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Abstract—Stripped-back representative VCSEL devices with a
simple fabrication process that very closely approaches the perfor-
mance of standard BCB-planarised devices have been produced.
These VCSEL Quick Fabrication (VQF) devices achieve thresh-
old currents only 0.3 mA higher than that of a standard device
produced from the same material. The predictability of standard
performance from VQF performance is also robustly assessed in
terms of temperature effects to account for the observed disparities.
These VQF devices are then processed across a 6-inch (152 mm)
wafer and the resulting device-level characteristics are mapped.
From this, it is apparent that there is an approximately radial
decrease in oxide aperture diameter from centre to edge, found
to be driven by the strain-induced wafer bow. After corrections,
a residual spatial variation across the wafer remains, which, in
conjunction with temperature dependent measurements, is shown
to be a result of epi-material variation. By observation at 50 °C, that
is, at a temperature closely resembling that of intended application,
the residual centre-to-edge variation in threshold current density
is found to be only 0.2 kA/cm2, compared to 1.3 kA/cm2 when
observing the room temperature variation of devices of nominally
equivalent active volumes.

Index Terms—Epitaxy, manufacturing, VCSEL, wafer.

I. INTRODUCTION

I
N RECENT years, vertical-cavity surface-emitting laser

(VCSEL) epi-wafer manufacturers have scaled up produc-

tion to large diameter substrates to meet a growing demand,
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whilst advanced applications are requiring tighter specifications

and tolerances. This heightens the importance of maintaining

quality and uniformity throughout manufacturing processes,

which increases the need for rapid fabrication of devices on

sacrificial material for enhanced characterisation and for track-

ing drift during a growth campaign. Variation in the epitaxial

layers over large diameter wafers can be significant, and, in

the context of maximising manufacturing yield, existing wafer

characterisation needs to be complemented with measurement of

real devices without significant impact on production. However,

this is often a time-consuming process incompatible with the

environment of high-volume manufacture. Therefore, there is

a need for a method of rapid production of simplified, but

representative, VCSEL devices, the characterisation of which

can be used to feedback to growth conditions.

One of the most attractive features of surface-emitting lasers

is the ease of fabrication, although, it is not without its com-

plications. The electrical and optical confinement afforded by

the use of selective oxidation of high-Al composition AlGaAs

layers led to a marked improvement in the performance of VC-

SELs [1]–[3]. The confinement layers, which are buried within

the epitaxial structure, must be exposed prior to oxidation by

etching, which results in non-planarity. Early on, this challenge

was overcome by subsequently planarising the VCSEL mesa

using polyimide [4], [5], and, since then, benzocyclobutene

(BCB) [6], [7]. This need for planarity adds complexity to the

fabrication process and there have been attempts to produce

planar VCSELs by utilising the electrical isolation provided by

the oxidation process. One approach, used in [8], produces an

array of individually addressable oxide confined VCSELs. The

performance of these devices is both electrically and optically

uniform, although a high open-area aspect ratio etch combined

with a deep oxidation is required for simultaneous definition of

the laser aperture and electrical isolation of the contact pad. In

[9] and [10], via holes are etched to expose the high Al-content

oxidation layer for definition of the VCSEL aperture/isolation

of the contact pad, however, in both cases ion-implantation is

also required. A high-density VCSEL array is produced in [11]

by selective oxidation, with the apertures defined by a hexagonal

grid of etched via holes, although this process requires a trans-

parent p-metal. Definition of the VCSEL mesa by continuous

and non-continuous ring trench etching is studied in [12] and

it is shown that favourable thermal properties can be achieved.

However, with this design there is still the need for deposition

of a dielectric layer to electrically isolate the interconnect and

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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contact pad. In this work, a method to rapidly produce VCSEL

devices is developed which employs similar principles.

In commercialised VCSELs, the epitaxial structure most often

employs a λ-thick inner cavity containing a multiple quantum

well (MQW) active region sandwiched between two distributed

Bragg reflector (DBR) mirrors, and it is this basic make-up of

a VCSEL which is considered here. The dip in the reflectivity

spectrum resulting from this structure means that VCSELs in-

trinsically operate as single longitudinal mode, with the lasing

wavelength determined by the longitudinal cavity resonance.

