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ABSTRACT

We demonstrate wafer-scale fabrication of temperature-compensated alkali vapor cells using a mixture of Ar and N2 buffer gases. The tem-
perature coefficient of the fractional frequency shift of the hyperfine clock resonance is reduced from a typical value of �30� 10�9= K for
cells containing pure N2 to below �3� 10�9= K for the buffer gas mixture. This result is an important step toward the mass production of
temperature-compensated atomic vapor cell-based devices such as chip-scale atomic clocks.

Published by AIP Publishing. https://doi.org/10.1063/5.0264409

Chip-scale atomic clocks (CSACs)1,2 are by now a successful
commercial product and have been deployed in undersea seismic
research,3 power grid applications,4 synchronization and time keeping
in GPS-challenged environments,5,6 and space.7 CSACs achieve a
long-term frequency stability superior to most quartz crystal and
microelectromechanical systems (MEMS) oscillators, while maintain-
ing a compact size and low power consumption.8 However, the rela-
tively high cost of CSACs compared to most quartz oscillators, as well
as low-volume manufacturing, impede their wider-spread use in real-
world applications.

Microfabricated alkali vapor cells based on anodic bonding of
glass and silicon9 are at the heart of CSACs, and wafer-level fabrication
processes have been developed10–14 to enable low-cost, high-throughput
manufacturing of CSACs and other atomic vapor cell-based sensors.
Alkali atoms can be introduced into the cells using a variety of meth-
ods,9,15 including the chemical reactions of precursors,10,11,13,16,17 alkali
dispenser pills,15,18,19 or the use of pure alkali metal,12 which have all
been demonstrated at the wafer level. In addition to the alkali atoms,
atomic vapor cells in microwave clocks require a buffer gas to prevent
wall-induced relaxation and enhance the quality factor of the micro-
wave resonance in the clock. However, interactions between the alkali
atoms and the buffer gas atoms introduce a temperature-dependent fre-
quency shift of the hyperfine resonance.20,21 This temperature depen-
dence is usually empirically described (in the absence of other
frequency-changing perturbations) by a second-order polynomial,22,23

�ðTÞ ¼ �0 þ P bþ dðT � T0Þ þ cðT � T0Þ2
� �

; (1)

where �0 is the unperturbed hyperfine splitting frequency of the alkali
atom; �ðTÞ is the measured line-center frequency at temperature T,
shifted from �0 due to collisions with buffer gases; P is the buffer gas
pressure; and b, d, and c are the 0th-, 1st-, and 2nd-order coefficients
for the temperature-dependent collisional shift specific to the type of
buffer gas and alkali atoms.21 For cells containing a single gas species,
the first-order term usually dominates, resulting in a frequency shift
that is roughly linear in temperature to first order, but which may have
a different sign depending on the buffer gas being used. By choosing a
mixture of buffer gases with opposite first-order frequency shifts, the
linear temperature coefficient can be reduced or canceled. Reduced
temperature coefficients by optimizing buffer gas mixtures have
been shown for individual Rb and Cs vapor cells with a Ne/Ar,24–27

Ar/N2,
28 or He/Ne buffer gas mixtures.29

The fabrication of temperature-compensated vapor cells at the
wafer level is complicated by the way in which the alkali atoms are
introduced to the cells. For example, cell-filling methods involving the
dissociation of alkali azides after cell sealing9,30 create N2 as a reaction
product and achieving the correct buffer gas ratio requires stopping
the dissociation reaction at a precise time or controlling precisely the
quantity of initial reactants. On the other hand, methods that rely on
the activation of an alkali molybdate Zr/Al pill15 typically getter N2

during the activation;18 for this method a Ne/Ar mixture can be used
for temperature compensation of Cs vapor cells.25

Recently, we have developed a new process for producing micro-
fabricated alkali vapor cells at the wafer scale.10 This process in princi-
ple enables the fabrication of wafers of vapor cells containing Rb or Cs
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with any combination of buffer gases, or no buffer gases at all.13 Here,
we show that this method is suitable for the production of
temperature-compensated vapor cells. We fill an array of 1� 1� 1
mm3 cells with an Ar/N2 buffer gas mixture and demonstrate a
reduced temperature coefficient (i.e., d�ðTÞ=dT) for all vapor cells on
the wafer by an order of magnitude over pure N2 cells. The yield of
functional vapor cells on the wafer is 64%.

