experiment are 5 μm. The diameter of inner circle mesa and
outer circle mesa of VCSELs are 10 μm and 20 μm, respectively. The top mirror is terminated by a highly doped GaAs cap layer
(50 nm), in which the grating is etched. Grating parameters, such as grating period (Λ), grating etch depth, and duty cycle are marked
in Fig. 1.

Because the surface grating introduced different reflectivity, thus threshold gains in parallel and orthogonal orientations. So the
polarization-dependent modal loss was first numerical modeled. The threshold gains and relative dichroisms (RDs) were calculated
with five grating periods within 100 nm of grating depths. Fig. 2 clearly shows that various etching depths cause different polar-
ization orientations. RD is defined as follows:

= − G
G

RD 1 o

p (1)

where Go and Gp denote the threshold gains of the polarization orientations which orthogonal and parallel to the grating lines,
respectively. Positive dichroism means that the polarization of output light is orthogonal to the grating lines, whereas negative
dichroism corresponds to polarization parallel to the grating lines. For moderate depths, polarization is perpendicular to the grating
lines and switches to another orientation depending on the grating period (e.g., 500 and 700 nm). At 60 nm depth, most periods of the
grating VCSELs present positive RDs, which indicates that they are polarized along the same orthogonal orientation, and only the
VCSEL with a grating period of 1000 nm yields results that deviate from this trend. Furthermore, its polarization resolution char-
acteristic, which lines close to 0 with all ranges of depth, performs weakly. This issue may be attributed to the diffraction loss problem
of the grating integrated above the VCSEL. Therefore, the optical fields of the VCSELs were calculated, as depicted in Fig. 3. The
diffraction loss with yellow part in the air above the VCSEL is stronger in the period of 1000 nm than in other periods of the TE part.
Simultaneously, the difference between the TE and TM of the optical field with yellow part within the cavity of the VCSEL is the least
noticeable.

Fig. 1. Grating VCSEL (right) and various grating parameters (left), where Λ is the grating period, d is the grating etch depth, and l is the width of
the grating ridge.

Fig. 2. Calculated RD versus etching depth of gratings with periods of 500 nm, 600 nm, 700 nm, 800 nm, and 1000 nm.
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3. Experiment

The grating in this work was defined using a two-step exposure technology. The DTL technique based on Talbot effect which
utilizes monochromatic collimated light projecting into a periodic pattern mask, thus forming self-images at regular distances behind
the mask. The regular distance is the Talbot length, approximately 2p2/λ where p is the grating period of mask which is twice the
grating period on the chip and λ is the project wavelength [24]. When the wafer is placed at an integer multiple of Talbot length, DTL
can project refined patterns without contacting the photolithography mask during entire exposure process. Here we set five periods of
grating, 500, 600, 700, 800 and 1000 nm. The project wavelength is 377 nm. Accordingly, the Talbot lengths calculated are 5.3, 7.6,
10.3, 13.58 and 21.2 μm, respectively. The gap between wafer and mask was set approximately 30 μm∼ 50 μm at the beginning, but
no need to ensure a more precise gap setting. Because, when the exposure begins, the wafer will move up and down, and the exposure
just happens when the gap equal to an integer multiple of Talbot length.

Fig. 4 shows the fabrication steps of a wafer with a photoresist on it to grating etched in the cap layer. The top and cross views
show that the wafer includes only a cap layer and a top DBR for simplicity. Firstly, DTL was used to achieve the high-resolution
periodic pattern. In the first row, the photoresist was spun on the wafer. The second row shows that the DTL lithography can produce
only equal-length grating lines whereas the grating lines within the inner circle mesa of a VCSEL are unequal in length. Therefore, a
second I-line lithography is introduced to maintain the grating lines within the size of the VCSEL's inner circular mesa. Normal optical
lithography could be used to achieve this alignment because the second exposure does not require high resolution. The third row
shows the patterns that remained after two step exposure. The surface grating was subsequently dry etched using an inductively
coupled plasma (ICP) etcher in the fourth row. The diameter of inner circle mesa and outer circle mesa of VCSELs are 10 μm and
20 μm, respectively. The grating etch depth was 60 nm, and duty cycle was 50%. The proposed grating definition technique that uses
the two-step exposure presents many advantages, including low cost, time saving, and suitability for large-volume production. Then,
the following step was conducted in the same manner as in common VCSELs, which have no grating. Fig. 5 shows the enlargement of
the grating on the out-coupling facet of the VCSEL with five periods, as measured by scanning electron micrograph (SEM) from the
top of the devices. The periods are from 500 nm to 1000 nm. The upper surface of fully processed grating VCSEL was also given in the
lower right corner.

Fig. 3. Optical field calculations of VCSELs with different periods and schematic of a VCSEL.

