
 ORCA – Online Research @ Cardiff

This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry:h t t p s://o rc a.c a r diff.ac.uk/id/ep rin t/14 4 8 1 4/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

Baker, Jack, Allford,  Cr aig  P. , Gillg r a s s,  S a r a-Jayne,  Fo r r e s t ,  Rich a r d ,  H ayes ,  David

G. , N a bialek,  Josie,  H e n t s c h el, Cu r tis,  Davies,  J. Iwa n,  S h u t t s ,  S a m u el  a n d  S mow to n,

Pe t e r  M.  2 0 2 1.  Quick  fab rica tion  VCSELs for  c h a r a c t e ris a tion  of e pi t axial m a t e ri al.

Applied  Scie nc e s  1 1  (20) , 9 3 6 9.  1 0.3 3 9 0/a p p 1 1 2 0 9 3 6 9  file  

P u blish e r s  p a g e:  h t t p://dx.doi.or g/10.33 9 0/a p p 1 1 2 0 9 3 6 9  

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,  for m a t ting

a n d  p a g e  n u m b e r s  m ay  no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e  d efini tive  ve r sion  of

t his  p u blica tion,  ple a s e  r efe r  to  t h e  p u blish e d  sou rc e .  You a r e  a dvis e d  to  cons ul t  t h e

p u blish e r’s ve r sion  if you  wis h  to  ci t e  t his  p a p er.

This  ve r sion  is b eing  m a d e  av ailabl e  in a cco r d a nc e  wi th  p u blish e r  policies.  S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s  for

p u blica tions  m a d e  av ailabl e  in  ORCA a r e  r e t ain e d  by t h e  copyrigh t  hold e r s .



 

 

 

 
Appl. Sci. 2021, 11, 9369. https://doi.org/10.3390/app11209369 www.mdpi.com/journal/applsci 

Article 

Quick Fabrication VCSELs for Characterisation of  

Epitaxial Material 

Jack Baker 1,*, Craig P. Allford 1, Sara-Jayne Gillgrass 1, Richard Forrest 1, David G. Hayes 1, Josie Nabialek 1,  

Curtis Hentschel 1, J. Iwan Davies 2, Samuel Shutts 1 and Peter M. Smowton 1,3 

1 Future Compound Semiconductor Manufacturing Hub, School of Physics and Astronomy,  
Cardiff University, Queen’s Buildings, The Parade, Cardiff CF24 3AA, UK;  
allfordcp1@cardiff.ac.uk (C.P.A.); gillgrasss@cardiff.ac.uk (S.-J.G.); forrestr2@cardiff.ac.uk (R.F.); 
hayesd3@cardiff.ac.uk (D.G.H.); nabialekj@cardiff.ac.uk (J.N.); hentschelct@cardiff.ac.uk (C.H.);  
shuttss@cardiff.ac.uk (S.S.); smowtonpm@cardiff.ac.uk (P.M.S.) 

2 IQE Plc., Pascal Close, St Mellons, Cardiff CF3 0LW, UK; idavies@iqep.com 
3 Institute for Compound Semiconductors, Cardiff University, Queen’s Buildings, The Parade,  

Cardiff CF24 3AA, UK 
* Correspondence: bakerj19@cardiff.ac.uk 

Abstract: A systematic analysis of the performance of VCSELs, fabricated with a decreasing number 
of structural elements, is used to assess the complexity of fabrication (and therefore time) required 
to obtain sufficient information on epitaxial wafer suitability. Initially, sub-mA threshold current 
VCSEL devices are produced on AlGaAs-based material, designed for 940 nm emission, using pro-
cessing methods widely employed in industry. From there, stripped-back Quick Fabrication (QF) 
devices, based on a bridge-mesa design, are fabricated and this negates the need for benzocyclco-
butane (BCB) planarisation. Devices are produced with three variations on the QF design, to char-
acterise the impact on laser performance from removing time-consuming process steps, including 
wet thermal oxidation and mechanical lapping used to reduce substrate thickness. An increase in 
threshold current of 1.5 mA for oxidised QF devices, relative to the standard VCSELs, and a further 
increase of 1.9 mA for unoxidised QF devices are observed, which is a result of leakage current. The 
tuning of the emission wavelength with current increases by ~0.1 nm/mA for a VCSEL with a 16 
μm diameter mesa when the substrate is unlapped, which is ascribed to the increased thermal re-
sistance. Generally, relative to the standard VCSELs, the QF methods employed do not significantly 
impact the threshold lasing wavelength and the differences in mean wavelengths of the device types 
that are observed are attributed to variation in cavity resonance with spatial position across the 
wafer, as determined by photovoltage spectroscopy measurements. 

