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This paper reports on a method for improving the optical efficiency of micromachined reflectors integrated
in rubidium vapor cells for application in atomic MEMS sensors. A hybrid bulk micromachining and
multilayer PECVD thin film process is used to form the Bragg reflectors on angled sidewalls, which redirect
laser light through the vapor cell and back toward the plane of the source with reduced optical power loss.
Integrated thin film Bragg reflectors are shown to improve the reflectance of the micromachined surface
by almost three times, resulting in an optical return efficiency of two paired dielectric reflectors that is as
much as eight times higher then uncoated silicon reflectors. Absorption of the 87Rb D, absorption line at
a wavelength of 795 nm in a 1 mm?3 vapor cell is demonstrated experimentally by use of two integrated
thin film reflectors with a total optical return efficiency approaching 40%.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The engineering of miniature vapor cells for the encapsulation
of gases is of widening interest [1]. Such cells form the cen-
tral elements in emerging microelectromechanical system (MEMS)
technologies based on the atomic transitions of alkali gases, such as
miniaturized atomic clocks, magnetometers and potentially gyro-
scopes [2,3]. Micromachined vapor cells have been previously
proposed and demonstrated by use of a variety of innovative tech-
niques, including wafer level glass blowing [4].

In many vapor cell applications, integrated optical reflectors
are required for optical routing through the cell. Such designs
are preferable for system integration and miniaturization because
the light is returned to the plane of the source. This allows
the optical source and detection elements to be located on the
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same side of the cell. For example the Honeywell [5] chip scale
atomic clock (CSAC), as described in [6], incorporates microma-
chined angled silicon reflectors within the physics package for
routing laser light through the vapor cell from a vertical cav-
ity surface emitting laser (VCSEL) to a coplaner photodiode. Even
though simpler to implement than coated reflectors, bare sili-
con is an inefficient reflector at the required laser wavelengths
for atomic clocks and sensors, yielding optical losses of nearly
70%.

As miniaturization of atomic systems progresses to compact
systems for remote applications, the power available to operate
these systems is restricted. For example, CSAC packages with power
consumption below 200 mW have been demonstrated and a CSAC
with consumption below 50 mW is targeted for remote applications
requiring battery power [7]. In addition, elegant designs based on
natural divergence of the VCSEL for sensor applications reduce the
power available to the signal carrying component of the light [8,9].
Both the severe power budgets on the VCSEL and the increased
functionality requested of the VCSEL require an improvement in
the efficiency of the integrated reflectors.
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Fig. 1. Vapor cell with integrated multilayer thin film reflectors (on a US quarter for
scale) with corresponding dimensions.

Previous devices incorporate deposited optical thin films to
improve the reflective efficiency. A simple reflector may be formed
by incorporating a metallic film, such as a copper reflector used
in the vapor cell of the Symmetricom [5] CSAC [10]. Due to effects
such as thermal currents, metallic reflectors within the vapor cell
may disturb the sensitive electromagnetic environment required
for many miniature vapor cell applications [11]. Metallic coatings
are also vulnerable to oxidation and can react with alkali atoms,
which can degrade their reflectivity over time. In addition, it may
be difficult to control the polarization state of the reflected light
using metallic reflectors. In this work, thin film dielectric structures
are used to form reflectors which improve the reflector efficiency
without the drawbacks imposed by metals.

This paper demonstrates a set of high efficiency nonmetallic
multilayer thin film reflectors integrated into a micromachined
rubidium vapor cell, shown in Fig. 1. This work is an expansion of
the preliminary results presented at [IEEE MEMS 2008 [12]. In Sec-
tion 2, we explore the optical characteristics of bulk micromachined
reflectors and demonstrate the need for improved reflectance
characteristics through thin film structures, in particular in minia-
turized atomic inertial sensors. The characteristics of the deposited
angled Bragg reflectors are described in Section 3. In Section 4, the
fabrication of the miniature vapor cell with integrated Bragg reflec-
tors is described. In Section 5, the reflectors are characterized at the
designed target wavelength, and the viability of the reflector con-
taining miniature vapor cell is demonstrated. The implications of
systematic nonuniformities due to the reflector fabrication tech-
nique are discussed in Section 6.