As such reflectometry measurements are utilised to characterise

VCSEL epi-material, with the wavelength of the dip in the

stopband used to predict the emission wavelength of a fabricated

device [13]. Although, the resulting VCSEL devices operate

with a red-shifted lasing wavelength due to the thermo-optic

effect, with the magnitude of the redshift dependent on the extent

of Joule heating [14], [15].

The small active volume of VCSELs results in low threshold

currents, Ith, which continue to decrease with further reduction

in lateral dimensions until the optical losses due to scattering and

diffraction increase in very small devices [16], [17],, driving

an increase in threshold current density, Jth. At larger aper-

ture diameters Jth becomes an approximately constant value

[18]. Additionally, for VCSELs with exposed mesa sidewalls,

dangling bonds give rise to surface states which provide a

non-radiative recombination path for carriers [19], [20]. The

rate of surface recombination can be reduced by passivating the

sidewalls with a dielectric, such as BCB, however, in either case,

the fractional change in surface recombination rate increases as

the lateral dimensions of the device are reduced. Hence devices

with active diameters 10µm are targeted to maximise uniformity

across a wafer.

Furthermore, given that the lasing wavelength is determined

solely by the material cavity resonance, the VCSEL does not

necessarily lase at the wavelength with the highest available

gain [13], [21]. This, combined with the different temperature

dependence of both the cavity resonance, λcav, [22] and gain

peak wavelength, λpk , [23], results in there being an optimum

temperature of operation for a VCSEL, that is, where these

wavelengths align. The available gain at the material cavity

resonance wavelength is greatest when there is zero detuning

(∆λ = λpk − λcav), and this corresponds to a minimum

threshold current density, Jth, which occurs at temperature

Tmin [24]–[26]. In a commercial setting, growth conditions are

tailored to maximise the proportion of a wafer that results in

low threshold performance; therefore, the gain peak-to-cavity

resonance detuning is an important consideration, which can

be probed though the characterisation of stripped-back VCSEL

devices.

Here, a processing technique for VCSEL Quick Fabrication

(VQF) is introduced and the performance of VQF devices is

characterised. The devices rely on atypical geometries and the

definition of oxidation-vias, such that both the electrical isola-

tion of the contact pad and definition of the laser aperture are

produced solely by selective oxidation of a buried high-Al layer,

which results in a considerable reduction in processing time,

although this is of course to the detriment of some performance

characteristics, particularly the RF modulation bandwidth re-

sulting from the non-ideal electrical parasitics. Characterisation

methods are tailored to probe epitaxial material quality via

VQF performance by assessing against the physical effects de-

scribed in the introduction and by determining important device

characteristics, such as threshold current, emission wavelength

and gain peak detuning - which are important considerations

in epi-design regardless of final device application. The oxide

confined VQF devices that are produced reflect the behaviour of

standard oxide confined VCSEL structures, with some physical

limitations that are quantified here.

II. METHODOLOGY

A. Device Fabrication

The epitaxial structure of the VCSELs produced in this work

are generic p-i-n layout, designed for 940 nm emission wave-

length. This consists of a MQW gain medium sandwiched be-

tween upper p-doped AlGaAs/AlGaAs DBR and lower n-doped

DBR comprising of both AlGaAs/AlGaAs and AlAs/AlGaAs

mirrors pairs. One high Al-content layer is included between

the active region and the upper DBR to act as current confine-

ment/blocking layers after oxidation. The epitaxial material for

the on-tile and full-wafer studies are nominally identical and

were produced in the same growth run by IQE plc.

The fabrication of the standard structures produced in

this study followed typical processing techniques for BCB-

planarised VCSELs. Top p-metal ohmic contacts are formed

by physical vapour deposition (PVD) of Ti/Pt/Au, which is

done prior to the etch step. The VCSEL circular mesas are

then formed using an inductively coupled plasma (ICP) etch

to just below the active region. The laser aperture is defined

by wet thermal oxidation, with a total oxidation length of 9.0±
0.5 µm measured in-situ using an infrared camera. Here, the

uncertainty in the oxidation length is given as the resolution of

the measurement. Spin-coating of BCB is then used to planarise

the sample with a subsequent dry etch then required to open the

VCSEL top surface. This is followed by deposition of Ti/Au

contact pad and interconnect to the VCSEL ring contact. A

back-side blanket-coat deposition of AuGe/Ni/Au provides a

global n-contact metal, and this is followed by an annealing

step.