Keywords: VCSEL; fabrication; manufacture 
 

1. Introduction 

Vertical cavity surface emitting lasers (VCSELs) have become ubiquitous in recent 
years due to their use as light sources in a wide range of applications from 3D imaging to 
optical fibre data transmission and, with the emerging technology of LiDAR, the market 
is rapidly expanding [1–4]. This expansion has led wafer manufacturers to scale up pro-
duction to larger substrates; currently 6-inch (152 mm) [5] and beyond [6], whilst work is 
also being done to maximise the uniformity over individual wafers, as well as between 
wafers from the same and separate growth runs. This relies on material characterisation 
methods that are compatible with a commercial manufacturing process, that is, rapid 
time-to-result with representative information output. This is typically managed with 
non-destructive wafer characterisation techniques such as defect scanning [7] and meas-
urement of the reflectivity spectrum for information on the resonant wavelength of the 
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VCSEL stack [8]. Destructive techniques such as capacitance-voltage measurements on 
etched VCSEL material to validate doping levels [9] and secondary ion mass spectroscopy 
to measure material compositions [10] are employed on sacrificial wafers. Photolumines-
cence spectroscopy is also often used to obtain information on quantum well (QW) layers 
[11], but this involves growth of a test structure or removal of the top DBR from the full 
VCSEL material, which is less representative of the full structure. 

Ultimately, these methods of wafer characterisation aim to provide information that 
is used to predict yield and the final performance of fabricated VCSEL devices. Often, 
some VCSELs are fabricated from calibration material for light-current-voltage (L-I-V) 
and wavelength (λ) measurements to supplement the material characterisation. The in-
formation revealed is extremely valuable, but this can prove to be a time-consuming pro-
cess. Here, we report on the development of a Quick Fabrication (QF) VCSEL test struc-
ture, that will enable epitaxial material to be characterised based on laser performance. 
Key figures of merit from the laser characterisation can be mapped across a wafer in the 
same way as commercial-standard measurements, but here we seek to assess the physical 
impact of a simplified (and therefore more rapid) fabrication process on performance for 
devices relative to typical VCSELs. 

In this work, we focus on VCSELs produced on AlGaAs-based epitaxial material de-
signed for 940 nm emission wavelengths. Infrared emitting VCSELs have been widely 
shown to have low threshold currents resulting from a combination of advances in epi-
taxial design and improved processing [12–16], but the threshold current of a VCSEL is 
highly dependent on the size of the active area [17] and the particular device structure. 
Thus, we assess the size-dependent threshold current for the devices produced in this 
study and use this as a useful way to compare different design variations. 

Additionally, improved output powers have been achieved by rethinking the design 
and packaging of the VCSELs [18] and high single-mode output powers have been 
achieved at this emission wavelength by employing Zn-diffusion in the fabrication pro-
cess [19,20]. However, here, we are concerned only with top-emitting oxide-confined 
VCSELs. The optical power of VCSELs has been shown to increase with increasing active 
diameter [21,22], but this has also been seen to saturate for large devices [23] and with 
increasing internal heating [24]. The optical power of the QF devices and the dependence 
on device size is examined in this study and a comparison of the relative efficiencies of 
the different designs is made.  