Our wafer-scale cell fabrication process was described in detail in
Refs. 10 and 13 and is shown here in Fig. 1(a). A 1mm thick doped sil-
icon wafer was etched using deep reactive ion etching with two spa-
tially offset arrays of cavities as shown in Figs. 1(a) and 1(b): an array
of optical cavities of area 1� 1mm2, which will form the atomic
vapor cells, and an array of auxiliary “deposition” cavities area of
0:75� 0:75mm2, which contain the precursor materials needed to
produce the alkali atoms. Long narrow channels were etched on the Si
surface between the cavities to allow gases produced during the bond-
ing process to escape.13

A 500lm thick borosilicate glass wafer was anodically bonded to
one side of the Si wafer, forming the wafer preform. A precursor solu-
tion of BaN6 and RbCl was then dispensed into the deposition cavities
in the wafer preform using an automated syringe-based system. The
wafer preform with precursors added was then loaded into a commer-
cial wafer bonder, with a second 500lm thick borosilicate glass wafer
located slightly above the open side of the Si wafer, and heated to
180 �C under vacuum. Metallic Rb was formed inside the deposition
cavities by a chemical reaction of the precursor solution at this elevated
temperature, which then evaporated and condensed on the lower sur-
face of the top glass wafer due to the vertical temperature gradient.
After cooling to 40 �C, the top glass wafer was lifted by a few milli-
meters and an Ar/N2 buffer gas was introduced into the bonding
chamber, resulting in a total chamber pressure of 749 mbar (562Torr).
This relatively high pressure was chosen for technical convenience to
minimize arcing during the final anodic bonding step. The gas pressure
ratio was adjusted to PAr : PN2 ¼ 1.37:1 following the experimental
results in Ref. 22 to create a temperature-compensated buffer gas mix-
ture with an expected turning point at 75 �C, at which d�ðTÞ=dT � 0.
We note that the measured turning point is higher than the expected
value, around 100 �C, most likely due to N2 generated from residual
BaN6 decomposition during the final anodic bonding step.

The top glass was then laterally translated to move the Rb drop-
lets from the deposition cavities to the adjacent optical cavities and a
final anodic bonding step was performed at 180 �C to create the final
sealed atomic vapor cells. This relatively low temperature for anodic
bonding was chosen to minimize Rb vapor leakage during the final
bond while maintaining a good bonding quality. The fabricated wafer
is displayed in Fig. 1(b), with the inset showing the individual atomic
vapor cells containing Rb as well as the smaller deposition cavities.

After fabrication, the frequency of the 87Rb j2S1=2; F ¼ 1;mF

¼ 0i ! j2S1=2; F ¼ 2;mF ¼ 0i clock transition was measured for
each cell on the wafer using coherent population trapping (CPT) exci-
tation on the D1 line with a vertical cavity surface-emitting laser
(VCSEL). This was carried out as a function of temperature between
88 and 108 � C in a magnetically shielded environment with an applied
longitudinal field of �40 lT . The VCSEL was modulated at one-half
the hyperfine splitting frequency (about 3.417GHz) using an RF syn-
thesizer, which was referenced to a hydrogen maser. The light was cir-
cularly polarized after a quarter wave plate and its power was 1:2 lW
before entering the cell with a beam 1/e2 radius of about 0.15mm. The
laser frequency detuning was optimized by tuning the laser frequency
to a point near the bottom of the absorption profile to yield the highest
signal-to-noise ratio (SNR) for the majority of cells, and subsequently
the series of CPT measurements was performed without active wave-
length stabilization. Autobalanced photodetection of the transmitted
beam and a reference beam was used to adjust for the varying intensi-
ties of the transmitted power within the array of atomic vapor cells.

A typical CPT spectrum obtained with frequency modulated
(FM) lock-in detection is shown in Fig. 2(a), acquired by stepping the
RF synthesizer in a 620 kHz range around the estimated frequency of
the CPT resonance. The full-width-half-maximum of the correspond-
ing Lorentzian CPT line shape is around 3.6 kHz. To enhance the sig-
nal-to-noise ratio, we measured the lock-in signal at two frequencies
near the center of CPT resonance and estimated the CPT center fre-
quency from the two datapoints in real-time with a measurement time
totaling 20–30 s per center frequency measured.