2. Design of micromachined reflectors
2.1. Integrated micro-reflectors for atomic MEMS

Many applications are emerging for micromachined atomic
vapor cells as the central element for MEMS sensors based on
nuclear or electron magnetic resonance (NMR). The complexity of
these systems requires innovative micromachined components to
achieve a compact miniaturized implementation. Traditionally, in
order to achieve magnetic resonance in the vapor of an enclosed
alkali metal, a two crossed beam approach is used [13]. This basic
architecture has been the basis for a variety of magnetometers [14],
as well as proposed for gyroscopes [15]. However, this approach
generally requires multiple propagating beams from either exter-
nal reflectors or optoelectronic components distributed around the
vapor cell. Optical reflectors integrated directly into the vapor cell
increase the potential for a compact miniaturized implementation
by enabling a crossed beam architecture without additional assem-
bled components.

A simplified NMR magnetometer has been demonstrated that
reduces the optical source to a single diverging beam [8]. In this
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Fig. 2. Optical return cell with integrated sidewall reflectors for operation with a
planer vertical cavity surface emitting laser (VCSEL) and photocollector elements.

implementation, the inner and outer beam components are used to
form the respective pump and probe paths. Based on this diverging
beam concept, an atomic MEMS NMR gyroscope has been proposed
[9]. The optical design requires that the outer probe segment of
the diverging beam from a VCSEL is reflected through the center
of the miniature atomic vapor cell and returned to the plane of
the source, while the central segment is used for optical pumping,
as shown in Fig. 2. This geometry reduces the cell interrogation
to a single plane of optoelectronic components while minimizing
the possibility of optical feedback, which may result in undesirable
effects such as mode-hopping in the VCSEL laser [16,17]. Optical
feedback is more likely to occur in a vapor cell with a simple, non-
angled backplane integrated reflector, such as in the Symmetricom
[5] CSAC[10], where much of the incident power is directly returned
to the optoelectronics plane and the VCSEL.

The demands of atomic MEMS applications require that inte-
grated reflectors must be designed to preserve both the intensity
and polarization state of the light at a specific optical wavelength
to be effective. Vapor cells for NMR gyroscopes typically encap-
sulate gasses such as cesium or rubidium, which absorb circularly
polarized light at specific optical absorption line wavelengths. The
absorption of circularly polarized light is used for both the state
preparation (pump) and detection (probe) of the alkali gas. For
the system that we describe, the reflectors are designed for the D,
absorption line of 87Rb at a wavelength around A ~ 795 nm.

2.2. Silicon reflectors

Chemically etched angled silicon surfaces have long been
reported to be applicable for redirecting optical beams ([18], for
example). However, the reflective properties of an uncoated, bare
silicon surface are poorly suited for the high-efficiency routing of
light. The maximum reflection of general, unpolarized light from an
ideal silicon surface may be calculated from the optical properties
of bulk silicon. At an optical wavelength A of 795 nm, the complex
optical index of silicon is n + ki = 3.68 + 7 x 10~3i, where n is the
index of refraction and k is the coefficient of extinction of the mate-
rial. The reflectivity from the surface of a bulk material at normal
incidence may be calculated as

(n—1)7+k?
(m+1)> + k2’

which for silicon yields a reflectivity of 0.33 [19]. This indicates
that a maximum of 33% of the optical power will be reflected from
a silicon surface, with the remaining power transmitted through
or absorbed by the reflector material. For the reflection from two
silicon surfaces, such as is required for return reflection, Ry, =
R? = 0.11. This indicates a loss of at least 1 — Ry = 0.89 = 89%
from bulk transmission within a bare silicon return reflector cell,
which is excessive and undesirable. For bulk silicon, both n and k

R= (1)
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Angled Micromachined Reflector Response at A=795 nm
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Fig. 3. Reflectance and ellipticity of micromachined reflectors under ideally incident
circularly polarized light at A = 795 nm.

decrease as the wavelengths lengthen into the infrared with a cor-
responding decrease in reflectivity and increased need for reflective
coatings.

In addition, bulk dielectric reflectors such as uncoated sili-
con have a limited capacity for maintaining circular polarization
for reflection at non-normal angles of incidence. Light in a state
of circular polarization has the optical power is equally divided
between the plane parallel (p-polarized) TM and plane perpen-
dicular (s-polarized) TE waves, which are out of phase with each
other by /2. Reflected light must maintain both the magnitude
and phase conditions to remain circularly polarized. The difference
between the TM and TE wave reflectance causes the state of polar-
ization to become linearly polarized along the plane perpendicular
direction. At increasing angle of incidence, the polarization ellipse
becomes increasing linear until, at the Brewster’s angle, reflected
light becomes linearly polarized and circularly polarization charac-
teristics are completely lost.