Further, VCSELs inherently operate at a single longitudinal mode due to the standing 
wave pattern formed by the epitaxial structure [25,26] and, unlike edge-emitting lasers, 
the emission wavelength of a VCSEL is determined by the material cavity resonance, as 
opposed to the wavelength corresponding to peak gain. As a result, the emission wave-
length is relatively stable but does shift with increasing temperature, with the rate of shift 
determined by the change in refractive index of the constituent materials [27–29]. The 
emission wavelength is also observed to redshift with increasing current [26,30] as a result 
of internal heating. Thus, measurement of the dependence of the emission spectrum on 
injection current is a useful tool to assess the self-heating properties of devices and is em-
ployed in this work to compare the various device types. 

2. Materials and Methods 

The epitaxial structure used in this study consists of a multiple quantum well active 
region sandwiched between upper p-doped and lower n-doped GaAs/AlGaAs distributed 
Bragg reflector (DBR) mirror pairs and is designed for 940 nm emission wavelength. A 
high aluminium content layer was included between the upper DBR and above the con-
finement layers of the active region for definition of the VCSEL aperture. The epi-struc-
tures were grown via MOCVD on n+ GaAs substrates and provided by IQE plc.  

Devices from several variations on a quick fabrication process were compared with 
the performances of typical commercial-standard VCSELs, which we refer to as standard 
VCSELs. The QF structures were based on an etched-trench bridge-mesa design, whereby 
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the central cylindrical VCSEL cavity is not fully isolated from the surrounding planar ma-
terial.  

The remaining material is referred to as the bridge, as this facilitates deposition of a 
bond pad in the same plane as the p-metal ring contact without the need for a planarisa-
tion process step. A SEM image of a QF VCSEL mesa is shown in Figure 1a, with that of a 
standard VCSEL in Figure 1b. 

  
(a) (b) 

Figure 1. (a) SEM Image of a Quick Fabrication (QF) VCSEL; (b) SEM image of a standard VCSEL. 

Fabrication followed common processing techniques which, for the standard VCSEL 
structures was as follows: definition of the mesa by inductively coupled plasma (ICP) etch 
to just below the active layers, a depth of ~3 μm. Wet thermal oxidation of the samples at 
400 ℃ to form the oxide apertures with an oxidation depth of 5.5 ± 0.5 μm. The samples 
were spin-coated with benzocyclcobutane (BCB) and subsequently etched-back to planar-
ise the material to the height of the mesas. Ti/Au (10/500 nm) p-metal ring contacts and 
bond pads were deposited simultaneously on the top of the samples, followed by stand-
ard AuGe/Ni/Au deposition for the global substrate-side n-metal contact.  

The process for the Quick Fabrication VCSELs was as follows: a blanket-coat of 200 
nm SiN was deposited and used as the etch mask for definition of the mesa by inductively 
coupled plasma (ICP) etch, as was done for the standard VCSELs. Here, though, the SiN 
was patterned to be used as an insulating layer to prevent electrical pumping underneath 
the bond pad, given that the mesas were not fully isolated. The samples were oxidised in 
the same conditions as for the standard VCSELS, but for a total oxidation length of 12 μm. 
The deposition for the top p-metal and substrate-side n-metal layers were the same as for 
the standard VCSELs. However, prior to the deposition of the n-contact, the substrate of 
some samples was mechanically lapped, thinning the substrate from 600 μm to approxi-
mately 150 μm, followed by a polishing process. While substrate thickness is usually re-
duced for ease of die singulation, for the purpose of testing QF VCSELs this step is not a 
necessary requirement; here, the effect of removing this step is carried out to understand 
the impact on device performance. 

Light-current-voltage measurements were performed on a range of device sizes us-
ing a CW current source with an integrating sphere for light collection and power meas-
urement. Spectral (𝜆) measurements were done by coupling light into an optical spectrum 
analyser (resolution 0.1 nm) using a focusing lens and multimode fibre connect. 

The VCSELs were mounted on a temperature-controlled stage to facilitate tempera-
ture dependent measurements between 23 and 80 °C. Near-field images for the devices 
were obtained using a focusing lens to collect light which was then detected with a CCD 
camera. More time-consuming measurements, such as wavelength variation with current 
and temperature, were performed on a reduced number of devices based on L-I-V-λ 
screening. Additionally, surface photovoltage spectroscopy (SPVS) [31–33] was used to 
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measure the cavity mode wavelength of the epi-material. SPVS involves shining wave-
length-varied monochromatic light normal to the surface of the sample and measuring 
the voltage induced as photogenerated electron-hole pairs are separated by the built-in 
field. 