In the context of this work, it is important that fabrication

time is minimised, and therefore the VQF structure is designed to

remove multiple, time-consuming processes. The entire fabrica-

tion can be broken down concisely into 7 steps: two lithography;

two metallisation; single etch; oxidation and one annealing step.

Initially, optical lithography is used to define the geometry of the

structures which includes, in a departure from the full process,

both the mesa and the contact pad regions. The structure is then

etched to expose the high Al-content oxidation layers. Upon

wet thermal oxidation, in addition to the aperture formation in

the VCSEL mesa, via-holes are utilised to provide complete

electrical isolation under the contact pads, ensuring that only

the aperture region provides electrical conductivity through the

junction. An oxidation length of 13.5 ± 0.5 µm sufficient to

fully isolate the contact pad and generate the desired VCSEL
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Fig. 1. Infrared camera image of oxidised VQF VCSEL structure, showing
slightly non-circular aperture shape.

apertures. This length is intrinsically linked to the dimensions

of the device design and therefore could be further reduced;

however, this would increase the complexity of the subsequent

lithography step and eventually result in a reduction in the overall

device yield. The second lithography process is used to define

the p-contact which is then deposited using Ti/Pt/Au PVD. The

final two steps are a blanket backside AuGe/Ni/Au metallisation

for a global n-contact and substrate annealing. The significant

departures of the VQF process, from the previously described

standard VCSEL, are the elimination of the requirement for

BCB planarisation and the utilisation of only a single top-side

metallisation step. Thus, the total fabrication time reduces by

∼ 60%. A top-view image of a VQF device after thermal

oxidation is shown in Fig. 1. A slight non-circularity of the

VCSEL aperture (due to the mesa-interconnect geometry) can

also be seen in Fig. 1. The fabrication process for both device

types is summarised in Fig. 2.

The initial study assessing various design variations was

carried out on a single 12.5× 12.5 mm tile to minimise the effect

of epitaxial layer variation on device performance. The VCSELs

were processed into groups of 10x10 arrays on a 250 µm pitch,

with 16 groups per tile. Subsequently full-wafer fabrication

involved patterning 96 tiles over a 6-inch (152 mm) wafer.

B. Experimental Procedure

Given the need for rapid feedback, the characterisation of

these VCSELs is also streamlined to obtain valuable information

which provides insight into epitaxial material variation but with

a minimum time cost.

To mirror techniques used in industry, and to minimise

the time-to-result for characterisation, light-current-voltage-

wavelength (L-I-V-λ) measurements were performed on a semi-

automatic wafer-prober equipped with an optical fibre for direct

coupling of the laser emission. Whilst only allowing mea-

surements of light output in arbitrary units, measurement of

Fig. 2. Process flow for VQF (a) and standard VCSEL fabrication (b).

the current-voltage characteristic, lasing threshold current, and

emission spectra were still possible.

After initial L-I-V-λ characterisation, the performance of the

optimal VQF devices designs were compared to that of standard

devices on an upgraded temperature-controlled wafer-probing

setup, equipped with a calibrated integrating sphere for light

collection. This setup was used for measuring temperature-

dependent L-I-V characteristics from 20 to 70 °C and provided

measurements of true output powers.

Measurement of the oxidation length at several locations on

the wafer was carried out during processing using an infra-red

camera. Additionally, samples were taken from the centre and

edge of a nominally identical wafer and circular mesa structures

were oxidised to assess the difference in oxidation length due to

properties of the oxidation layers in the epitaxial structure.