The state of polarization may be characterized by the elliptic-
ity angle € of the light. At € = £45°, the light is ideally circularly
polarized, while at € = 0°, the light is linearly polarized [20]. Both
the reflectance and ellipticity response of circularly polarized light
reflected from uncoated silicon is shown in Fig. 3. The reflectance
remains constant at 33% over a wide range of angles. However, the
reflected ellipticity drops rapidly towards zero for angles greater
than 32° making such a reflector unsuitable for applications requir-
ing non-normal angles of incidence.

2.3. Dielectric multilayer reflectors

Multilayer structures of thin films of dielectric material may be
used to increase the optical reflectivity. In the distributed Bragg
reflector (DBR), light reflected at the interface between each layer is
designed to constructively interfere to maximize the total reflected
optical power at a specific wavelength. The reflectivity is maximized
if the structure is composed of alternating layers of two materials of
different indices of refractions. If the optical thickness of each layer
is one-quarter wavelength of the light to be reflected, such that

A
tlayer = ﬁ ) (2)

where ti,per is the thickness of each layer, A is the wavelength of
light to be reflected and n is the index of refraction of each layer, the

reflectance at normal incidence of such a structure at A. is given by

. (1 —(m/m)”(n%,/m))z
1+ (n/nP(n2 /ns) )

ny and n; are the higher and lower index of refractions of each of the
thin film materials, respectively, p is the number of layer pairs, and
ns is the index of refraction of the substrate [21]. The materials are
assumed to be optically lossless (k = 0). It can be readily seen that
reflectivity increases rapidly for both an increasing optical index
contrast (ny/n;) and for an increasing number of layers.

A variety of dielectric materials are available for deposition
onto silicon structures by use of conventional thin film techniques.
Amorphous silicon (« Si) provides a high index of refraction of
ny = 3.9, while silicon dioxide (SiO; ) has alow index atn; = 1.45 at
A =795 nm [19]. Use of these materials yields a high optical index
contrast (ny/n; = 2.7). On a silicon substrate, p = 3 layer pairs (six
total layers) form a mirror of R = 0.997, or better than 99% efficiency
after two reflections.

At lower infrared and visible wavelengths, the coefficient of
extinction of amorphous silicon is small but not negligible, since
at A =795nm, ks = 0.13. This may result in absorptive losses
within the multilayer reflector [19]. Alternatively, silicon nitride
(SiN) may be used as a high index material with ny = 2.0 and neg-
ligible absorptive loss at this wavelength (ksjy < 2.2 x 10~4) [19].
However, the contrast with silicon dioxide isreduced tony /n; = 1.4
and p = 6 layer pairs or twelve total layers are required to reach
a maximum individual mirror reflectance of R = 0.925 (or equiv-
alently 85% efficiency after two reflections). For both systems, the
losses in the silicon dioxide used as the low index reflector material
are negligible (ksio, < 4.7 x 1075) [19].

In addition, ideal quarter wave Bragg reflectors are able to
preserve circular polarization upon reflection at their design wave-
length A.. As shown in Fig. 3, the twelve layer 6 x |SiN SiO,| reflector
will maintain the circular polarization to within 5° of ellipticity for
incidences up to almost 35°, while the six layer 3 x |«Si SiO,| will
maintain the same ellipticity for incident angles up to 58°.

3)

3. Thin film deposition onto cavity sidewalls

Multilayer dielectric coatings for the formation of reflectors
are generally formed by either physical vapor deposition (PVD) or
chemical vapor deposition (CVD). PVD techniques, include sput-
tering or vacuum evaporation, are the traditional methods for
depositing optical thin films for the formation of the dielectric
reflectors. However, CVD techniques, especially plasma enhanced
chemical vapor deposition (PECVD) has many practical advantages
for formation of thin film reflectors, including higher deposition
rates, continuous material flow allowing a large number of depo-
sition steps under continuous vacuum and the formation of films
with better robustness to environmental changes [22].