3. Results and Discussion 

3.1. Threshold Current 

We begin by analysing the performance of the full VCSEL structures, which is used 
as a baseline from which we compare the performance of the less complex QF device 
structures. 

Threshold currents were found to be sub-mA for devices <10 μm diameter oxide ap-
erture. Threshold currents for the complete set of devices ranged between 0.37 and 1.46 ± 0.01 mA for 6–12 μm apertures. The threshold currents quoted in this work were ex-
tracted from L-I curves by the second-derivative method and the uncertainty quoted is 
determined by the resolution of the current source and applies to all threshold current 
values presented here. It is well known that the threshold current of a diode laser scales 
with increasing active volume [17], and this is shown in Figure 2 for these VCSEL struc-
tures, where the uncertainty in the aperture is due to the resolution of the measurement 
of the oxidation extent under an infrared camera. The rate of oxidation increases as the 
device size reduces, hence there is a greater uncertainty in the aperture diameter for the 
smallest mesas. Additionally, for a 4 μm aperture device, we see an increase in threshold 
current to 0.60 mA. This has been explained previously by an increased internal optical 
loss due to scattering at the oxide layers for small apertures [34–36], greater sidewall re-
combination as device diameter is reduced [17,37,38] and an increased internal tempera-
ture [28,39,40] driven by the increased series resistance of small aperture devices. The 
threshold currents for oxidised QF VCSELs are also plotted in Figure 2, and here we ob-
serve a minimum threshold current for a 6 μm aperture QF device, which increases to 2.9 
and 4.6 mA for 4 and 18 μm aperture QF devices, respectively. 

 
Figure 2. Threshold currents of standard VCSELs and oxidised QF VCSELs. 

The QF bridge-mesa design facilitates the deposition of a bond pad without the need 
for BCB planarisation and simplifies the feed metal deposition, which results in a 37% 
reduction in processing time. This design does, however, create a parallel current leakage 
path away from the cylindrical VCSEL cavity which results in the offset in threshold cur-
rent that we observe for the QF devices. The effect of the leakage path is seen in the near-
field imaging as light emission along the bridge, which is shown in Figure 3a, where this 
is not present in the standard VCSEL device (Figure 3b). 
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(a) (b) 

Figure 3. Near-field images of (a) pumped QF VCSEL, showing light emission along the bridge due to leakage current; (b) 
pumped standard VCSEL, for comparison. 

The increase in threshold current for the 4 μm aperture QF device in comparison to 
the 6 μm aperture QF device is due in part to the loss mechanisms previously described, 
however, there is also a proportionally greater leakage current along the bridge due to the 
high series resistance of the VCSEL in comparison to the larger aperture devices. This 
explains why the size of the increase with respect to the 6 μm aperture threshold current 
minimum is greater for the QF devices (0.5 mA) than for the standard VCSELs (0.2 mA), 
the magnitude of which lies outside the margin of uncertainty determined by the thresh-
old current value calculations. 

An estimate of the leakage current associated with the bridge-mesa design was made by 
evaluating the offset in the linear plots of threshold current versus active area, defined here as 
the area of the oxide aperture. These plots are shown in Figure 4. We exclude outlying high 
threshold current devices for the evaluation of the leakage offset. By comparing intercepts of 
the fits, we find a 1.5 ± 0.02 mA offset, which gives the lower limit to the bridge leakage cur-
rent. There is also an enhancement of surface recombination given that the QF VCSEL mesa 
sidewalls are exposed relative to the BCB-passivated standard VCSEL mesas, however, this 
can be treated as another contribution to the leakage current. The leakage current value is cal-
culated from a difference in threshold current, hence the quoted uncertainty is determined by 
the error in both in threshold current values. 

