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Abstract 

Metal-insulator-metal (MIM) waveguides are demonstrated which have electrically pumped 
semiconductor gain medium at their core. In particular electrical contacts are made well away from 
the optical mode and carriers are transported to the gain medium via semiconductor pathways a 
few tens of nanometers thick. Wet chemical etching is employed to form the gain medium cores, 
which can have widths on the order of a 150 nanometers (nm). Total thickness of the layers between 
the metal sheets in the MIM structure is approximately 260nm. Spectra obtained from devices with 
wider core widths operating at low temperatures and wavelengths near 1550nm are examined. The 
nanowire like gain medium cores have an approximately rectangular cross section. Key process steps 
to form these waveguide structures with their electrically pumped cores are also described. 
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1. Introduction 

The use of metals and the general field of plasmonics have been considered in recent years as an 
approach to further reduce the size of photonic components (Barnes et al. 2003). However metal 
and plasmonic components can have high inherent losses, particularly when there is deep 
subwavelength confinement of the optical modes involved. Having structures and waveguides where 
optical gain material can overcome losses is an important requirement to make complex systems out 
of plasmonic components. 

The Metal-insulator-metal (MIM) waveguide structure is one of the plasmonic waveguides that 
allows deep sub-wavelength confinement of the optical mode that it propagates. In particular the 
plasmon gap or TM0 (Transverse Magnetic) (Zia et al. 2004) mode of MIM waveguides allows the 
insulator between the metal plates to be arbitrarily small but still propagate a mode.  These MIM 
waveguides have been used to make micron scale lasers or optical amplifiers at mid to far infra-red 
wavelengths by placing optical gain material in between the metal plates (Williams et al. 2003). 

Although the first nanoscale metallic and propagating plasmon mode lasers with a nanoscale 
dimension were electrically pumped (Hill et al. 2007; Hill et al. 2009), most demonstrations of 
nanoscale metal/plasmon cavity based lasers and amplifiers have been optically pumped (Noginov et 
al. 2009; Oulton et al. 2009). Recent optically pumped demonstrations have also shown 
metal/plasmon cavity devices having advantages over dielectric cavities for small devices (Wang et 
al. 2017). 

For nanoscale plasmonic lasers and amplifiers to be useful will require in many cases that they are 
electrically pumped. However, stable low resistance electrical contacts to semiconductors typically 
involve a number of metals, like titanium, which have high optical losses. Although new low optical 
loss electrical contacts are being investigated (Wang et al. 2013; Fedyanin et al. 2012; Shen et al. 
2015) , thus far most electrically pumped devices are designed to separate the photonic or 
plasmonic mode from the electrical contact region. One approach has been to isolate the mode in 
the center of a pillar or ridge surrounded by low loss metal (silver or gold) (Hill et al. 2009); however, 
these structures have poor performance when the width of the ridge is decreased (Hill 2013).  

An adaption of the horizontal MIM concept used for long wavelength lasers was described in (Hill 
2013). Here the contact regions are made off to the side of the central gain medium core, figure 1a. 
Thin lateral InP layers transport the carriers to the InGaAs gain region, which is surrounded 
predominately by air or some low index material like polymer (Kusunoki et al. 2005). Such a 
waveguide was shown to have relatively low loss and good confinement of the optical mode in the 
gain region, even for small gain region dimensions. The fabrication and operation of waveguides as 
shown in figure 1a is described in this article. The key to moving the electrical contacts away from 
the optical mode are the thin InP carrier pathways just a few tens of nanometers (nm) thick.  Other 
realized electrically pumped waveguide structures have also employed thin semiconductor layers to 
laterally transport carriers from distant contacts. In particular, InP membrane structures on silicon 
on insulator wafers (Campenhout et al. 2007), and photonic crystal laser structures (Crosnier et al. 
2017) have been used. However, the structures reported here are likely the first that employ 
isolated thin n and p doped semiconductor pathways with a non-semiconductor insulating layer 
between the pathways. 
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To demonstrate the operation of the MIM waveguides of figure 1a, Fabry-Perot (FP) cavities 
consisting of 80 micron long waveguide sections were created. The cavities were electrically pumped 
and the light emitted from the cavity ends was analysed.  

The structure of the rest of this article is as follows: First some of the novel methods used to 
construct the waveguide of figure 1a and the associated Fabry-Perot cavities are described. The 
fabrication results and the main imperfections in the realized structures are also detailed. Then 
device measurements are presented, and those measurements are interpreted with knowledge of 
the modes propagating in the waveguide, figure 1b,c. Finally conclusions and key directions for 
improvement are given. 