Fig. 4. Fabrication steps of DTL defined gratings.
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Fig. 5. SEM of the enlargement of surface grating over the out-coupling facet of VCSELs with periods from 500 nm to 1000 nm. The lower right
corner is the upper surface of fully processed grating VCSEL. The radius of inner circle mesa and outer circle mesa of VCSELs are 5 μm and 10 μm,
respectively.

Fig. 6. PR-LI characteristics of reference VCSEL without any extra structure (top) and a surface grating VCSEL (center), featuring a grating period of
600 nm. PR-spectra of the grating VCSEL (bottom). P represents the polarization direction parallel to the direction of the grating lines. O represents
the polarization direction orthogonally to the direction of the grating lines.
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4. Results and discussion

The polarization-resolved light-current (PR-LI) characteristics and spectra of a reference device and a multimode VCSEL was
measured to illustrate the polarization control ability achieved by the fabricated surface gratings. The polarization characteristics of
adjacent VCSELs without and with grating lines are shown in Fig. 6. The reference VCSEL with no surface grating begins to lase along
the [0−11] polarization. At 2mA, the first polarization switch appears which caused by the first higher-order mode orthogonal to the
fundamental one. And a second partial polarization switch comes out at a current of 4.8mA. At this point, the second mode begins to
lase. For high currents, the output power seems to be arbitrarily divided between the two orthogonal polarizations. The PR-LI of
grating VCSEL is shown in the middle of Fig. 6, the grating period is 600 nm. The orthogonal polarization suppression ratio (OPSR) is
calculated by the two polarization powers as

⎜ ⎟= ⎛
⎝

⎞
⎠

−P
P

OPSR 10 log [0 11]

[011] (2)

and displayed in the middle of Fig. 6. The average OPSR is 21 dB, which is calculated on the basis of the data obtained from the
current with a step size of 0.1mA. The grating VCSEL shows one fixed polarization over the entire current range. This polarization
was orthogonal to the grating lines up to the thermal rollover, and the other orientation polarization is strongly suppressed. The

Fig. 7. PR-LI characteristics and OPSRs of grating VCSELs in different grating periods.

Fig. 8. Far-fields of 6 μm oxide diameter grating VCSELs at periods of 600 and 1000 nm.
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influence of the surface grating on threshold current and output power is not evident. The PR-spectra were measured at 1.5mA and
shown in the bottom part of Fig. 6. The spectra clearly demonstrate the OPSR from the gap between the orthogonal and parallel
polarization peak is 26 dB, which is larger than that calculated above. And the difference is originated from spontaneous emission and
suppressed modes are also included when the optical powers were measured, inevitably.

Furthermore, surface grating VCSELs with five grating periods were established. The VCSELs featured grating periods of 1000,
800, 700, 600, and 500 nm. The gratings were oriented along the [011] crystallographic axis. All of the VCSELs exhibit well-defined
and stable polarization for all grating periods up to the thermal rollover because of the large dichroism introduced by using a
dielectric surface grating with the optimized grating parameters described previously. Fig. 7 shows the PR-LI characteristics of grating
VCSELs with these five periods. The grating VCSELs demonstrate remarkable polarization control, except for the device with the
period of 1000 nm which is larger than the VCSEL wavelength of 890 nm. Simultaneously, the threshold current of the grating VCSEL
with the period of 1000 nm is larger and its output power is smaller than those of the other devices. The average OPSR of this device
is approximately 11 dB, whereas those of the other periods are all above 17 dB. The grating VCSELs with the period of 600 nm
perform the excellent polarization characteristics in this experiment. The diffraction loss of grating VCSELs with periods could be
intuitively observed with the aid of far-field shown in Fig. 8. The grating periods of 600 nm, as a representative of smaller period than
the VCSEL wavelength, and 1000 nm, which is larger than the VCSEL wavelength, were compared. The device with a period of
600 nm emits only at the center lobe, and no emission side lobes appear. However, the side lobes clearly arise in the plot of the large-
period-grating VCSEL, and strong side lobes appear in the region of approximately± 15°. The considerable power of the side lobes
may be the cause of the total power to decrease.

5. Conclusion

In summary, a newly defined technology called two-step exposure lithography is proposed to promote efficient and economical
mass fabrication of polarization-stable grating VCSELs. The polarization characteristics of grating VCSELs with different periods were
investigated in detail theoretically and experimentally. The results show that the VCSELs with grating period shorter than the
wavelength exhibited a remarkable OPSR of 17 dB, and the VCSELs with grating period longer than the lasing wavelength show an
obvious diffraction and a relatively low OPSR. Therefore, for a further improvement in OPSR, much more attention should be paid to
the grating whose period is no more than the lasing wavelength of VCSEL in future production.
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