 
Figure 4. Lowest measured threshold currents as a function of active area. 

We also considered the relative change in performance for QF bridge-mesa devices 
without an oxide aperture, resulting in a 54% reduction in fabrication time relative to the 
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standard VCSELs. For these devices, there is no insulating oxide layer to channel the in-
jected current and, as such, the leakage current is greater than that of oxidised QF devices. 
Threshold currents range from 4.3 mA for a 12 μm mesa device, to 11.4 mA for a 32 μm 
mesa. By, again, comparing the offset in intercepts of the linear plots of threshold current 
as a function of active area in Figure 4, we find the increase in leakage current to be a 
further 1.9 ± 0.02 mA relative to an oxidised QF device, where here the active area for 
unoxidised QF devices is defined as the cross-sectional area of the mesa. Relative to the 
oxide aperture diameter, the uncertainty in the mesa diameter of the unoxidised devices 
is negligible, hence we omitted error bars in the plot for these devices. 

Finally, we also considered the impact of substrate lapping on the performance of the 
unoxidised bridge-mesa structures, with the processing time for these devices being re-
duced by 63% compared to the standard VCSELs. Applying the same treatment as above, 
we find that lapping does not have a significant impact on threshold current. Values are 
seen to range from 5.5 mA, for a 12 μm mesa, up to 11.3 mA for a 32 μm mesa, which very 
closely matches the values for the lapped structures. Additionally, in Figure 4, the de-
pendence on active area is seen to be equivalent to the other structures and there is no 
offset in intercept relative to the lapped material. This is expected given that the bridge 
leakage current is independent of the substrate thickness. 

Hence, we find that the threshold current of the QF devices is degraded relative to 
standard structures and, as such, the applicability of this performance characteristic to the 
application of QF VCSELs for epi-material characterisation in a manufacturing setting is 
limited by the assumption of a linear offset in threshold behaviour. For greater confidence 
in the use of QF VCSELs to predict the performance of standard VCSELs, this observed 
degradation in threshold behaviour should be minimised, however, we are still able to 
assess device yield and material uniformity with the current form of the QF structures, 
which will be valuable in manufacturing. 

3.2. Output Power 

Another important characteristic of VCSEL performance is the emitted optical power. 
In Figure 5a we compare the light–current characteristics of 6 𝜇m aperture standard and 
QF devices. The standard VCSEL has a slope efficiency of 0.89 ± 0.04 W/A and produces 
a peak output power of 12.0 ± 0.36 mW, which is ~3 mW greater than that of the oxidised 
QF VCSEL, which has a slope efficiency of 0.60 ± 0.03 W/A. The uncertainty in the power 
measurement is taken from the 3% uncertainty of the integrating sphere at this wave-
length range and this, with the resolution of the current source, combines to give the un-
certainty in the extracted slope efficiency. We observe the current at which the light output 
peaks to be greater for the QF VCSEL and we find this to be generally true for the QF 
devices. This is likely due to the leakage current of the QF VCSELs which, even when 
comparing equivalent active areas, results in a larger pumped area relative to the standard 
devices and hence results in a higher current at thermal rollover. 
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(a) (b) 

Figure 5. Light–current characteristics for (a) 6 𝜇m aperture standard and QF VCSEL; (b) 30 𝜇m mesa lapped and un-
lapped unoxidised QF VCSEL. 

In Figure 5b we compare the light–current characteristics of 30 um mesa lapped and 
unlapped unoxidised QF VCSELs. The slope efficiency for the unoxidised devices are sim-
ilar with values of 0.37 and 0.39 ± 0.02 W/A for the lapped and unlapped device, respec-
tively. However, we see that the peak output power is greatest for the lapped device at 
11.0 ± 0.33 mW and this is ~4 mW higher than that of the unlapped device. Additionally, 
the current at which thermal rollover occurs is higher for the lapped device and given that 
the bridge leakage current of these device is equivalent, we find that the improved heat-
sinking properties facilitates higher power output. Additionally, we observe features of 
instability in the L-I characteristics, occurring around thermal rollover for the lapped de-
vice but at much lower currents for the unlapped device. This is likely due to heating-
induced mode instability, which we refer to in more detail in the later section on wave-
length current tuning. 