 

2. Device Fabrication 

An outline of the main steps in the process to fabricate the devices is given in figure 2. Initially a 
lattice matched InP/In0.53Ga0.47As layer structure was grown on a (100) InP substrate by commercial 
metal organic chemical vapour deposition (MOCVD). Table 1 details the thickness and composition 
of the layers. Just the key features of the epitaxial layer structure are shown in figure 2a. A series of 
waveguide structures are defined with optical lithography with widths starting at approximately 14 
microns and increasing in steps of 60 nm. On top of the waveguides p-InGaAs regions are defined 
where the p contacts will go. Furthermore the p-InP thickness is reduced to ~30nm in the center of 
the waveguide. Reactive Ion dry etching (RIE) is used to etch the waveguide structure into the 
InGaAs layer, figure 2b. 

Then wet chemical etching is employed to selectively etch the InGaAs under the approximately 14 
microns wide lithographically defined waveguide, figure 2c. The waveguide is orientated in the [001] 
direction, that is at 45° to the cleavage direction. A mixture of citric acid and hydrogen peroxide in a 
ratio of 7:1 (DeSalvo et al. 1992) at approximately 19°C was used for the under etch. This particular 
combination of wet etchant and waveguide direction yielded smooth and approximately vertical 
sidewalls on the resulting InGaAs waveguide cores. The average deviation from vertical for the 
sidewall angle was about four degrees, which was determined by examining cross-sections of 
completed waveguides. At the end of the wet etch a series of waveguides are created with the width 
of the InGaAs in the center varying from ~100nm to ~800nm, in steps of 60nm. The InGaAs is 
passivated with an isopropanol/Na2S treatment (Bessolov et al. 1997), then a benzocyclobutene, 
(BCB) (CycloteneTM 3022-46) based polymer was used to infill the waveguide structure. Further, a 
thin (~15nm) silicon nitride (SiN) layer was deposited on top of the waveguide, after which Ti/Pt/Au 
contacts (Shantharama et al. 1990) were made to the p-InGaAs regions. Finally a thick (~500nm) 
silver layer was deposited on top of the waveguide and annealed for 5 minutes at 200°C in an N2 
atmosphere, figure 2c. 

The InP piece with the waveguide structure of figure 2c is then flipped over and bonded via BCB to a 
new InP substrate.  The old InP substrate is removed by wet chemical etching to expose the second 
side of the MIM waveguide, figure 2d.  

On the newly exposed side of the waveguide, n-InGaAs contact regions are patterned by lithography 
and wet chemical etching. The n-InP thickness is also reduced to ~30nm in the center of the 
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waveguide. A thin (~15nm) SiN layer is deposited and then Ti/Pt/Au contacts are deposited on the n-
InGaAs regions. Finally a thick (~500nm) thick layer of silver is deposited and annealed for 5 minutes 
at 200°C in an N2 atmosphere, figure 2e. 

The last main step involves again flipping the InP piece over and bonding it to a new InP substrate, 
then removing the old substrate via chemical etching to expose the top of the MIM waveguide, 
figure 2f. 

The waveguide structure is connected to electrical contact pads at either ends of the waveguide via 
bridges of InP and silver. These bridges serve to help support the waveguide during the wet chemical 
etching stage. Furthermore, when the silver is present they provide the electrical pathway from the 
positive contact pad to the waveguide. Figures 3a and 3b show top view details of the under etched 
structure and bridge to the pads without silver present, allowing the actual InGaAs waveguide core 
to be seen. The length of the waveguide core is approximately 80 microns. It is this waveguide core 
which defines the Fabry-Perot cavity, as the silver plates extend for a few microns past the core 
ends. 

The negative electrical contact is made through the bottom silver layer in figure 2f which is 
continuous over the whole InP piece containing all the devices. 

Figure 4 shows scanning electron micrographs of cross-sections of the completed waveguide 
structure. The cross sections were made with focused ion beam milling. Two waveguides are shown 
one with an InGaAs width of approximately 150 nm, close to the smallest devices made, and one 
with width 770 nm, close to the largest devices made.  As can be seen the sidewall slope of the 
InGaAs core is close to vertical. Figure 5 shows a section of InP nanowire formed by the wet etch 
after the InP which would normally be above and below it has been removed by wet etching. Figure 
5 demonstrates the smooth and near vertical sidewalls that can be achieved with the wet etching 
method. 