Figure 2(b) shows the measured CPT center frequency shift com-
pared to the unperturbed hyperfine splitting of 87Rb, �ðTÞ � �0, across
the Ar/N2 wafer measured at T ¼ ð1006 0:5Þ �C. Out of the total of
nearly 26� 17 cells etched on the wafer, only the 24� 12 cells in the

FIG. 1. (a) Wafer-scale fabrication pro-
cess of alkali vapor cells with
temperature-compensated buffer gas mix-
ture. In step 3, the pressure ratio between
Ar and N2 is controlled to cancel the first-
order CPT temperature coefficient. (b)
Wafer after fabrication. Inset: magnified
view of optical cavities containing Rb and
the auxiliary deposition cavities.
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center of the wafer were filled with chemical precursor, and of these,
23� 11 cells were measured due to the limited range of the motorized
stages that translated the cell wafer through the laser beam. 64% of the
measured cells were found to be filled with Rb [colored boxes in
Fig. 2(b)], which is a higher yield than reported previously for wafer-
level fabrication using a precursor solution of BaN6 and RbCl.10,13 The
measured CPT center frequency has a spread of 27.4 kHz across the
wafer. This spread is presumably caused by pressure variations due to
BaN6 decomposition in the final anodic bonding step.

The lower panel of Fig. 3(a) shows the temperature dependence
of the CPT center frequency �ðTÞ for a cell (red) filled with 500 mbar
(375Torr) of pure N2 buffer gas. For comparison, three cells from the
wafer described above with 749 mbar (562Torr) of Ar/N2 mixture are
displayed in the blue-shaded area. The temperature dependence of the
cell with N2 buffer gas is dominated by the first-order terms in Eq. (1)
and shows a large temperature coefficient. In contrast, the buffer gas
mixture clearly reduced the temperature coefficient compared to pure

N2 cells, despite the 1.5 times higher total pressure in the cell. The
upper panel of Fig. 3(a) shows an expanded view of the temperature-
dependence curve of the three Ar/N2 cells. For the majority of cells on
the wafer, we measured a downward parabolic shape of the tempera-
ture curve, as shown by the blue data points in the upper panel of
Fig. 3(a). However, some cells showed linear behavior (purple curve),
abnormal patterns of oscillation or positive curvature; an example of
the latter is shown by the green points in Fig. 3(a). Similar abnormal
patterns have been reported by others previously.32–34 This anomalous
temperature dependence is unlikely to be caused by the buffer gas colli-
sional shift and its magnitude is consistent with light shifts measured
by varying the laser power. We keep the light intensity as low as possi-
ble while still retaining acceptable signal-to-noise ratio in order to sup-
press the light shift, but its magnitude remains comparable to the
temperature-induced variation in the buffer gas induced collisional
shift in most of the cells. The light shift may be bigger in some cells
[such as the one corresponding to the green data points in Fig. 3(a)]

FIG. 2. (a) A sample CPT spectrum
obtained by lock-in detection for a cell
with Ar/N2 buffer gas mixture at T
¼ ð1006 0:5Þ � C. The red curve repre-
sents a fit using the derivative of the
Lorentzian function. (b) CPT center fre-
quency shift across the wafer measured
at T ¼ ð1006 0:5Þ � C. The row and col-
umn correspond to the wafer orientation in
Fig. 1(b). A white region indicates the
absence of Rb in the vapor cells.

FIG. 3. (a) Comparison of the temperature-
dependent CPT center frequency shift for
three cells from a wafer filled with Ar/N2 mix-
ture (blue/purple/green data in top and bot-
tom panel) and one cell from a wafer filled
with pure N2 (red data in bottom panel). The
dashed lines are parabolic fits. The mea-
sured temperature coefficient of the N2 cell
(red) is around 1:9� 10�8 K�1.The spread
of the center frequency shift curves of the Ar/
N2-filled cells is more than 10 times smaller,
despite the 1.5 times higher sealing pres-
sure. (b) Spatial distribution of the tempera-
ture coefficients at T ¼ ð1006 0:5Þ �C
for all cells on the wafer. (c) Histogram of
the temperature coefficients at T ¼ ð100
6 0:5Þ �C for all cells. The theoretical esti-
mates23 for pure Ar (blue), Ne (green),31 and
N2 (red) buffer gas at 100 �C are indicated for
comparison. The purple dashed line indicates
a Gaussian fit. (d) Violin plots showing the dis-
tribution of all temperature coefficients (blue/
purple background), median (dot), and inter-
quartile range (blue bar) as a function of tem-
perature. The median values can be fitted
linearly as a function of temperature (dotted
line).
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due to differences from cell to cell in transmitted intensity caused by
Rb condensation on the window, magnetic field gradients from the
heating wire and translation stage, spin-exchange broadening/shifts, or
etalon effects. The chosen temperature range from 88 to 108 �C allows
for a reasonable SNR while avoiding the spin-exchange broadening
regime, which became noticeable in most cells above these tempera-
tures. The temperature dependence for each column on the wafer was
acquired over the course of 5 h per column. The temperature-
dependent center frequency shifts were reproducible over this time
period, implying that drift in the system (such as laser frequency drift)
was small compared to the temperature-induced buffer gas induced
collisional shift.