III. RESULTS AND DISCUSSION

A. On-Tile VQF Performance

First the relative performance of VQF and standard devices

is considered. The devices were produced on 12.5 × 12.5 mm

tiles of equivalent epitaxial material taken from the centre of

a 152 mm wafer. An artifact arising from the difference in

device geometry, is a difference in oxidation length required

to define the oxide apertures. As such, definition of devices of

precisely equivalent aperture diameters was not possible, and

when comparing typical performance for each device type, the

behaviour of larger aperture diameter devices (7 – 9 µm) is

carried out to minimise the limitations associated with small

aperture devices, for example error in oxide aperture diameter
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Fig. 3. Box and whisker plots of series resistance extracted from I-V char-
acteristic (2.4-2.5 V) for a range of oxide apertures for both VQF (plain black
boxes) and standard VCSEL devices (red striped boxes).

and scattering loss. A comparison of the dependence on oxide

aperture diameter of series resistance, extracted from the I-V

characteristic between 2.4 and 2.5 V, is shown in Fig. 3, for both

VQF and standard devices.

The mean series resistances of the standard VCSELs are found

to be approximately 25 Ω higher than that of the VQF devices,

and this difference is constant with aperture size, hence is likely

systematic and associated with the difference in p-contact defi-

nition for both device types. For the standard VCSELs, there is a

contact resistance related to the deposition of the feed metal onto

the p-contact ring which is not present for the VQF devices given

that the contact pad and feed metal are deposited simultaneously

and directly onto semiconductor. Additionally, the thickness and

width of the p-contact ring metal is less than that of the VQF

devices, which also contributes to an increased series resistance.

Further, although there is a slight difference in active area for

nominally equal oxide apertures (due to the non-circularity of

the VQF devices) the effect on series resistance should be small

given that the VQF active area is only ∼7% larger. This higher

series resistance of the standard VCSELs thus contributes to

increased Joule heating in those devices and hence a higher

internal temperature.

In Fig. 4, the dependence of threshold current on aperture

diameter for both device types is shown. It can be seen that for

the VQF VCSEL design we approach comparable performance

for a stripped-back structure, achieving values of Ith, that closely

match that of standard structures. However, a small increase of

approximately 0.3 mA in the mean threshold current for the VQF

devices relative to a standard device of similar active volume is

observed. This difference can be shown, partly, to be a result

of temperature effects associated with a difference in thermal

mass of the VQF and standard structures, but there are additional

contributions which are also considered.

The temperature dependence of Ith was measured for a range

of apertures for both standard and VQF devices, some of which

are shown in Fig. 5 (top). Based on the same analysis as in [27],

Fig. 4. Box and whisker plots of measured threshold current values for a range
of oxide aperture diameters for both VQF (plain black boxes) and standard (red
striped boxes) VCSEL devices.

we extract from these plots the threshold current minimum, α,

and the temperature at which the threshold current minimum oc-

curs, Tmin. This minimum is observed to occur at approximately

45 °C and there is a small variation (±5 °C) for all the devices

measured, whether standard or VQF designs, hence, the gain

peak-to-cavity resonance detuning is very similar both device

types. In addition to a higher series resistance, the standard

VCSELs have increased thermal impedances due to the deeper

oxidation lengths for the VQF devices. Hence, for equivalent

active areas, the thermal impedance of a standard VCSEL is

higher than that of a VQF device, and the standard VCSEL

operates at higher internal temperatures for a given current.

Thus, by considering Fig. 5 (top), at ambient room temperature,

the standard VCSELs operate closer toTmin due to extra internal

heating, which results in a greater decrease in threshold current

relative to VQF devices.

Additionally, it is likely that there is an increased rate of

surface recombination at the exposed mesa sidewalls of the VQF

devices relative to the BCB-passivated standard devices, which

contributes to a higher threshold current [28]. Also, as seen in

Fig. 1, the VQF device design results in slightly non-circular

aperture shapes, owing to the interconnect region of the device,

which increases the active area by ∼7% relative to the circular

aperture of a standard device. Given that the threshold current

of a VCSEL scales with active volume, this also contributes

to increase in threshold current for VQF relative to a standard

device.

Further, it is possible that variation in the epitaxial layers may

also contribute to a difference in threshold current. Separate

to the effect of gain peak-to-cavity resonance detuning, spatial

variation in material composition and layer thickness of the DBR

layers impacts the mirror reflectivity, which is intimately linked

to the threshold gain [19], [29]. However, the effect of epi-layer

variation should be small on tile-sized samples.
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Fig. 5. Temperature dependence of the threshold current fitted with a second
order polynomial (top) and L-I characteristic at room temperature up to thermal
rollover (bottom) for VQF and Standard VCSEL devices.