Commonly, PECVD process tools are designed and developed
for use in coating planar substrates such as semiconductor wafers.
PECVD is also frequently used for filling processes, such as into
micromachined trenches and cavities. However, optical coatings
deposited onto the surfaces of non-planar micromachined fea-
tures are rarely reported. One notable exception is the proposed
fabrication of optical structures onto surface etched facets as opti-
cal couplers for integrated optoelectronic devices [23]. However,
the integration of multilayer Bragg reflectors onto surfaces inside
deeply etched cavities, such as is necessary for the fabrication of
micromachined vapor cells, has not been previously reported.

One difficulty with the fabrication of these reflectors is the
nonuniformity of deposited films inside narrow features. Adams
showed in 1983 that PECVD films deposited onto the sidewalls of
narrow cavities are not uniform and decrease in thickness with
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Fig.4. Cross section of 12 alternating layers of silicon nitride and silicon oxide form-
ing a thin film Bragg reflector deposited onto the angled (1 1 1) sidewalls of an etched
silicon wafer (courtesy A. Schofield).

Fig.5. Orthogonal arrival angles (6, ¢) for deposition along the sidewall centerline of
a symmetric bulk micromachined cavity of wet etch angle « and square etch widow
of edge length Lo.

depth [24]. These variations are attributed to the high mean free
path of the low pressure vapor species during deposition and insuf-
ficient reactant species migration along the surface. This results in a
thin film deposition rate that depends strongly on the arrival angles
open to the PECVD reactor.

Adams demonstrated how a proportionality between the arrival
angle in a cross section of a vertical trench and the PECVD rate
accounts for the nonuniformity of a PECVD film deposited onto the
sidewalls of etched vertical cavities. The notable difference in the
total thickness of a 12-layer sidewall integrated silicon nitride Bragg
reflector between the top (ttp) and bottom (tpetrom) Of the etched
cell shown in Fig. 4 illustrates this effect on the total thickness of a
Bragg reflector.

Adams’ model may be extended to describe the deposition onto
anisotropically etched angled sidewalls as the product of the two
orthogonal sidewall arrival angles. Fig. 5 shows the two orthogonal

Table 1
Thin film PECVD of cavity sidewall Bragg reflectors.
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Fig. 6. Shift in normalized reflector spectrum as deposited perpendicularly on cell
top planar surface (0°) and on angled sidewall surface near the top of the cell (o =
54.7°)in a 6 x |aSi SiO,| Bragg reflector.

arrival angles both between the deposition face and the opposite
wall (0) and between the two adjacent walls (¢). The deposition
face has a wet etch angle «. Arrival angle 8 may be calculated by

1 L2 sin®(a)

4
L2 +d2 — 2Lyd cos(a) “)

6 =sin~

where d is the depth along the sidewall face, L is the cavity opening
width, « is the etch angle, and the oblique or acute angle solution
for sin”'{-} must be chosen to provide the physically suitable and
continuous solution as a function of sidewall depth. Arrival angle ¢
is calculated by

¢=2tan*1{%}, (5)

which for Ly/d« 1 is the same as the approximate ¢ =
tan~! {Lo /d } deposition thickness dependence presented by
Adams for vertical sidewalls.

The dependance of the PECVD deposition rate on the arrival
angles at the cavity sidewalls may be used to account for two opti-
cal characteristics observed in the multilayer reflectors fabricated in
this work, including a discrete step reduction in the high reflectance
wavelength band between the top surface to the angled sidewall
and a continuous reduction in the high reflectance wavelength
band down the cavity sidewall. These characteristics were observed
in Bragg reflectors composed of two different material systems
deposited on the angled sidewalls of identical cavity geometries.
Two different commercial PECVD tools are used to form angled
Bragg reflectors formed of three pairs of alternating amorphous sil-
icon and silicon dioxide (3 x |aSi SiO5|) and six pairs of alternating
silicon nitride and silicon dioxide (6 x |SiN SiO,|) thin film struc-

Film Deposition parameters Gas flow rates [sccm]

T[°C] Pressure [mTorr]| Power [W] N> N,O SiHg 0, Ar
PlasmaTherm 790 PECVD (3 x |«Si SiO3|)
Si0; 250 900 25 150 50 275 - -
oSi 250 980 30 75 4 - - -
BMR ICP PECVD (6 x |SiN SiO|)
Si0; 300 5 1000 - - 9.6 18 20
SiN 300 5 1000 17.5 - 20 - 20
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Table 2
Comparison between arrival angle geometry and reflector wavelength with deposi-
tion type for a 6 x |«Si SiO,| reflector from Fig. 6.