Further, in Figure 6, we compare the mean peak output power as a function of device 
size for each of the device types. We see a separation between the oxidised and unoxidised 
devices, with the oxidised devices producing much higher output powers. 

 
Figure 6. Comparison of peak output power as a function of device size. 
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In general, the power output of the unoxidised devices is low (<10 mW) and, in com-
parison to the clear increase with aperture size for the oxidised devices, this remains ap-
proximately constant for the full range of device sizes. This may be due to high threshold 
currents of the unoxidised devices driving internal heating, thus limiting the power out-
put and greater non-radiative recombination at exposed sidewalls. 

Although we find that the output characteristics of the QF devices suffer with the 
rapid fabrication process relative to the standard VCSELs, we still obtain moderate optical 
powers that would be sufficient for the use of these devices in manufacturing. The mech-
anisms that result in the observed difference in performance between the QF and standard 
devices are not immediately observable, hence the predictability of standard device per-
formance from measurements of these QF structures alone is difficult. However, analysis 
of changes in relative performance across a single wafer, or between wafers with modified 
epitaxial structures, would still provide valuable information for the purpose of material 
characterisation in manufacturing. 

3.3. Emission Spectra 

The fundamental mode wavelength for a range of device sizes was extracted from 
spectral measurements and the resulting plots are shown in Figure 7a. We see that for 
both the standard VCSELs and QF devices the wavelength remains approximately con-
stant with varying active diameter. We find the mean wavelengths of the standard 
VCSELs to be 943.2 ± 0.2 nm, and 939.2 ± 0.5 nm for the oxidised QF VCSELs. The error 
quoted here is given by the standard deviation of the measured wavelengths, quantifying 
the variation for the different devices driven by spatial variation of the epitaxial material. 
The mean values differ by ~4 nm and this difference is approximately 6 and 10 nm for the 
unoxidised and unlapped QF VCSELs, respectively. This is much greater than the meas-
ured spread, hence we are confident that this variation across the different device types is 
driven by spatial variation of the cavity resonance wavelength over the wafer, as opposed 
to the different fabrication processes. This is also evident in the photovoltage spectra 
shown in Figure 7b, where the measured material resonance wavelength trends as the 
measured emission wavelength. 

(a) (b) 

Figure 7. (a) Lasing wavelengths for all devices; (b) photovoltage spectra for QF VCSEL samples showing the variation in 
cavity resonance wavelength. 

Comparing the mean emission wavelength at threshold of the QF devices to the room 
temperature cavity resonance wavelength from SPVS measurements, we observe a red-
shift of 1.4 and 1.2 ± 0.2 nm for the oxidised and unoxidised QF devices, respectively, 
however, the threshold emission wavelength of the unlapped QF devices is redshifted by 
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3.1 ± 0.2 nm relative to the cavity resonance. Here, the uncertainty results from the com-
bination of resolutions of the optical spectrum analyser for the wavelength measurement 
and of the monochromator in the PVS setup. We attribute the observed difference in mag-
nitude of redshift to be a result of self-heating due a combination of high threshold cur-
rents and larger thermal resistances associated with the unlapped substrate. Therefore, 
although the bridge-mesa design incurs a higher threshold current due to the leakage 
path, this does not translate into a large internal temperature increase for the lapped de-
vices and the impact on the emission wavelength is minimal, however, the effects of 
greater self-heating are evident in the performance of unlapped devices.  