The typical output optical power-current (L-I) characteristics

of the standard and VQF device types, measured up to thermal

rollover are shown in Fig. 5 (bottom). In general, the maximum

output power is higher for the standard VCSELs, with some

8 µm aperture devices reaching up to 27.5 mW. However, the

onset of thermal rollover occurs at significantly lower currents

than for the VQF devices (up to 10 mA for a given aperture

diameter), which can be seen in Fig. 5, and, again, is a result of

a difference in electrical and thermal impedance. We extract the

power conversion efficiency, ηpow, at a fixed current of 6 mA

and find that this is highest for the standard devices, although

there is good agreement for the maximum power conversion

efficiency at ∼30%, but again occurring at lower currents for

standard devices. The mean ηpow for a 7 and 8 µm VQF and

standard VCSEL is measured as 30.2 ± 4.2 and 32.5 ± 5.9%,

respectively, with the error given by the standard deviation. The

mean current corresponding to ηpow,max is then observed to be

3.5 ± 0.7 and 5.0 ± 0.4 mA for a 7 and 8 µm aperture standard

and VQF device. The slope efficiency, ηext, measured between

5 and 10 mA is consistently higher for the standard VCSELs,

with a value of 0.89 W/A for an 8 µm aperture standard device,

compared to 0.65 and 0.77 W/A for a 7 and 9 µm aperture VQF

device, respectively. The reduction in ηext of the VQF device

compared to the standard VCSEL design is consistent with a

higher rate of non-radiative recombination away from the lasing

Fig. 6. Single-mode emission spectra for oxide aperture diameters < 3 µm.

mode, that is, where the carrier density is not pinned, which

is likely driven by surface recombination at the exposed mesa

sidewalls of the VQF designs.

Single mode emission for oxide aperture diameters < 3 µm

up to 2 mA injection current is achieved in VQF devices, the

spectra for which are shown in Fig. 6. The emission spectra for

devices produced by VQF are comparable to that of standard

device structures. Further, the number of lasing modes in larger

aperture devices are also comparable, shown in the multi-mode

spectra in Fig. 7. However, we do observe the wavelength of

the fundamental mode to be redshifted in the standard VCSELs,

which we attribute to temperature effects driven by additional

Joule heating associated with the increased thermal impedance.

The redshift of the fundamental mode wavelength in the stan-

dard VCSELs is seen more clearly in the 8µm aperture device in

Fig. 8, where the extracted wavelengths for all devices measured

are plotted. The cavity resonance wavelength extracted from

post-growth reflectometry measurements is shown by the dashed

line corresponding to a value of 941.4 nm for both device types.

We see by considering the mean values that, in general, the stan-

dard VCSEL devices are more redshifted relative to the material

cavity resonance wavelength, indicative of greater self-heating.

The current-tuning redshift of the lasing wavelength of an 8 µm

aperture standard and 9 µm aperture VQF device is measured

as 0.51 and 0.08 nm/mA, respectively. From this, an estimated

temperature increase per unit current is calculated by dividing

these quantities by the measured temperature dependence of the

lasing wavelength (0.07 nm/K). This gives a temperature shift,

∆T, of 7.2 and 1.1 K/mA for the standard and VQF devices,

respectively. Hence, it is expected that the internal temperature

of a standard VCSEL is higher than that of a VQF VCSEL for

a given active area and at a fixed current.
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Fig. 7. Multi-mode emission spectra for devices of oxide apertures 7-9 µm
diameter.

Fig. 8. Box and whisker plots for the measured fundamental mode wave-
lengths of VQF (plain boxes) and standard (striped boxes) VCSEL devices.

Here, it has been demonstrated that the performance of

VQF VCSELs is representative of standard devices and that

the observed disparities can be explained by consideration of

device thermal properties, and the limitations imposed by the un-

passivated mesa sidewalls and non-circular aperture shape. The

difference in room temperature threshold current is understood

by considering the temperature dependent gain peak-to-cavity

resonance detuning and the difference in threshold lasing wave-

length by comparing the difference in operating temperatures

at a given current driven by the thermal impedances. We have

also identified that an enhanced rate of surface recombination in

the VQF structures limits the best achievable threshold current

and slope efficiency, but this effect is small and does not affect

the aim of VQF which is the feedback to growth conditions and,

hence, is principally concerned with relative uniformities within

individual wafers and between growth runs.