Deposition type Arrival angles Ac [nm]

6 [rad] ¢ [rad] 0 x ¢ [rad?]
Planar big T 2 1000 + 50
Sidewall (at d = 0) b E YA F14 T (71 -2 n) 700 + 50
Sidewall/planar 0.7 1.0 0.7 0.7 +0.1

tures under continuous vacuum using the parameters shown in
Table 1.

The optical response was nondestructively characterized using
the normalized broadband reflection spectrum of the sidewall
reflectors sampled over a nominal spot size of 200 pwm with a sur-
face reflection probe (Ocean Optics R200-7-VIS-NIR [5]) coupled to
a halogen light source (Ocean Optics LS-1 [5]). Although the vari-
ation in film thickness down the cavity sidewall could be directly
observed in SEM micrographs (as shown in Fig. 4), variation in the
reflectance spectrum proved more reliable in characterizing the
effects due to cavity sidewall deposition.

3.1. Step shift

A step reduction in deposition rate from normal deposition on
the top, outside surface to the angled sidewall results from the
abrupt reduction in arrival angle from the outside surface to the
angled sidewall. The reduction in deposition rate results in a dis-
crete shift in the standard, planar film deposition rate for any given
PECVD system. This shifts the reflectance characteristics to lower
wavelengths in proportion to the decrease in deposition rate, as
expected from (2) and shown in Fig. 6. The center wavelength A, is
estimated from the experimental reflectance spectrum by compar-
ison with the analytical calculation of the reflectance spectrum.

Table 2 shows the arrival angles at the surface and the top (d = 0)
of the angled sidewall and their product compared to the center
wavelengths from Fig. 6. The ratio of the product of the arrival
angles and the ratio of center, design wavelengths A. between
the multilayer reflector deposited on the top planar surface and
angled sidewall are observed to be identical to within 15% error.
This correlation suggests that the ratio of arrival angle products
predicted from the cavity geometry may be used to estimate the
shift in reflectance band for a Bragg reflector deposited onto a cav-

| ——d=420 um
|| —— d=350 um
30| — d=280 um
——d=210um

Normalized Reflectance [%)]

201 d=140 um
1ob| ——d=70um
——d=0um

400 500 600 700 800 900
Wavelength A [nm]

1000

ity sidewall. For deposition onto the inner sidewall of a cavity of the
examined geometry with a 54.7° etch angle, the change in arrival
angle suggests a 30% reduction in deposition rate and reflector
wavelength from planar to sidewall deposition.

3.2. Continuous shift

The continuous reduction in the arrival angle progressing into
the cavity results in a continuous thinning of the thin film deposited
down the sidewall of the cavity. This results in a color gradient that
is clearly evident to the naked eye, as shown in the top view insert to
Fig. 1. This gradient progresses along the sidewall reflector from the
top of the vapor cell to the bottom and shows a shift from red to blue.
This indicates a shift in the wavelength A at which the mirror has
maximum reflectance from the longer red wavelengths to shorter
wavelengths of maximum reflectance in the blue. The shift in the
reflectance band of the sidewall reflectors is greater than 400 nm
over a length of less than 600 wm down the sidewall centerline,
as shown in Fig. 7. This downward shift in reflector wavelength is
accompanied by a reduction in reflector bandwidth, as expected
when characterized in (un-normalized) wavelength units [21].

The center wavelength A, may be estimated from the wave-
length at maximum reflectance Ag_,,, which is extracted directly
from the reflectance characterization in Fig. 7. As expected from (2),
this characteristic wavelength is proportional to the sidewall depo-
sition rate. Over the characterization distance on the upper half of
the sidewall reflector, a decrease in deposition rate of more than 40%
is observed, as shown in Fig. 8. When the variation in Ag,, down
the sidewall is compared to the variation in the arrival angles, it is
observed that the product of the arrival angles 6 x ¢ correlates well
with the variation in Ag,,. . This suggests that the sidewall deposi-
tion rate can be well characterized by the arrival angle product, as is
expected from the dependence on the solid arrival angle suggested
by Adams.

Due to the continuous variation in deposition rate on the cavity
sidewalls and subsequent shift in reflector wavelength, it is chal-
lenging to maintain high reflection at a single wavelength over
the entire sidewall. However, by forming a Bragg reflector with a
wide reflection bandwidth, the reflection at the target wavelength
may be maximized over as much of the sidewall as possible. The
reflection band is maximized by choosing thin films with a high
optical contrast, such as is evident in the larger bandwidth of the
|aSi SiO, | reflector (Fig. 7(a)) relative to that of the |SiN SiO, | reflec-
tor (Fig. 7(b)).