Next, we acquired the temperature dependence of the CPT center
frequency for all measured cells on the wafer and derived the fractional
temperature coefficients, D�ðTÞ=DT

�0
. Figure 3(b) shows the temperature

coefficients across the wafer at 100 �C, as determined from the slopes of
the linear fits of the CPT center frequencies at 96, 100, and 104 � C.
The values are within the range �2:2� 10�9 to þ2:1� 10�9= K.
Figure 3(c) displays the same temperature coefficients in a histogram.
We fit the histogram to a Gaussian distribution, with a mean of 0:21
�10�9= K and a standard deviation of 0:92� 10�9=K.Notably, all tem-
perature coefficients are significantly smaller than the theoretical value
for pure Ar, N2, and Ne cells, as indicated by the dashed vertical lines at
�24:5� 10�9, 26:5� 10�9, and 7:0� 10�9/K, respectively. These val-
ues were determined based on estimated temperature coefficients of Ar,
N2, and Ne, which were evaluated to be �0.45, 0.49, and 0.13Hz K�1

Torr�1 at 100 �C using the coefficients in Ref. 23, and a conservative esti-
mate of the sealing pressure of P ¼ 496mbar (372Torr) at 300K.

The distribution of temperature coefficients is reproduced at
other temperatures, as visualized in the violin plots from 90 to 106 �C
in Fig. 3(d). Importantly, the median values (blue dots) decrease line-
arly with temperature as indicated by the dashed line, crossing zero at
102:5 � C. This linear temperature dependence of the temperature
coefficient corresponds to a parabolic temperature dependence of the
median CPT center frequency with a turning point at 102:5 � C. This
turning point temperature is somewhat above the expected value of
75 �C from the estimated gas pressure ratio, which can be explained by
tens of Torr of N2 being generated by the additional decomposition of
BaN6 decomposition during the final anodic bonding step. At each
measured temperature, the semi-interquartile range is smaller than
0:7� 10�9= K (blue bars), indicating that 50% of the buffer gas cells
have a temperature coefficient that is at least 37 times lower than that
for pure N2 buffer gas at the zero-crossing temperature. The standard
deviation is less than 1:1� 10�9= K at all temperatures, with 73% of
the cells having a reduced temperature coefficient by at least 24 times
compared to pure N2 buffer gas at the zero-crossing temperature. We
note that this standard deviation and the average measured turning
point remain similar if only the majority of 80% of cells that can be fit-
ted with a downward (as opposed to 20% with an upward) parabola
are considered. The results show that all cells containing a mixture of
Ar and N2 buffer gases have substantially reduced temperature coeffi-
cients compared to the conservative estimates for pure buffer gases. It
should be noted that the distributions of temperature coefficients in
Figs. 3(c) and 3(d) are also impacted by effects unlikely to be related to
buffer gas collisions, as discussed above. We therefore expect that the
temperature coefficients due to buffer gas collisions alone will have a
smaller variance than the measurements here indicate.

In summary, we demonstrated a wafer-scale fabrication and char-
acterization process that is capable of producing temperature-
compensated alkali vapor cells using a mixture of Ar and N2 buffer
gases. The buffer gas mixture reduced the temperature coefficient of
the clock resonance frequency by at least an order of magnitude com-
pared to pure N2 buffer gas. The yield of the wafer was 64%. The
described wafer-scale results pave the way for low-cost CSACs with
increased temperature stability.
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