2.1. Device imperfections 

The process proposed in (Hill 2013) to construct these waveguides was considerably simpler than 
that described here as the wet chemical etching occurred at the end of the process. However, when 
this process was tried it was found that the interaction with metals in the structure prevented the 
wet chemical etch from progressing in a predictable manner. Hence the wet chemical etching was 
performed near the start of the process when no metals are present.  

Forming the InGaAs core at the beginning of the process requires that the exposed InGaAs surfaces 
be passivated and protected from the treatments in subsequent steps. The InGaAs surfaces are 
found deep inside a narrow ~170nm high by 7 microns long air gap, which limits the ability to apply 
sophisticated surface passivation techniques (Higuera-Rodriguez et al. 2017). Figure 4b also shows 
that on some of the devices the polymer that helps passivate and protect the InGaAs surface pulled 
away during fabrication, which likely degraded the devices. 

Furthermore the narrow air gap makes the waveguide structure fragile, so the space under the 
waveguide must be filled in to stabilize it for the rest of the process.  Having polymer inside the 
waveguide as opposed to air reduces the confinement of the optical mode on the InGaAs and 
decreases the performance of the device (Hill 2013).  
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Another defect that occurred intermittently was the formation of the ends of the InGaAs 
waveguides. Ideally the InGaAs core should be terminated by vertical facets at right angles to the 
waveguide for maximum reflection.  However, while in some tests the waveguides were terminated 
correctly, in the actual devices a wedge shaped island of InGaAs formed, figure 3b,d. Thus the wet 
etch process while being able to produce acceptable results in the middle of the waveguide, was 
inconsistent and sensitive to conditions when forming the waveguide ends. 

For the best waveguide performance the SiN and InP layers in the waveguide should be very thin, on 
the order of 5 and 10nm respectively (Hill 2013). However, on the initial devices presented here the 
layer thickness were somewhat larger ~15 and 30nm respectively, to ensure device operation in the 
presence of fabrication inaccuracies. The thicker layers reduced the confinement of light in the 
waveguide core, thus requiring more gain from the InGaAs to overcome losses in the metal. 

 

3. Measurements 

The fabricated devices were placed in a variable temperature continuous flow cryostat which was 
cooled with liquid nitrogen to 77.4 K. The devices were mounted with the waveguides lying 
horizontal. A microscope objective imaged the top of the waveguides. The devices were forward 
biased with a DC current source. Light escaping from the ends of the MIM in the region of the 
supporting bridges was scattered upwards and collected by the microscope objective. From the 
microscope objective the light was either sent to an infrared camera or via an optical fibre to an 
optical spectrum analyser. Figure 3c shows light emission captured with the infrared camera for the 
device which has its spectra given later. 

A number of devices were tested; however, only a few devices with larger widths gave off sufficient 
light to obtain spectra with the spectrum analyser (Ando AQ6315A).  

The current/voltage relationship for a device with InGaAs width estimated to be between 700nm 
and 800nm (similar to the waveguide shown in figure 4c) is given in figure 6. It can be seen that the 
device has a diode like characteristic; however, the turn-on voltage after which the current increases 
rapidly is quite high, approximately 4.5 volts. This voltage can be compared to that obtained from 
past devices (Hill et al. 2007) made with similar materials which had a turn on voltage of 
approximately 1.2 volts. From the slope of the current voltage curve the series resistance of the 
device is estimated to be approximately 710 ohms. Based on published on contact resistances 
(Shantharama et al. 1990) and carrier mobility (Rode 1971) a series resistance on the order of 200 
ohms is predicted.  The higher resistance and turn on voltage is most likely due to imperfect 
semiconductor surface preparation before depositing the p and n metal contacts. It is also possible 
that less donor and acceptor activation at low temperatures contributed to increased resistance. The 
high turn on voltage and resistance likely caused significant heating, degrading performance and 
lifetime.  

A series of spectra for the device with width estimated to be between 700nm and 800nm are shown 
in figure 7. It can be seen that at higher currents a number of sharp peaks in the spectra occur and 
increase in height for higher currents. However, the spectrum analyser was not sufficiently sensitive 
to measure the underlying spontaneous emission from the InGaAs. The spectral width of the peaks 
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was measured to be 0.17nm, close to the resolution bandwidth of the spectrum analyser and optical 
system which was 0.1nm. 