®) 100

90
80
70

Normalized Reflectance [%]

400 500 600 700 800 900
Wavelength & [nm]

1000

Fig.7. Normalized reflectance shift in sidewall integrated Bragg reflector with vertical position d down the cavity sidewall. (a) 3 x |aSi SiO;| sidewall reflector. (b) 6 x |SiN SiO;|

sidewall reflector.
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Arrival Angle Change vs. Wavelength Shift on Angled Cavity Sidewalls
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Fig. 8. Change in arrival angles (A9, A¢, A(6 x ¢)) and the experimentally mea-
sured change in wavelength of maximum reflectance (AAg,,, ) from Fig. 7.

To minimize the effects due to the shifting reflector and because
of the wider available reflector bandwidth, the completed vapor cell
was formed from a cavity with an integrated six layer 3 x |«Si SiO;|
Bragg reflector. This choice in the reflector design increases the
reflector bandwidth at the expense of having slightly higher absorp-
tion over the SiN based reflectors. However, high reflectance
is maintained over larger variation in the total Bragg reflector
thickness and, thus, over a larger surface area of the cell cavity
sidewalls.

4. Vapor cell fabrication

The fabrication of the cell is a hybrid of traditional wet etch
bulk micromachining [25], optical thin film deposition [22], and
anodic wafer bonding [26]. Referring to Fig. 9, the first three steps
are of an anisotropic silicon wet through-etch. The next four steps
are the processing related to the optical films. The final step is the
encapsulation of alkali vapor and buffer gasses.

In Step 1, we start with a 1 mm thick double side polished (DSP)
undoped silicon wafer. On each side of the wafer, a 3000 A thick
silicon nitride layer is deposited via low pressure chemical vapor
deposition (LPCVD). The silicon nitride is used as a wet etch hard-
mask. In Step 2, a 1.8 mm sided square is patterned lithographically

1) DSP Silicon
wafer w/ silicon

» nitride hard mask
Silicon

2) Photolithographic
pattern transfer to
frontside hardmask

3) Anisotropic
silicon wet etch
(45% KOH+5%IPA
@ 80°C until etched
through (>30hrs)

<111>

54.77

4) Wet strip of
silicon nitride (85%
Phosphoric Acid @
160°C)

Table 3
Return reflection vapor cell characteristics.

Reflector cell Vapor cell Multilayer reflector

Optical element Dimension Gas  Pressure [Torr] Thin film e [nm]

Reflector area (4x) 1.3 mm? 87Rb  condensed asSi (3x) 60
Reflector angle 54.7° Xe 153 Si0, (3x) 140
Cell window 3.2mm? N, 1100

Cell volume 1 mm3

by use of a AZ4620 photoresist mask. This mask is aligned to the
(100) wafer flat. The cell window pattern is transferred to the sili-
con nitride hardmask via a short reactive ion etch (RIE). In Step 3,
the patterned wafer is immersed in a bath of 45% (by volume with
water) potassium hydroxide (KOH) to which is added 5% (by vol-
ume) isopropyl alcohol (IPA). The bath is heated to 80°C, causing
the exposed silicon to etch at ~0.5 wm/min, revealing the sur-
faces of the (111) crystalline planes. This forms a cell with flat,
angled sidewalls inclined at 54.7° to the wafer surface. The etch is
allowed to progress through the wafer, typically taking more than
30h.

In Step 4, the silicon nitride hardmask is chemically removed
via a hot 160° C phosphoric acid dip. In Step 5, the top surface
of the etched silicon is stamped onto a shallow photoresist film
and allowed to dry, which provides protection to the anodic bond-
ing surfaces during subsequent deposition. Then in Step 6, the
3 x |aSi SiO;| optical films are sequentially deposited by PECVD
using the PlasmaTherm 790 parameters described in Table 1 under
acontinuous vacuum. In Step 7, the final cell preform is fabricated by
removing the top surface protection via a fuming sulfuric acid dip,
resulting in the lift-off of the excess thin film material and cleaning
of the surfaces.

