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Abstract
A vertical cavity surface emitting laser (VCSEL) quick fabrication (VQF) process is
applied to epitaxial materials designed for miniature atomic clock applications (MACs).
The process is used to assess material quality and uniformity of a full 100 mm (4‐inch)
wafer against the stringent target specification of VCSELs for MACs. Target specifica-
tions in optical power (>0.6 mW) and differential efficiencies (<0.5 W/A) are achieved
over large portions of a wafer; however, the variation in the oxide aperture diameter is
shown to limit the yield. The emission of the fundamental mode at 894.6 nm at 70℃ is
met over a significant area of the wafer for ~4 μ m aperture multi‐mode devices. The
consideration of the on‐wafer variation reveals that further optimisation is required to
increase the device yield to levels required for volume manufacture.

1 | INTRODUCTION

Over 4 decades, the performance of vertical cavity surface
emitting lasers (VCSELs) has been refined and commercialised,
and the widespread use in data transfer and 3D sensing appli-
cations has driven an expansion of the market in recent years.
Additionally, modulated VCSELs have also been shown to be
ideal light sources for quantum sensing applications in the pro-
duction of miniature atomic clocks (MACs) due to their low
power consumption and circular beam shape [1, 2]. TheseMACs
utilise coherent population trapping (CPT) of theD1 orD2 lines
in Cs or Rb vapour cells [3] with VCSELs as the optical source of
excitation [4]. Although there have been efforts to produce
VCSELs emitting on the Cs D1 line, at 894.6 nm, there still re-
mains a gap in the market. As part of DARPA CSACs projects,
Sandia National Laboratories developed high‐performance
894.6 nm VCSELs [2]; however, these were not made

commercially available. Additionally, there was a detailed
reporting from Ulm University on the design and characterisa-
tion novel custom‐made single‐mode polarisation‐stable
894.6 nm VCSELs for MAC applications [5, 6]. As recently as
2019, new capability in producing VCSELs for CPT‐based
MACs was reported by the National Physical Laboratory in
the UK, which sought to address the commercial scarcity;
however, further iterations of the epitaxial structure were
required to minimise device internal loss, reduce linewidth, and
increase the single‐mode yield [7]. This need for refinement in
the design of the epitaxial structure, which is required for the
simultaneous precise control of both spectral characteristics and
device efficiency, necessitates improved monitoring in the
manufacturing process. One of the most useful methods for this
is the characterisation of actual working VCSEL devices; how-
ever, this is a time‐consuming process, which is incompatible
with a commercial setting. To address this issue, a VCSELQuick
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Fabrication process (VQF)was previously designed [8] such that,
for a given epitaxial structure, key characteristics of device per-
formance can be rapidly assessed and used as feedback for
growth conditions. The VQF process was previously demon-
strated for 940 nm high‐power applications [8, 9], and here, we
show its efficacy for the more stringent test in the production of
~895 nm emitting VCSEL epi for MACs.
With VCSEL quick fabrication on epi‐structures designed

for very specific operating conditions like MACs, the design of
the VQF device need not resemble that of the final device in
the intended application. Rather, VQF aims to result in device
performance which assesses epitaxial material quality against
the target specifications, for example the very specific oper-
ating wavelength. Hence, the performance of a VQF device
will not be identical to that of a standard fabrication device, but
will provide insight into the quality of the epi in a rapid way,
such that refinements can be made with a minimal impact on
manufacturing efficiency. The VQF design reduces the pro-
cessing time by ~60% relative to a standard dielectric‐
planarised VCSEL process at the price of limited RF
modulation bandwidth, due to the electrical parasitics and non‐
representative linewidth and mode profile/beam shape. Often
a surface relief [5, 10] is utilised in standard MAC devices to
achieve the polarisation‐stable single‐mode emission; however,
in the case of VQF devices, the transverse mode profile is
determined solely by the oxide aperture.
However, the characteristics that are of concern and those

which can provide insight into material quality and indicate that
key device specifications are met are the lasing wavelength,
threshold current (density), output powers, device efficiencies,
and their variations with temperature.

