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Abstract: We demonstrate laser power conversion using an edge-coupled waveguide configura-
tion. A laser with an emission energy of 0.87 eV (1427 nm) optically pumps a second with an
emission energy of 0.80 eV (1540 nm), achieving the maximum possible open circuit voltage of
0.83 V due to optically pumped lasing. A fiber to device power conversion efficiency of 33% is
achieved with internal power conversion efficiency ranging from 57% to 51%. The voltage at
maximum power is 0.6 V, which is a record for the wavelength range. The same optically pumped
device is used for effectively power-free 500 Mbps upstream data transmission, enabling compact
powering and signaling for emerging applications in minimally invasive medical interventions
and remote photonics.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

There are essential reasons for power delivery over optical fibres in settings where voltage
isolation is necessary as well as for emerging opportunities in powering remote nodes in passive
optical networks and in the Internet of Things [1-4]. In addition, minimally invasive endoscopic
diagnostic medical interventions need highly compact components in order to investigate the
smallest veins and ducts [5]. Miniature cameras with mm-sized cross-sectional dimensions
are becoming available which will enable detailed tissue visualization during such procedures.
These cameras need to be powered and to return high quality images through compact channels
appropriate to the dimensions of single mode fibres [6].

Power transfer using light is maximised by providing monochromatic illumination at photon
energies just above the bandgap of the receiving semiconductor photovoltaic (PV) cell. The
state-of-the-art for laser power converters (LPC) using single-junction PV cells is 55% at
37 W/cm? [7] and 60% at 10 W/cm? [8]. In order to reduce the resistive losses at high currents,
several photovoltaic cells are grown on each other with connecting tunnel junctions. Efficiencies
of 50-60% were obtained with two junctions [9] and 65% for 5 junctions at a power density of 35
W/ecm? [10]. These results were achieved at wavelengths around 800 nm using GaAs based cells.
It is also desirable to operate in the 1300-1600 nm wavelength range to allow power delivery over
longer distances using low-loss optical fibers. At 1550 nm, InGaAs cells have achieved a 43%
efficiency at 0.1 W/cm? [11] while GaSb cells achieved a 43% power conversion at 20 W/cm?
[12].

Key to the performance of the PV cell is maximising the open circuit voltage, V., which is
determined by the generated carrier concentrations [13] with V. = kT/q In(np/n;?), where n, p are
the electron and hole concentrations, n;, is the intrinsic carrier concentration, k, the Boltzmann
constant and T, the temperature. Thus, high V. requires the use of high incident optical power
densities to create high carrier densities. Typically, a maximum open circuit voltage of 1.20 V
is obtained for GaAs cells which has a bandgap of 1.41 V. However, such cells are limited at
increasing power density by resistive and thermal effects resulting in a severe reduction in the
fill factor. The maximum power densities are 20-50 W/cm? equivalent to 200-500 suns. This
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concentration range is used in achieving record performance in solar cells where the current
record of 46% was measured at 508 suns for a 4-junction device [14]. An InGaAs solar cell
(under broadband illumination) has a V. of 0.46 V under 560 suns [15]. The reported LPCs are
configured to collect light incident from a surface normal direction as used in conventional PV
cells (Fig. 1(a)). A high density of conductive grid connections are necessary in order to collect
the current with minimised resistance at high optical concentrations. The required grid density
increases with operational current leading to a significant shadowing of the incident light. Such
arrangements are compatible with light sources of large cross sectional area operating at a low
current density and consequently low carrier density.

(a)

Fig. 1. Structure and design of the LPC. (a) Conventional surface-normal coupling of
light into an absorber with a p-n doped junction, (b) edge coupling geometry to a multiple
quantum well absorbing region at short circuit conditions with efficient carrier extraction,
(c) edge coupling geometry at open circuit conditions. At sufficient input optical power, the
LPC is driven to lasing resulting in an open circuit voltage in excess of the bandgap of the
quantum wells.

In this paper, we explore edge-coupling between two fiber-coupled waveguided lasers at
telecom wavelengths and show that this geometry enables record overall power conversion
efficiency in a highly compact footprint. We demonstrate that it is possible to optically pump the
receiving device to lasing and that, as a result, the maximum possible open circuit voltage for a
single-junction PV cell is achieved. The same remotely powered device is modulated at open
circuit to effect high speed data transfer with minimal power demand from the distal end.

2. Concept

Using thermodynamic arguments it has been shown that the highest efficiency solar cells
correspond to the most efficient LEDs [16]. Thus, we can expect that that the highest performing
LPCs also correspond to the best lasers [17]. Here, we edge couple the laser light to the PV
cell which itself is a waveguided quantum well (QW) based laser (Fig. 1(b), (¢)). In this case,
the direction of carrier transport is perpendicular to the direction of the input light allowing
advantages of (1) no blocking of the light by the electrical contacts, (2) absorption of light in thin
QWs enabling high carrier density and thus high open circuit voltage, (3) direct generation of
carriers in the thin p-n junction region resulting in strong electric field for carrier separation, (4)
short distance for the transport of the charges with no resistance contributions associated with
lateral carrier transport where conventional cells rely on the transport of minority carriers to
the opposite sides of the junction, (5) reduced radiative recombination due to reduced volume
of absorbing material, and (6) applicable to wide wavelength range due to availability of high
performance semiconductor lasers.

Optical injection is a well-known technique for controlling the properties of edge-emitting
semiconductor lasers such as wavelength locking or inducing various dynamics. In those cases,
the wavelength of the injected light is close to the laser wavelength. Optical power conversion
for microwave signal generation is also widely used with waveguide photodetectors. There,
the devices are operated in reverse bias and with short device lengths in order to achieve high



Research Article Vol. 29, No. 11/24 May 2021/ Optics Express 16613 |
Optics EXPRESS A N \

bandwidths. While edge-coupling is commonly used to pump fiber lasers we are not aware of
previous reports of optically pumping a semiconductor laser to lasing by using edge-coupling.