A plot of current versus the optical power output by the device is shown in figure 8. It can be seen 
that there is no strong super linear behaviour. The optical power was measured by a sensitive fibre 
coupled power meter. It is believed that device heating is the cause of the sub-linear behaviour of 
optical power shown in figure 8 at high currents. 

 

4. Interpretation of Experimental Results 

To interpret the experimental result of figure 7 a number of studies were performed - in particular, 
three dimensional finite difference time domain (FDTD) simulations of the FP cavities were run. A 
commercial optical mode solver (COMSOL Multiphysics ®) was employed to calculate waveguide 
modes profiles and their associated phase and group indices. Finally, rate equation analysis and the 
calculation of optical gain versus carrier density for In0.53Ga0.47As were performed to relate injection 
current to actual InGaAs gain in the devices. 

FDTD simulations indicated that the end facet reflectivity R of the FP cavities were poor for low 
order waveguide modes due to the wedge shaped waveguide ends. For example the TM00 (plasmon 
gap) mode in a waveguide with width w=200nm, figure 1b, had R=0.004, for the wedge shaped 
waveguide end, compared to R=0.085 for a waveguide terminated abruptly with a vertical facet at 
90 degrees to the propagation direction. However, R was much higher for some higher order modes 
which could propagate in waveguides with larger width w. In particular the TM11 mode, figure 1c, 
was found from FDTD simulations to have 0.95R >  for a waveguide with w=700nm, when ignoring 
silver losses. This remarkably large R occurred for both wedge shaped ends and also ends with an 
abrupt termination at 90 degrees to the propagation direction. Waveguide and material parameters 
for the FDTD and mode solver simulations were as follows: InGaAs: height h=170nm, refractive index 
n=3.6, InP layer thickness =30nm, n=3.17, SiN layer thickness =15nm, n=2, polymer refractive index 
n=1.6, silver permittivity was -117.7-j6.8 at a wavelength of 1564 nm (Jiang et al. 2016).  

The mode profile and effective phase index of the TM11 mode was calculated for a waveguide with 
w=700nm. The group index ng was also found from the calculated effective mode indices around 
λ0=1565nm, taking into account dispersion in the silver and InGaAs. The phase and group indices for 
the TM11 mode were 1.47 and 6.62 respectively. The spacing of the modes in the spectra of figure 7 
is 2.3nm. Assuming a FP cavity length of 80 microns, the 2.3nm spacing implies a measured group 
index ng of 6.6 in the waveguide, which agrees well with that predicted by the TM11 mode. 

The InGaAs gain gth required to overcome the absorption loss of the silver in the waveguide and the 
modal energy confinement in the InGaAs, Γ, were also found for the TM11 and the TM00 modes by 
the methods detailed in (Hill 2020). A gain gth of 1321 cm-1 and a Γ of 0.64 were found for the TM11 
mode with w=700nm, using silver permittivity measured at room temperature (Jiang et al. 2016) and 
Lorentz model parameters for the silver of : γm=3.86×1013, ∆εm=104, ωm=1.307×1014, ε∞m=1. For the 
TM00 mode with w=200nm, gth = 1456 cm-1 and Γ = 0.45. 
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The extra InGaAs gain required to overcome the FP cavity end facet reflectivity loss was negligible 
due to the very high end facet reflectivity and relatively long cavity length of ~80 microns. 

The optical gain of bulk In0.53Ga0.47As versus carrier density n was calculated for a temperature of 77K 
and λ0=1565nm, assuming a parabolic band model and a homogeneous broadening of 20meV 
(Chuang 2009). The gain versus n is given in figure 9. 

The current I injected into the device required to support a carrier density n is given by (Chuang 
2009; Hill et al. 2007): 

 2( )a
a

a

SI qV A Bn Cn n
V

= + +   (1) 

Where q is the electronic charge, Va is the gain region (InGaAs) volume, Sa is the gain region’s 
exposed surface area, A is the surface recombination velocity, B and C are the radiative and Auger 
recombination coefficients respectively (Chuang 2009). Parameters employed in (1) were those 

chosen for operation at 77K:  36.7 10A = × cm/s, 109 10B −= × cm3/s, 309.8 10C −= × cm6/s (Hill et 

al. 2007),  111.05 10aV −= ×  cm3, 72.7 10aS −= ×  cm2. 