2 | EPITAXIAL STRUCTURE

The epitaxial structure was MOCVD‐grown, with a generic p‐
i‐n layout, designed for 894.6 nm emission wavelength. This
consisted of a 3‐QW InGaAs active region sandwiched be-
tween an upper carbon‐doped Al0.12Ga0.88 As/Al0.9Ga0.1 As
DBR mirror and lower Silicon‐doped Al0.12Ga0.88 As/
Al0.9Ga0.1 As DBR mirror, grown on an n‐type GaAs
substrate. The DBR layers are designed for λ/4 thickness. A λ‐
thick inner cavity is formed between the DBR mirrors,
consisting of the MQW layers and AlGaAs separate confine-
ment heterostructure layers. A buried Al0.98Ga0.02 As layer is
included between the active region and the upper DBR mirror
stack positioned at an antinode of the electric field, which is
used to provide current confinement and optical guiding,
following partial wet thermal oxidation. A schematic of the key
features of the VCSEL epitaxial structure is shown in Figure 1.

3 | DEVICE FABRICATION

For the qualification of the VQF process against standard
VCSEL performance, both types of the structure are processed
for this study. The ‘standard’ device structure employs typical

processing techniques for dielectric‐planarised VCSELs. A p‐
type ohmic ring contact (Cr/Au) is deposited by physical
vapour deposition (PVD), and this is followed by inductively
couple plasma (ICP) etching of fully isolated circular mesas,
exposing the buried Al0.98Ga0.02 As layer. Wet thermal oxida-
tion of the mesa structures to an oxidation length of 8.5 (�
0.5) μm is performed to define the laser aperture. The
oxidation length and resulting oxide aperture are monitored in
situ with an infrared camera. The mesas are then planarised
with a spin coat and a subsequent ICP etch back of benzo-
cyclcobutane (BCB). A Ti/Au contact pad and interconnect to
the mesa ring contact are then deposited by PVD on the BCB
to facilitate electrical probing. An n‐Ohmic global contact
(AuGe/Ni/Au) is deposited on the back of the GaAs substrate
by PVD.
The VQF device process uses similar techniques; however,

the device geometry is such that the time‐consuming steps of
planarisation can be and are omitted, which drastically reduce
the total processing time. The device geometry defines the
electrical contact, interconnect, and VCSEL mesa regions, and
it is patterned by optical lithography. This is then subsequently
etched by ICP to expose the buried oxidation layer. Using wet
thermal oxidation, with an oxidation length of 13.5 (� 0.5) μ
m, the contact region is fully electrically isolated and only the
VCSEL aperture is left unoxidised. This oxidation length is
dependent on the geometry of the device and can be reduced
further but at the cost of fabrication tolerance. Given that the
contact region is electrically isolated, the p‐Ohmic contact (Ti/
Pt/Au) is deposited directly onto the etched structure by PVD.
An n‐Ohmic global contact (AuGe/Ni/Au) is deposited on
the back of the GaAs substrate by PVD in a similar manner to

F I GURE 1 Epitaxial structure of devices produced in this study
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the standard devices. The reduction in the number of pro-
cessing steps means that VQF devices can be produced more
than twice as quickly as the standard VCSELs.
For the qualification of the quick fabrication device per-

formance, both device types are first processed on
12.5 � 12.5 mm tile samples. Subsequently, the VQF process
is applied to a full 4‐inch (100 mm) wafer for spatial mapping
and assessment of material uniformity. A diagram of the
experimental setup is shown in Figure 2. Temperature‐
controlled on‐wafer measurements are facilitated with a
semi‐automatic wafer mapper and a needle probe for electrical
contact. Light is collected by an integrating sphere positioned
such that the collection angle exceeds the beam divergence,
hence capturing all the vertically emitted light. From this, an
optical fibre tap is connected to a high‐resolution spectrometer
for the measurement of the lasing wavelength.

4 | RESULTS AND DISCUSSION

4.1 | Qualification of VQF at ~895 nm

The principal aim of VQF is to reduce the processing time
(hence time‐to‐result), but the crucial benefit this brings about
is timely characterisation of devices that are used to inform
epitaxy. The performance, therefore, should be as representa-
tive as possible of a standard device structure. The method-
ology laid out in Ref. [8], for high‐performance 940 nm
VCSEL designs, is also used here to qualify VQF for ~895 nm
emitting devices. The VQF devices are found to approximate
to the behaviour of BCB‐planarised standard structures well
across several aperture sizes.
The room temperature power‐current characteristic, up to