In Step 8, the preform is filled with the alkali material using the
technique described previously in [27]. In brief, the filling method
consists of combining BaNg and 87RbCl inside a glass ampoule. The
ampoule nozzle is aligned to the cell preform within a vacuum
chamber and heated to release 87Rb into the cell preform. Then
buffer gases are admitted into the chamber and the cell is sealed
via anodic bonding between two transparent Pyrex 7740 [5] plates.
In this case, the vapor cell was filled with 87Rb along with buffer
gasses of 153 Torr Xe and 1100 Torr N,. The top plate forms a win-
dow that allows optical access to the vapor. The characteristics of
the fabricated vapor cell are tabulated in Table 3.

5) Introduce
bonding surface
protection

6) Sequential
Multilayer Dielectric
Deposition

Multllayer

Reflectors 7) Remove excess

multilayer material
by removing surface
protection

e
AR

Pyrex

8) Alkali gas fill and
seal with optical
cap via anodic
bonding

Bonded Vapor Cell

Surfaces

Pyrex

Fig. 9. Fabrication of the bulk micromachined silicon reflector preform with the high reflectance multilayer sidewall reflector, including the final anodic bonding and gas

encapsulation process.
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Fig.10. Reflectance from a single bulk micromachined silicon sidewall reflector with
and without multilayer reflectors.

5. Characterization
5.1. Cavity sidewall reflector

The reflection of an individual etched sidewall was character-
ized by splitting a cell (after Step 7 of fabrication) and mounting the
cleaved face on a rotation stage. In this experiment, we used a sin-
gle mode VCSEL temperature stabilized at 20 ° C using a commercial
laser diode mount (Thorlabs TCLDM9 [5]). The light beam from the
VCSEL was directed at the surface and was focused using an aspheric
lens to spot size at the sample of less than a 0.25 mm in diameter
across less than 20% of the surface (down cavity) length and less
than 4% of the surface area of the cavity sidewall. The reflected beam
was collected and the power monitored by a photodiode at differ-
ent reflection angles of incidence. Fig. 10 shows the power collected
normalized by the VCSEL emission power. The reflective surfaces of
the cell are characterized to have a reflectance over 80% for inci-
dent angles up to 40°, which is almost three times greater than
that of an identically etched bare silicon sidewall reflector, which
exhibits a reflectance under the same experimental conditions of
less than 30%. Up to 6.2% loss may be attributed to optical absorb-
tion in the reflector itself [28], while the remaining deviation from
ideal reflectance likely due to the characterized thin film nonunifor-
mity. In addition, the experimentally observed angle of incidence
limitation in excess of that expected from Fig. 3 is also likely due to
the shifting thin film thickness.

5.2. Vapor cell

To characterize the optical absorption by the encapsulated vapor,
the light from the VCSEL was passed directly through the com-
plete vapor cell, shown in Fig. 1. A small resistive heater was used
to elevate the cell temperature, increasing the vapor pressure of
the 87Rb within the enclosed cell. The emission wavelength of the
VCSEL was swept by varying the drive current at constant VCSEL
temperature from approximately 794.5 nm at 1.0 mA to 795.1 nm
at 2.0 mA estimated from the published response characteristics of
the VCSEL [29]. At increased vapor pressure under elevated tem-
peratures, wavelength swept VCSEL light transmitted through the
cell showed significant absorption at the D; atomic transition of
87Rb (794.8 nm in air), demonstrating alkali vapor encapsulation
(Fig. 11).

0.03 T T T T T T T T

o
o
S)

Transmitted Optical Power [mW]
o
o

1 1.1 1.2 1.3 1.4 15 1.6 1.7 1.8
VCSEL Drive Current [mA]

Fig. 11. Optical absorption of the 87Rb D, atomic transition in the vapor cell under
elevated temperature (T ) versus VCSEL drive current (laser frequency).

5.3. Return reflection

The VCSEL beam was then directed onto one sidewall of the
cell. The beam was reflected through the cell and redirected back
towards the plane of emission for detection by the reflector on the
opposite sidewall. The temperature of the cell was held fixed at a
temperature of 100° C by use of feedback control, and the VCSEL
drive current was tuned until a pronounced absorption peak was
detected indicating vapor cell interrogation under return reflected
light (Fig. 12). Although the Bragg reflector bandwidth will shift
to longer wavelengths at elevated temperature, since the thermal
expansion coefficient of both amorphous silicon and silicon diox-
ideisless than3 x 10-6/° C around room temperature, temperature
change of less than 100 °C, will result in shifts in the reflector band-
width of less than 0.03%. When normalized by the optical power of
the source, under a return reflective path, an optical efficiency of
40% for the reflector cell was demonstrated. This is four times bet-
ter than the 10% return reflection efficiency from a similarly etched
silicon cell preform.