The key quantities discussed and used to compare VQF and

standard device performance are summarised in Table I.

A. On-Wafer VQF Performance

The fabrication and characterisation of VQF devices is a

powerful tool that can be exploited to measure and assess the

quality, uniformity, and reproducibility of VCSEL epitaxial

material in a volume manufacturing environment. Using the

on-tile performance characteristics analysed in the previous

section, it is possible to gain insight into the origins of epitaxial

variations on the wafer-scale. However, the fabrication of large

diameter wafers inherently introduces non-uniformity due to the

fabrication process, and thus, to confidently assess the epitaxial

material quality, the effects that are related to material growth

and those due to device fabrication must be disentangled.

One of the most useful wafer characterisation techniques

currently used is the measurement of the reflectivity spectrum

of the VCSEL material at many locations across the wafer, and,

from the resulting spectra, extraction of the cavity resonance

wavelength, λcav. This allows the expected lasing wavelength to

be mapped across a wafer. In Fig. 9 (top), a wafer-map of the cav-

ity resonance wavelength, λcav, is shown, and in Fig. 9 (bottom),

this is compared with measurements of the lasing wavelength,

λ0 from VQF devices along a horizontal line-profile. The spatial

variation trend of the emission wavelength matches well with

that of the material cavity. However, a redshift relative to λcav is

observed and is consistent with self-heating caused by electrical

pumping. Additionally, it is also be observed that the number of

lasing modes for a given mesa size varies with a similar trend

across the wafer, suggestive of a non-uniformity in active area

defined by the oxide aperture.

To confirm this, the oxidation length, which was monitored

during fabrication, is plotted against position on the wafer. The

oxidation length is found to be greatest at the edge, resulting in

a reduction in oxide aperture diameter approximately radially.

Subsequently, the true VCSEL oxide aperture and thus active

area of devices at the centre and edge of the wafer are, in reality,

quite different. This causes a significant variation in important

device performance parameters such as series resistance (thus

any associated Joule heating), the lasing wavelength and the

number of lasing modes observed, as well as the threshold

current. The radial variation in oxidation length measured for a

38µm mesa VQF device and the corresponding series resistance

is shown in Fig. 10.

To understand the origin of the oxidation non-uniformity

the oxidation extent of simple cylindrical mesa structures on

tile samples cleaved from the centre and edge of a nominally

identical 6-inch wafer were measured. For these samples, which

underwent the same thermal oxidation process with both placed

in the centre of the furnace, the oxidation rate is found to

be slower for the sample taken from the edge of the wafer

in comparison to the centre - opposite to the result observed
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TABLE I
COMPARISON OF KEY DEVICE CHARACTERISTICS FOR VQF AND STANDARD VCSELS. INCLUDED ARE QUANTITIES FOR MESA DIAMETER, OXIDE APERTURE

DIAMETER, MEAN SERIES RESISTANCE (R), THRESHOLD CURRENT (Ith), THRESHOLD CURRENT DENSITY (Jth), TEMPERATURE SHIFT DUE TO JOULE HEATING

(∆T), TEMPERATURE CORRESPONDING TO GAIN PEAK CAVITY RESONANCE ALIGNMENT (Tmin), THRESHOLD CURRENT MINIMUM (α), MAXIMUM POWER

CONVERSION EFFICIENCY AND SLOPE EFFICIENCY AT 6 mA (ηext)

Fig. 9. Wafer map of material cavity resonance wavelength (top) and com-
parison of these values to measured lasing wavelengths along a horizontal line
profile (bottom).

when oxidising a full 6-inch wafer. For the cleaved tiles this

result implies the edge-to-centre oxidation variation is driven by

non-uniformity in the wafer epitaxial layers, such as variation

in the composition or layer thickness of the high Al content

layer in the top DBR, rather than being a fabrication induced

non-uniformity [30], [31]. For full wafer processing, where the

opposite non-uniformity trend is observed, this is attributed to

the strain-induced wafer-bow associated with growth on GaAs

substrates. This alters the thermal contact of the wafer to the

heated chuck in the oxidation furnace, which results in a decrease

Fig. 10. Radial variation of oxidation length and series resistance measured
at 1.8 V for a 38 µm VQF device.