thermal rollover, for a VQF and standard device, with aperture
sizes of 2 and 3 μm, respectively, is shown in Figure 3. The
standard VCSEL provides more optical power; however, this is
to be expected given the larger aperture diameter. Slope effi-
ciencies, calculated as the gradient of the light‐current char-
acteristic between 2 and 4 mA, are comparable, with a
maximum value of approximately 0.3 W/A for both devices,
occurring at 1.6–2 mA bias current. Thermal rollover occurs
~1 mA lower bias current for the smaller aperture VQF device.
Threshold currents are also comparable, 200 μ A for both
devices, despite the difference in the aperture diameter.
However, this is consistent with an increase in optical loss due
to diffraction and scattering effects for small transverse di-
mensions [11, 12]. The series resistance of the standard
VCSEL is found to be greater than that of the VQF device
with resistance even with a larger active area. This effect was
also seen previously in Ref. [8] and was associated with dif-
ferences in contact resistances arising from the definition of
the p‐contact.
The comparable performance is unsurprising due to the

large similarities in the epitaxial structure in this study
compared with that of Ref. [8]. To avoid repetition, the full
details of the extent of the experimental comparison that can
be made are not included here. Instead, the focus of this study

is the application of VQF to assess material quality and uni-
formity in the context of high‐volume production for MAC
applications.

4.2 | Epi‐material variation

4.2.1 | Oxidation

By characterising devices at many locations on a wafer, the
spatial variation of the epi‐layers is assessed. Additionally, the
quality of the material itself can be ascertained, and the per-
formance of VQF devices can be used to inform the design of
the epi‐structure. For this, the material variation must be dis-
entangled from the variation due to fabrication, and one of the

F I GURE 2 Setup for on‐wafer characterisation of vertical cavity
surface emitting laser (VCSEL) devices

F I GURE 3 Power‐current‐voltage characteristic for a 2 μm VCSEL
quick fabrication (VQF) (black) and 3 μm aperture standard (red)
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most significant sources of this is the oxidation length non‐
uniformity. Figure 4 shows the as‐grown wafer surface
height/distortion variation of the AlGaAs‐based VCSEL
structure, which was grown on a 100 mm (4‐inch) GaAs
substrate for this study. The small lattice mismatch between the
high‐Al composition n‐DBR layers and the GaAs substrate
results in a significant bowing of the wafer [13]. This is
approximately 100 μm centre to edge for the 100 mm wafer.
This height variation can lead to a variation in wafer

temperature during wet thermal oxidation, and owing to the
exponential dependence on temperature, results in a significant
variation in the oxidation length across the wafer. Figure 5
shows ~2 μ m variation of the in‐situ measured oxidation
lengths. The non‐uniform spatial dependence is a cumulative
result of the radial variation in the wafer temperature associ-
ated with the bowing and a resulting non‐uniformity in the
furnace temperature. Better oxidation uniformity can be ob-
tained with the help of extra steps in fabrication to reduce
wafer bow (substrate‐side deposition of a strain reducing layer)
or through alternative oxidation methods. The effectiveness
and trade‐offs in these approaches will be discussed below.

4.2.2 | Lasing wavelength

For MAC applications, control of the laser emission wavelength
is critical and substantially more stringent than the conventional
VCSEL applications, such as datacoms, and is one of the key
challenges with large‐scale MOCVD growth with the target
specification within +/− 2 nm of the target wavelength. The
existing wafer characterisation techniques involve the measure-
ment of the material cavity mode wavelength, which is extracted
from the reflectivity spectrum. This is routinely measured at
many locations post‐growth, and the resulting contour plot for
this wafer is shown in Figure 6. The variation is generally radial

with a decrease in the resonance wavelength towards the edge,
which is associated with a decrease in the optical path length of
the inner cavity and controlled by the thickness and composition
during the epi growth. The room temperature lasing wavelength
at 2mA injection current for large apertures (~8 μmat the wafer
centre) across the same wafer is shown in Figure 7, and there is a
good agreement with the spatial dependence of the cavity mode
wavelength. The lasing wavelengths are blue‐shifted relative to
the target specification; however, it should be noted that the
room temperature target wavelength is below 894.6 nm to
facilitate high‐temperature operations. For MACs, large‐
aperture VCSELs are undesirable given their multi‐mode emis-
sion. However, one of the benefits of looking at the wavelength
variation for these larger devices is that scattering/diffraction
effects of small‐aperture devices can be excluded, and the impact
of oxide aperture non‐uniformity is less significant, which

F I GURE 4 Height variation of a 4‐inch wafer, showing the strain‐
induced wafer bow resulting from the growth on a GaAs substrate

F I GURE 5 Spatial variation of the in‐situ measured oxidation length,
resulting from temperature non‐uniformities