3.4. Wavelength Tuning 

We measured the wavelength shift as a function of temperature for standard VCSEL 
devices to be 0.07 ± 0.02 nm/K which is in good agreement with the temperature-induced 
refractive index shift of the epitaxial material [29] and this is expected for all device types 
given that the constituent materials of the epi-structures are the same. The uncertainty 
here represents the standard deviation as the spread in measured values. Further, we 
measured the tuning of the fundamental mode wavelength with increasing injection cur-
rent and a plot comparing these values for each device type is shown in Figure 8a. Com-
paring a 4 μm aperture standard VCSEL with a 4 𝜇m aperture QF device we find the 
redshift in wavelength is 0.65 ± 0.02 and 0.22 ± 0.05 nm/mA, respectively. Using the 
measured wavelength shift with temperature, these values can be converted to a temper-
ature shift per unit current of 9.3 ± 0.5 K/mA for the standard VCSEL and 2.7 ± 0.7 
K/mA for the QF VCSEL. Thus, we find that the standard VCSEL types suffer from greater 
self-heating which is driven by a combination of an increased electrical and thermal re-
sistance. This uncertainty here derives from the combination of the resolution of the spec-
trum analyser and that of the current source. In addition, the spread of the measured val-
ues of the wavelength shift with temperature combines with that of the wavelength tuning 
with current to give the uncertainty in the values of temperature shift per unit current. 

  
(a) (b) 

Figure 8. Tuning of the fundamental mode wavelength with injection current as a function of (a) device active area; (b) 
total device cross-sectional area, including the oxidised and bridge regions for the QF VCSELs. 

The series resistance of the QF VCSELs is reduced compared to the standard VCSELs 
due to the leakage path along the bridge, which reduces the degree of Joule heating. Ad-
ditionally, the thermal resistance of the QF VCSELs is reduced due to the significant dif-
ference in cross-sectional areas of the devices. This latter point can be seen in Figure 8b 
where the wavelength tuning with current is plotted as a function of total device cross-
sectional area, including the oxidised regions and the bridge regions. The degree of tuning 
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is seen to be proportional to the inverse of the total cross-sectional area, with a much better 
fit than when only considering the aperture regions of the QF devices. Furthermore, there 
is an additional contribution to the reduced thermal resistance from the substrate lapping. 
For the unoxidised QF devices, the wavelength tuning with current for a 12 𝜇m mesa is 
0.22 ± 0.04 nm/mA, and the temperature shift with current is then calculated as 3.5 ± 0.7 
K/mA—which is similar to the temperature shift of a 4 μm oxide-aperture QF device and 
within the margin of uncertainty. Although the Joule heating is much greater for the oxi-
dised devices due to the large electrical resistance, the total device cross-sectional area is 
much greater and hence the thermal resistance is comparatively smaller. 

This allows heat to flow away from the active region more easily and facilitates a 
reduced relative temperature increase for the oxidised device, despite the much smaller 
active area. Additionally, comparing the wavelength tuning of a 16 𝜇m unlapped unox-
idised QF VCSEL to a 4 𝜇m aperture standard device (equivalent mesa diameters), we 
find the redshift of the emission wavelength to be approximately twice as large for the 
standard VCSEL. Given that the two devices are of equivalent thermal mass, this differ-
ence is attributed to the reduced series resistance, and thus Joule heating, in the QF de-
vices. 

We also compare the wavelength tuning with current for both the lapped and unlapped 
QF devices. The tuning ranges from 0.05 ± 0.01 nm/mA for a 32 μm mesa device, up to 0.27 ± 0.05 nm/mA for a 16 μm mesa, seen in Figure 8a. This measured wavelength shift is greater 
than that of a 16 μm mesa lapped device and, given the high threshold currents of the unox-
idised QF VCSELs, contributes to the increased redshift of the emission wavelengths at thresh-
old of the unlapped devices. We find that the temperature increase per unit current for a 16 
μm mesa diameter (smallest measured unlapped device) is 3.9 ± 0.8 K/mA, which is approx-
imately 1 K/ma higher than that of a 16 μm mesa lapped device, with a temperature shift of 
0.19 ± 0.01 K/mA. Hence, we see that lapping has a significant effect on the internal heating 
of the VCSELs, however, from Figure 8b it is clear that this becomes less significant as the mesa 
diameter is increased. The variation in uncertainty for the calculated wavelength tuning and 
temperature shifts is a result of the variation in current ranges used in each measurement, 
which was dependent on device size and threshold current. Additionally, we observe a dif-
ference in the spectral shape between the lapped and unlapped VCSELs. As the CW injection 
current is increased, we see transverse mode-hopping in the unlapped devices, as shown in 
the spectra for a 26 μm diameter mesa in Figure 9a. In contrast to this, in Figure 9b, we find 
that the dominant mode for lapped devices is stable as the injection current is increased, alt-
hough, at high current some mode-hopping is seen, but this occurs less frequently than for the 
unlapped devices. 