in substrate temperature of approximately 5 °C at the centre of

the wafer during the thermal oxidation process. Due to the ex-

ponential dependence of the oxidation process on temperature,

this centre-edge temperature gradient results in a significantly

different oxidation rate, the effect of which is observed during

full-wafer characterisation. The impact of the wafer bow on

temperature and thus oxidation rate is so significant that it

dominates the effect of the slower oxidation rate observed in

edge material that was measured on tile samples. Therefore, the

impact of the strain-induced wafer bow cannot be ignored for

large diameter processing of VCSEL epi-structures on GaAs,

and corrections are needed to maximise fabrication tolerances

and device yield. This is particularly an issue for furnaces where

temperature control relies on thermal contact with the heated

chuck. It has been shown that VCSEL structures can be grown

on Ge substrates and, owing to the elemental nature of Ge, these

wafers exhibit virtually no bowing [32]. Thus, growth on Ge is

promising for improving manufacturing yield of VCSELs.

The impact of the oxidation non-uniformity can be seen in

the spatial variation of threshold current for 38 µm mesa VQF

VCSELs, shown in Fig. 11 (top). For these equivalent mesa

diameters, the values decrease at the edge of the wafer, which

is in agreement with a reduction in the diameter of the oxide

defined VCSEL aperture area. This centre-to-edge variation for

this mesa size is ∼1 mA, however, given the oxidation length

variation, equivalent mesa diameters do not yield equivalent

oxide aperture diameters. The effects of the known variation

in aperture diameter can be accounted and corrected for by
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Fig. 11. Spatial variation of threshold current for 38µm mesa devices (top) and
threshold current density for nominal and corrected aperture diameters (bottom).

mapping the threshold current density, Jth rather than threshold

current, Ith. A line scan at Y=−6 mm of Jth is shown in Fig. 11

(bottom), where the true spatial variation in room temperature

threshold current density can be seen after correction for the

∼3 µm centre-to-edge oxidation length variation. Although,

even after correction, significant variation in the centre-to-edge

values for Jth remains, with a magnitude of 0.9 kA/cm2, which

is attributed to epitaxial growth non-uniformity, affecting for ex-

ample, gain peak-to-cavity resonance detuning, and temperature

effects.

With direct oxidation rate effects removed, the effects due to

differences in operating temperature can be quantified. As shown

previously, in Fig. 5 (top), increased operating temperatures

result in a reduction in Jth for T < Tmin. By extracting the

threshold current from the L-I characteristic between 25 and

70 °C, the temperature corresponding to the gain peak-to-cavity

resonance alignment, Tmin, was spatially mapped on the wafer.

Spatial variations in the epi-layers across the VCSEL wafer

affect the gain peak-to-cavity resonance detuning, and hence

impact the threshold current density. Non-uniformities in the

thickness and composition of the inner cavity layers impact the

cavity resonance wavelength. Likewise, these non-uniformities

in the QW layers affect the gain spectrum and, in combination,

the detuning, ∆λ. Therefore, it is expected that some variation

Fig. 12. Temperature dependence of threshold current for 12.5 µm aperture
devices measured at the edge and centre of a 6-inch wafer.

in Tmin will be observed owing to a spatial variation in the

detuning across the wafer, and, hence, at a given temperature,

there will be a spatial variation in threshold current density, a

component of which is driven by the detuning. We find thatTmin

is highest in the centre of the wafer at an ambient temperature of

45-50 °C, and lowest at the edge at around 20-25 °C, this

is evident in Fig. 12 in the plot of Jth versus temperature.

This reveals that, at room temperature, the degree of detuning

is greatest in the centre of the wafer. Using the temperature

dependence of the cavity resonance wavelength (0.07 nm/K),

the detuning is calculated as 1.4 nm in the centre and is found

to be zero for edge devices. It should be noted, though, that the

reduction in aperture diameter towards the edge, associated with

the increased oxidation length for a bowed GaAs wafer, results

in an increase in device thermal impedance, and this means that

the internal temperature of the VQF device, with a fixed active

area and at a given current, shifts higher at the edge. Therefore,

the spatial variation in the magnitude of the gain peak-to-cavity

resonance detuning is not as large as that given by the calculation

employing Tmin, that is, the difference of 1.4 nm between the

centre and edge is an upper limit on the actual value of ∆λ. The

measurement of the gain peak-to-cavity resonance detuning is an

important result for VQF processing and provides an insight that

is not directly observable with standard wafer characterisation

techniques used to assess epitaxy against target specification.