F I GURE 6 Spatial variation of the material cavity mode wavelength
extracted from reflectivity measurements at 25℃
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disentangles the effects of device heating from themeasurement.
Therefore, the effect of the epi‐layer variation can be isolated.
Conversely, it is also useful to consider the yield of devices,

which best mimic the desired application. In Figure 8, the
room temperature lasing wavelength at 2 mA is mapped for
small aperture devices (~4 μ m at the centre). For the working
devices, the wavelengths match well with the larger aperture
devices with some redshift due to higher current densities.
Further, the effect of oxide aperture non‐uniformity can be
seen clearly by the data missing on the east of the wafer. For
these mesa sizes, the VCSEL apertures are fully closed owing
to the variation in the oxidation length. Despite this, the
working devices are more representative of that, which would
be used in a MAC package where a single‐mode emission is
required. This is extended in Figure 9 where the wavelengths
for these same devices are mapped at 70℃.
There is a large area towards the centre of the wafer where

the VQF device fundamental mode emits at 894.6 nm for
approximately 4 μm aperture devices; however, this occurs at
6 mA, which is higher than the intended operating current.
Nevertheless, this provides valuable information to inform
design and growth iterations. Given that it is the fundamental
mode emitting at 894.6 nm, standard surface‐relief techniques
can be applied to suppress high‐order modes and achieve the
single‐mode emission. The insight gained here is the variation
of operating conditions and device geometries to meet the
target specifications, which is the advantage of VQF, as well as
enabling the analysis of performance at high and low tem-
peratures, thus providing a better understanding of what room
temperature performance will result in a desired performance
at the intended operating conditions.

4.2.3 | Laser threshold

The VCSEL threshold current is another important consid-
eration in the device specification for MACs. In Figure 10, a

contour plot of the VQF device threshold current is shown
and the spatial dependence is found to track with the
oxidation length variation, as shown in Figure 6, which is
expected given that the laser threshold current is proportional
to the active volume. Therefore, to remove the influence of
fabrication variations on the assessment of material quality
and uniformity, the variation in threshold current density
should be considered.
This point is illustrated by the plots of Figure 11, which

show the variation in the threshold current density with mesa
diameter (left) and oxide aperture diameter (right). When
looking at values for equivalent mesa diameters at different
regions of the wafer, the effect of the oxidation non‐uniformity
is neglected. However, when the difference in the oxidation
length, hence oxide aperture, is considered, the comparison of

F I GURE 7 Variation of fundamental mode wavelength at 25℃ for
36 μm mesa VCSEL quick fabrication (VQF) devices (~8 μm aperture at the
centre)

F I GURE 8 Variation of fundamental mode wavelength at 25℃ of
32 μ m mesa VCSEL quick fabrication (VQF) devices (~4μ m aperture at the
centre)

F I GURE 9 Variation of fundamental mode wavelength of 32 μm mesa
VCSEL quick fabrication (VQF) devices (~4 μm aperture at the centre) at
70℃

BAKER ET AL. - 5



equal aperture devices yields a very different result. This
further demonstrates why mapping performance of larger
devices provides more reliable information on material varia-
tions. It is found that, for equivalent aperture diameters, the
VQF threshold current density is lower at the wafer edge than
at the centre—hence it is driven by a variation in the epitaxy—
associated with a reduced optical loss.

4.2.4 | Device efficiency and output power

Similarly, the slope efficiency of the final VCSEL is of interest,
and the spatial variation is mapped across the wafer. For MAC
applications, it is not necessary to maximise the slope effi-
ciency, but to limit it instead. A high slope efficiency can lead
to output power instability, which is not desirable for CPT
optical pumping. Hence a maximum of 0.5 W/A is targeted.
The variation in slope efficiency across the wafer is shown in
Figure 12. It can be seen that the regions of the lower slope
efficiency coincide with the regions of the high threshold
current (see Figure 10), which is attributed to these areas
having a shorter oxidation length.
The same can be seen for the variation in output power in

Figure 13. Given that the power is measured at 3 mA bias
current, the higher threshold current (larger aperture) devices
are again closer to the threshold; hence, the power delivered is
lower than that of the smaller aperture devices.
With respect to the target specification, the output power

of the VCSEL at the operating current (3 mA) is designed to
be maximised and deliver at least 0.6 mW. However, the output
powers measured here, which exceed the target, are not directly
representative of a full structure. The multi‐mode VQF emis-
sion has a higher output power than the intended single‐mode
emission—the same can be said for VQF slope efficiencies.
Hence, with the comparison of these results to that of single‐
mode operating devices, this relationship is understood and
VQF can therefore infer an expected performance.