For a current of I=1mA, where sharp peaks start appearing in the measured spectra, equation (1) 

gives 180.72 10n = × cm-3, and the corresponding InGaAs gain is approximately 300 cm-1. For the 

maximum current of I=2.8mA, equation (1) gives 181.26 10n = × cm-3 with a corresponding gain of 
963 cm-1.  Based on the measured room temperature optical loss in silver (Jiang et al. 2016) the 
current injected into the waveguide would not be enough to generate sufficient gain to overcome 
losses. However, it has been shown that low temperatures can reduce metal losses by up to a factor 
of three (Bouillard et al. 2012; Sun et al. 2017). If silver loss was indeed reduced by say a factor of 
two at 77K then the required gain would also be reduced by a factor of 2 to around 650 cm-1. This 
lower gain could have been achieved with some of the higher currents for the device. 

The quality factor Q of the FP cavity with the InGaAs not exhibiting any gain can be found in 
equation (2) from previously calculated parameters, assuming that it is silver loss which dominates 
Q. In (2) p thgα = Γ , and is the modal power loss as the mode travels along the waveguide. 

 
0

2 g

p

n
Q

π
λ α

=   (2) 

From the parameters and equation (2) a Q of 314 is found for room temperature, and assuming a 2x 
silver loss reduction it would be 628 at 77K. However, from measured linewidth of the spectra, a Q 
of 9200 is measured. The much higher Q of 9200 indicates an pα of approximately 29.  

To achieve an pα of 29 with the room temperature Q means the InGaAs must supply a material gain 

of 1274 cm-1, requiring 181.7 10n ×  cm-3, which from (1) requires a current of 4.9 mA. To achieve 
the same pα with the assumed 77K Q of 628 would require an InGaAs gain of 614 cm-1, requiring 

180.95 10n ×  cm-3, and a current of just 1.7 mA. These results indicate that the measured Q could 
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be achieved with the experimental current levels, providing it is assumed silver loss has been 
reduced at low temperature (Bouillard et al. 2012; Sun et al. 2017). 

It is believed that the device is operating as super luminescent emitter and has not yet passed lasing 
threshold, based on the spectral results and analysis.  

Considering now room temperature full compensation of just silver losses. For room temperature 

InGaAs gain and recombination parameters given in (Hill 2020), n would need to be 185.0 10×  cm-3, 
for the TM11 mode and w=700nm, giving a current of 58.5mA. Such a high injection current with the 
thin high resistance InP conduction path would lead to significant heating, and continuous operation 
would not be possible. For the TM00 mode, w=200nm and room temperature operation, n would 

need to be 185.3 10×  cm-3. However due to the smaller w the required current is just 19.2mA, which 
may be possible for continuous operation. At 77K operation a waveguide with w=200nm and 
propagating the TM00 mode would require just 0.8 mA to overcome silver losses. 

Other thin electrically pumped MIM waveguide structures have shown directed spontaneous 
emission at similar or shorter wavelengths (Huang et al. 2014; Walters et al. 2010). However, the 
device presented here is likely just the second form of thin MIM waveguide to show sharp spectral 
peaks from a FP cavity, albeit with wider waveguide cores and a higher order mode. The sharp 
spectral peaks indicate that lasing in such waveguides could be achievable, albeit at low 
temperatures. 

5. Conclusion 

A metal-insulator-metal (MIM) waveguide concept which had the electrical contacts well separated 
from the waveguide mode was demonstrated. Such waveguides in theory allow metal loss 
compensation at room temperature with small plasmon gap mode dimensions and available 
electrically pumped gain media. The MIM waveguide concept differs from other concepts in the way 
the electrical contacts are separated from the waveguide core and how the waveguide core is 
formed (Williams et al. 2003; Hill et al. 2009; Huang et al. 2014; Walters et al. 2010). 

Some partial compensation of metal losses at low temperature was shown in larger width 
waveguides which supported a TM11 mode. A number of fabrication issues impeded a 
comprehensive assessment of the waveguide concept, and the performance of the waveguide was 
inferior to electrically pumped MIM waveguides already demonstrated. 