Quantifying the variation of ∆λ and Tmin across large diameter

wafers allows an assessment of device yield at elevated temper-

atures which is critical for most VCSEL applications, and which

is not otherwise possible to measure.

Further, and significantly, the observation that at ambient

room temperature the gain peak and cavity resonance are in

alignment at the edge of the wafer, means devices operate

close to the minimum in threshold current (density). Therefore,

consideration of the spatial variation in Ith or Jth at room

temperature ignores any influence of the gain peak-to-cavity

resonance detuning, which must be accounted for to provide a

full picture of the insights gained by VQF. Due to the temperature

dependence of Ith and the spatial variation ofTmin, the observed



BAKER et al.: VCSEL QUICK FABRICATION FOR ASSESSMENT OF LARGE DIAMETER EPITAXIAL WAFERS 1530110

difference in threshold current at different regions of the wafer

also varies as a function of temperature.

In Fig. 12, it is evident that the centre-to-edge variation

reduces as the ambient temperature is increased. Many VCSEL

applications require operation at elevated temperatures, hence

measurement of only the room temperature performance is in-

sufficient. As for in section A, from the temperature dependence

of Ith, the threshold current (density) minimum is extracted. This

is found to be lowest at the wafer edge, which is also evident in

Fig. 12. So, not only is the room temperature threshold current

density lowest at the edge of the wafer, the minimum in threshold

current density, Jth,min, corresponding to the alignment of

the gain peak and cavity resonance wavelength is also lower.

Therefore, even with the detuning working to decrease Jth at

the edge, the minimum achievable Jth is lower at the edge as

well, and this result is attributed to variation of the epitaxial

layers. In comparing Jth,min, we find that the centre-to-edge

variation decreases again to ∼0.3 kA/cm2. Hence with the con-

sideration of Jth,min the effects of variation due to fabrication

(oxidation) and temperature (detuning) are excluded, and the

residual variation reflects the material only. However, although

Jth,min represents an important figure of merit for the VCSEL,

it is more useful to consider the spatial variation at temperatures

of interest. In commercialised applications, 940 nm VCSELs are

often intended for operation at 50 °C ambient temperature. At

this temperature, it is found that the centre-to-edge variation

in Jth is further reduced to ∼0.2 kA/cm2. Hence, the yield

of VQF devices, and, more specifically, the percentage of the

epi-wafer which produces devices that meet the requirements of

the design specification, would be seen to dramatically increase

after observing the performance at an elevated temperature,

closer to the conditions of intended application, compared to

room temperature characterisation only.

With these experimental results it has been shown that the

VQF process produces VCSEL devices that are representative

of standard VCSEL performance, in a fraction of the time

usually required. The application of VQF to full wafers has been

demonstrated to provide valuable information on the quality and

yield of epitaxial material, with insights that are not possible to

obtain with typical material characterisation methods employed

during the production process.

IV. CONCLUSION

In summary, the applicability of a stripped-back VCSEL

Quick Fabrication (VQF) process to the prediction of standard

VCSEL performance has been demonstrated. Full wafer pro-

cessing of VQF devices has been shown to provide valuable

insight into epitaxial material variation, with∼60% reduction in

fabrication time, yielding valuable insights which cannot be ob-

tained through traditional material characterisation techniques.

While here the VQF technique has been demonstrated on generic

940 nm emission wavelength material, its utility in characteris-

ing key parameters, such as threshold current behaviour and

gain peak-to-cavity resonance detuning, is similarly applicable

to VCSEL epi-material designed for different wavelengths and

final applications. Hence, this process will provide great benefits

in industry as a regular practise of quality control, in tracking

drift in a growth campaign and for providing feedback to growth

conditions to optimise epitaxial material quality and maximise

yield.
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