4.2.5 | Gain‐peak detuning

Another important consideration for optimising device per-
formance is the detuning of the gain peak wavelength and
resonant cavity‐mode wavelength. When the two coincide,
the electrical pumping required (carrier density) for lasing is
minimised; however, owing to the large difference in the
shift of these wavelengths with temperature, it is advanta-
geous to have a detuning at room temperature. The spectral
peak of the gain shifts at ~0.3 nm/K, associated with
bandgap narrowing, compared to ~0.06—0.07 nm/K asso-
ciated with refractive index shift for the cavity mode; hence,
a detuning of the cavity mode to the long wavelength side
of the gain spectrum means that the alignment occurs above
the room temperature [14]. With target operation ≥70°C,
the detuning should be sufficient to facilitate the alignment
at these temperatures. On the other hand, the linewidth of
the VCSEL spectra also needs to be considered, and the

F I GURE 1 0 Variation of threshold current of 36 μm mesa VCSEL
quick fabrication (VQF) devices (~8 μm aperture at the centre)

F I GURE 1 1 Variation of threshold current density with mesa
diameter (top) and oxide aperture diameter (bottom) for edge (red cross)
and centre (black square) materials
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operation on the short wavelength side of the gain spectrum
can work to reduce linewidth and the linewidth enhance-
ment factor [15, 16].
By measuring the threshold current density as a function of

temperature, the temperature at which the gain peak and cavity
mode align can be ascertained. This is shown in Figure 14 for
large mesa VQF devices from the centre and edge of the wafer.
The centre device has a minimum at ~50°C compared to the
minimum for the edge device that occurs close to the room
temperature. Therefore, the device at the edge is found to
operate at zero detuning at room temperature; any subsequent
increase in the operating temperature shifts the cavity mode
away from alignment with the gain peak and requires higher
pumping for lasing and hence a higher threshold current den-
sity. Conversely, the threshold requirement for the centre device
decreases with the increasing temperature, and at 70°C, the

devices from both locations operate on the short wavelength
side of the gain spectrum and with a similar threshold current
density. Therefore, the detuning works to improve the device
yield at 70°C by improving the uniformity in the threshold, a
characteristic that cannot be determined through conventional
assessment of epi‐structures during the manufacturing process.
Additionally, based on the temperature alignment, the room
temperature detuning is calculated as 1.5 nm with the room
temperature gain peak wavelength approximately at 884.8 nm.
These values can be directly compared to the modelling results
from the design of the structure and post‐growth wafer char-
acterisation (PL) to assess the quality of epitaxy. It is also found
that, due to this detuning, the devices at both the centre and
edge of wafer operate on the short wavelength side of the gain
spectrum, which is important in predicting limits to the device
linewidth across the wafer.

5 | CONCLUSION

VCSEL quick fabrication has been applied to the epi‐material,
which is designed for an 894.6 nm emission wavelength for
miniature atomic clock applications. The characterisation of
VQF devices is used to assess material quality and uniformity
against target specifications in terms of lasing wavelength,
threshold behaviour, device efficiency, and output power. A
significant fraction of the wafer produces devices, which
operate at the target wavelength of 894.6 at 70°C; however, this
occurs at an injection current higher than the intended opera-
tion levels. The oxide aperture variation is shown to further
limit the device yield. In terms of the threshold current (den-
sity), differential efficiency, and optical power, the on‐wafer
yield is high and principally limited by the oxide aperture
non‐uniformity. The threshold current density is observed to
vary across the wafer from centre to edge, implying a difference

F I GURE 1 2 Variation of slope efficiency of 36 μm mesa VCSEL
quick fabrication (VQF) devices (~8 μm aperture at the centre)

F I GURE 1 3 Variation of output power at 3 mA of 36 μm mesa
VCSEL quick fabrication (VQF) devices (~8 μm aperture at the centre)

F I GURE 1 4 Temperature dependence of threshold current density
for 36 μm mesa VCSEL quick fabrication (VQF) devices at the centre and
edge of a 4‐inch wafer
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in the gain peak‐to‐cavity resonance detuning; however, the
VQF data reveals that this variation reduces closer to the
intended operating temperature; a noteworthy assessment of
uniformity that is not accessible using standard epi characteri-
sation during the manufacture process. While there are some
inherent differences in terms of optical power and efficiency
between VQF devices and conventional single‐mode devices
required for MACs, the information gained about the on‐wafer
variation is valuable, and the data can inform whether the
stringent performance targets will be met. The same measure-
ment is used to extract the room temperature gain peak wave-
length at different locations on the wafer, which can be directly
compared to modelling and post‐growth measurements to
assess the quality of growth.
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