It is possible that the fabrication issues encountered here could be solved. However, other metal 
waveguide concepts which provide small plasmon mode sizes and will work with current electrically 
pumped gain media, should also be sought. In particular, to avoid the problems encountered here, 
the new concepts should involve lithography and dry etching to precisely define the waveguide core, 
and also allow exposed gain material surfaces to be well passivated.  
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Tables 

 

Table 1 Epitaxial layer composition 

Layer description Material Doping (cm-3) Thickness (nm) 
p contact p-In0.53Ga0.47As 1×1019 40 
carrier transport p-InP 1.5×1018 120 
Gain medium In0.53Ga0.47As undoped 170 
carrier transport n-InP 5×1018 120 
n contact n-In0.53Ga0.47As 1×1019 30 
etch stop n-InP 5×1018 30 
Etch stop n-In0.53Ga0.47As 1×1019 350 
Substrate n-InP 5×1018  
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Figure Captions 

Fig. 1 a) Cross section of the electrically pumped metal-insulator-metal waveguide realized here. 
Propagation is in the z direction. b) Plot showing |E|2 for the TM00 (plasmon gap) mode in a 
waveguide with InGaAs core dimensions h=170nm, w=200nm. c) In waveguides with larger w, higher 
order modes can exist. Plot shows |E|2 for the TM11 mode in a waveguide with InGaAs core 
dimensions h=170nm, w=700nm. The TM11 mode is believed to the mode involved with the actual 
device reported here. Note the maximum in the scale has been adjusted to show more clearly the 
fields in the semiconductors. The fields in the thin SiN layers are actually higher than shown by the 
scale. 

 

Fig. 2 Process outline showing main steps, note schematics show a waveguide cross section in the x,y 
plane. a) key features of the epilayer structure. b) The p-InGaAs is patterned for contacts, then an 
etch mask for the waveguide is made and the waveguide etched by dry etching. c) Wet chemical 
etching is employed to underetch the waveguide, leaving a thin InGaAs core in the center of the 
waveguide. BCB polymer fills the void under the waveguide structure. SiN and metals are deposited 
on top of the waveguide. d) The device is flipped over and bonded to a new InP substrate with BCB, 
the old InP subtrate is removed. e) The newly exposed n-InGaAs is patterned for contacts, and  SiN 
and metals are deposited. f) finally the device is flipped over again and bonded to another InP 
substrate. The previous substrate is removed, exposing the top of the waveguide.  

 

Fig. 3 a,b) Photomicrographs of devices part way through the fabrication process, just after the 
waveguide undergoes wet chemical etching. The main waveguide and also bridge structures to the 
+ve contact pads are shown in a), note that the p-InGaAs contact regions were not present in a) due 
to a fabrication error. Detail of the bridge region and also an anomaly in the InGaAs gain region that 
occurred at the end of many waveguides are shown in b). c) Photomicrograph showing infrared light 
emission from the center of the bridge regions of one of the waveguide devices when it was 
electrically pumped at 77K. There was also some infrared illumination of the device, so some faint 
details of the device structure can also be seen. d) schematic of the shape of the ends of the 
waveguides, detailing typical dimensions and angles of the end facets with respect to the 
propagation direction. 

 

Fig. 4 Scanning electron microscope images of waveguide cross sections obtained by milling 
fabricated waveguides with a focused ion beam. a) shows the entire waveguide structure, scale bar 
is 5 microns. b) closeup of the center of the waveguide shown in a). The waveguide InGaAs core is 
approximately 150nm wide. Shows that in many of the waveguides there was a void between the 
InGaAs core and the BCB. Scale bar is 200 nanometers. c) closeup of the center of another 
waveguide wth a larger core size. This waveguide had no voids in the BCB. Scale bar is 200 
nanometers. 
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Fig. 5 Scanning electron microscope image of a InGaAs strip obtained by the wet underetch process 
employed to form the waveguides. The InP layers which would normally surround the InGaAs have 
been removed by wet chemical etching to allow the InGaAs strip to be clearly seen. Scale bar is one 
micron. Shows that the InGaAs core of the waveguides has straight and smooth sidewalls. 

 

Fig. 6 Voltage vs current for a device with InGaAs width ~700nm to 800nm operating at 77K.  

 

Fig. 7 Spectra of the light output by the tested device operating at 77K, for a number of currents. The 
resolution bandwidth of the spectrum analyser was 0.1nm, and the FWHM (full width half 
maximum) of the peaks was approximately 0.17nm.   

 

Fig. 8 Current vs light out of the tested device, measured by a fiber coupled power meter. 

 

Fig. 9 Calculated material gain versus carrier density for bulk In0.53Ga0.47As at 77k and a wavelength 
of 1565nm.  