Not included in the efficiency of the bare silicon preform are
losses additional to reflector inefficiencies in the complete vapor

100 — T 1 T T T
- %o S rarPriom
‘el_?.. : ] . H i
> 80[] i i A iy e R
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g 70[
W eor R SUR S o e faviied
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] . . :
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Fig. 12. Optical efficiency of the vapor cell and cell preforms during return reflection
with and without integrated reflectors.
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cell. Nominally, a 4% reflective losses at each glass interface is
expected yielding an estimated 16% total loss from the cap window
for the double cell sidewall reflection path. An optical efficiency
approaching 78% was observed in a preform incorporating thin film
reflectors fabricated side-by-side with the complete vapor cell. The
22% difference between the complete vapor cell and unfilled pre-
form might be associated with scattering due to an abundance
of rubidium observed to be condensed on the cell window. An
additional loss source might be the deposition of some portion
of the rubidium precursors, resulting from an incomplete reaction
between the barium azide and the rubidum cloride, on the reflec-
tor surfaces and contributing to the observed absorption losses.
However, comparison between the two unfilled preforms, with and
without thin film reflectors, indicate that the multilayer reflectors
improve the optical efficiency by a factor of seven to eight for an
optical path with two reflections.

6. Discussion

Although the optical performance of the cell with dielectric
reflectors is increased dramatically over that expected from a vapor
cell formed from uncoated silicon, the performance is less than
might be expected from the analytical estimates according to (3).
It is expected that this is due to the variations in the thin film
thickness from the optical optimum thickness expressed by (2),
as explored in Section 3. Although it has been demonstrated here
that the characteristics of PECVD for the fabrication of Bragg reflec-
tors in vapor cell geometries will result in a strong variation in
the reflected wavelength with reflector position, these variations
may be predicted by the cavity geometry. Due to this predictability,
the decrease in reflectance performance may be mitigated by an
optical thin film design optimized to accommodates this variation.
Thin film designs optimized for integrated sidewall reflectors with
deposition nonuniformity are outside the scope of this paper.

More advanced thin film reflector designs have been proposed
to generate specific polarization states upon reflection. Of specific
interest to atomic MEMS applications are thin film phase shift-
ing reflectors, which may be used to generate circularly polarized
light from the VCSEL light eliminating the need for the gener-
ally required phase retarding quarter wave plate [30]. However,
advanced designs with additional polarization functionality use-
ful for atomic MEMS would be difficult to achieve under such
film nonuniformity. However, such designs may be implementable
under fabrication conditions optimized for sidewall film unifor-
mity. Using PVD processes, which proceed under lower pressures
resulting in line-of-sight deposition, it may be possible to minimize
cavity sidewall deposition nonuniformities. Emerging techniques,
such as atomic layer deposition (ALD), that are both highly confor-
mal and uniform would be likely be suitable for the formation of
highly uniform sidewall integrated Bragg reflectors [31,32]. How-
ever, the practical advantages of PECVD over these techniques
would have to be sacrificed. Alternatively, the performance chal-
lenges due to nonuniform deposition using PECVD may be partially
compensated for using advanced designs. An extended bandwidth
reflector design has been demonstrated to provide high reflectance
at the target wavelength over most of the cavity sidewall even under
such nonuniform deposition conditions [33].

7. Conclusions

The use of multilayer thin film Bragg reflectors deposited on
the sidewall of a bulk micromachined cell for integrated optics in
vapor cells, as may be used for atomic MEMS sensors, has been
demonstrated. In spite of process imperfections due to nonuniform
deposition on angled surfaces, the multilayer reflectance is shown
to be almost three times better than that of uncoated silicon. Under

the two reflections within a micromachined cell required for return
reflection, the optical efficiency was observed to be improved by
as much as eight times by integrating Bragg reflectors. A process
suitable for the fabrication of encapsulated rubidium vapor cells
containing integrated reflectors is demonstrated. The D; absorption
line of 87Rb is resolved in a miniaturized vapor cell by use of two
integrated thin film reflectors with a return reflection efficiency
near 40%.
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