  
(a) (b) 

Figure 9. Emission spectra taken at 5 mA intervals above threshold current for (a) a 26 𝜇m diameter unoxidised unlapped 
QF VCSEL and (b) a 26 𝜇m diameter unoxidised lapped QF VCSEL, showing mode-hopping in the unlapped device as 
injection current is increased. 
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We find this mode-hopping effect to be heating-related by measuring the spectrum 
of the lapped and unlapped VCSELs above threshold with a pulsed current source. As the 
pulse length is increased from 5 to 100 μs, with a fixed pulse delay of 200 ns, new peaks 
in the spectra are observed, corresponding to different transverse modes and the domi-
nant peak is seen to change through the pulse length sweep. Conversely, the dominant 
mode of the unlapped VCSEL remains constant as the pulse length is increased. 

With the analysis of the wavelength tuning of the different device types we observed 
a favourable thermal resistance for the QF VCSELs, due to reduced electrical and thermal 
resistance, which has implications for spectral performance at high current. However, we 
do find that a lack of substrate lapping appreciably degrades the emission spectra at high 
current. 

4. Conclusions 

The performance of VCSELs with a simplified fabrication process based on a trench-
etch bridge-mesa design was evaluated and compared with that of standard VCSELs 
based on BCB-planarised isolated mesas. We found that the Quick Fabrication bridge-
mesa VCSELs gave emission wavelength data that was representative of the epitaxial ma-
terial, as shown by photovoltage spectroscopy measurements. The bridge-mesa VCSELs 
incurred a relative increase in threshold current of 1.5 ± 0.1 and 3.4 ± 0.1 mA for the 
oxidised and unoxidised structures, respectively. This increase in threshold current was 
principally driven by the parallel leakage path associated with the bridge design, but also 
includes the effect of increased surface recombination due to the unpassivated mesa side-
walls. Additionally, the QF VCSELs suffered with reduced slope efficiencies relative to 
standard devices and, despite the onset of thermal rollover occurring at higher injection 
currents, the peak output powers were also less than that of the standard VCSELs. We 
found the effect of substrate lapping to be significant for high current performance, with 
a high degree of mode hopping seen for unlapped QF VCSELs, a comparatively large 
wavelength redshift with increasing bias, reduced peak output powers and thermal roll-
over consistently occurring at lower currents above threshold.  

In summary, we find that these Quick Fabrication VCSELs can provide some valua-
ble information about the constituent epitaxial material and in a time reduced by up to 
63% relative to the standard VCSELs, and, in this respect, this fabrication method can be 
implemented in a commercial setting with minimal impact. As variations due to the fab-
rication are no more prominent than for standard VCSEL devices, analysis of relative 
changes in performance of the QF VCSELs across a wafer would still be useful for the 
assessment of device yield and material uniformity on a given wafer, and to assess reactor 
drift across a growth campaign. However, the employment of a bridge-mesa design re-
sults in a reduction in electro-optic performance, primarily an increase in threshold cur-
rent and reduced efficiency, and, although the impact on the spectral properties is mini-
mal, we conclude that these QF structures can only be applied to the prediction of stand-
ard device performance in a limited way. For full application of this method, the degra-
dation of the QF VCSEL performance relative to standard devices, principally driven by 
the leakage current, should be mitigated. However, in this study the fundamental 
knowledge required for implementing these methods of producing stripped-back devices 
capable of predicting performance of typical structures was laid out. Finally, though this 
work was performed on epitaxial material designed for 940 nm emission, the fabrication 
method employed is not limited to the epi-structure used and therefore can be adopted 
for other VCSEL structures (using equivalent p-i-n layout), for various applications and 
emission wavelengths.  
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