3. Experiment and results

We used two commercially obtained lasers, transmitter and receiver (the LPC), each coupled to
standard single-mode optical fiber. The transmitting laser is a fiber Bragg grating stabilised laser
(Alcatel-Fitel) emitting at a wavelength of 1.43 um (0.87 €V) while the receiving Fabry-Perot
laser (Thor Labs FPL1009S) emits at a wavelength of 1.54 um (0.80 eV) with a threshold current
of ~35 mA corresponding to 1.2 kA/cm? assuming a waveguide width of 3 um, and a fiber
coupled efficiency of 0.24 W/A. Thus, the thermalisation loss (Stokes shift) in the receiver is 70
meV. A cavity length of 1 mm is estimated for the LPC from the separation of the individual
Fabry-Perot modes in its emission spectrum. The series resistance of the LPC is 1.6 Q. The
lasers are directly joined through the attached single mode fibres without an optical isolator. By
using the receiving laser as a photodetector the coupling efficiency from the transmitting laser to
the receiving waveguide is 65 + 1%. The loss is due to the fiber connection, the lens coupling and
the coating on the front facet of the receiving laser. The absorption of edge-illuminated quantum
wells is polarization sensitive at wavelengths around the bandgap. Using a tuneable laser and
polarisation rotation, we measured the TE and TM polarized absorption of the receiving laser
and confirmed enhanced TE absorption at the bandgap corresponding to compressively strained
wells. However, the absorption is polarization independent for incident wavelengths less than
1450 nm as is the case here.

The current — voltage (I-V) characteristics of the LPC under optical pumping are shown
(Fig. 2(a)) as a function of absorbed power up to 80 mW. The absorbed power is calculated from
the reverse current at -1 V using the bandgap responsivity. Figure 2(b) shows the evolution of the
short circuit current, I, with absorbed power. At low powers, all the carriers are collected at
I as there is no further increase with a reverse bias of -1 V. At the highest powers while the
absorption is not saturated, not all of the carriers are collected at Iy, due to the screening of the
electric field by the generated charge in the QWs. A loss of 5% in I is measured for an absorbed
power of 80 mW. This corresponds to a delivered power density of > 10 W/cm?, equivalent to
> 107 suns, assuming a transverse mode width of 1.5 um. Such power densities are orders of
magnitude larger than used with current laser power converters or in concentrator solar cells but
are normal in the context of lasers. The typical carrier density for lasing threshold in quantum
wells at this wavelength is n, p ~ 2x 10'® cm™ and is reached under optical injection in our
experiment. At the highest power used the short circuit current is 93 mA which, if absorbed
along the entire length of the waveguide corresponds to a current density of 3.1 kA/cm?.

An absorption length (63% absorption) of 25 um is estimated which is much shorter than
the 1 mm length of the waveguide. This is based on an absorption coefficient of 8,000 cm™!
for the QWs at the incident wavelength and a mode overlap of 5% as is typical for a waveguide
containing a few QWs. Even with a single QW, the estimated absorption length is only 125
um. However, in the LPC, the positive voltage locally generated due to absorption of carriers
is re-distributed along the length of the waveguide through the low resistance metal contacts
resulting in turn of a re-distribution of the carriers along the entire length of the device [18,19].
The associated response time is set by the Resistance*Capacitance constant of the device. The
energy is deposited directly in the QWs due to the small 70 meV offset in energy between
the pump and absorption. The 70 meV results in little change in the polarization independent
absorption that would be affected by carrier screening for pumping closer to the bandgap energy.
Restricting absorption to the QW prevents excess local absorption in the facet region which
would lead to current crowding affecting voltage redistribution and potential facet damage. The
fact that lasing is reached is evident that screening is not a dominant issue. Our assessment is
that a single QW is the ideal absorber as it increases the absorption length, allows reduction
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Fig. 2. Characteristics of laser power converter as a function of absorbed power. Optical
power between 0 and 80 mW absorbed in steps of 3.08 mW with the LPC held at 20°C.
(a) I-V characteristics, (b) Short circuit current with absorbed power (left axis). Collected
current at short circuit compared with that at -1 V showing slight saturation of Isc at highest
absorbed power (Right axis). (c) Power conversion vs voltage. (d) Internal power transfer
efficiency vs. absorbed power.

in the undoped region for a higher inbuilt electric field and enables non-trapping transport for
collection of the electrons and holes.

Figure 2(c) shows the power generated as function of output voltage. The power transfer
efficiency (PTE) is calculated from maximum electrical power from the receiving laser divided
by the power absorbed by the laser. The voltage at the maximum power point, Vypp, is 0.6 V
which is a record for this wavelength. Figure 2(d) shows that the maximum PTE achieved is 57%
for an absorbed power of 20 mW. An electrical power of 42 mW is obtained for an absorbed
optical power of 80 mW corresponding to a PTE of 51%. The fill factor reaches 68% at low
incident power and drops to 54% at an absorbed power of 80 mW. This reduction is due to charge
screening limiting carrier escape for voltages < 0.75 V where carrier density is estimated to be
5x10'7 cm™3. At higher carrier densities Auger recombination is significant for 1550 nm lasers
and can account for up 55% of all recombination at threshold [20].

With increasing pump powers V. increases (Fig. 2(a)) due to the high carrier density achieved
in the QWs until clamping of V. at 0.83 V for absorbed powers > 45 mW. At V., no
power is extracted through the contacts and the energy is dissipated by radiative recombination
(spontaneous emission and lasing), non-radiative Auger recombination in addition to heat
generated by thermalisation of the pump photons. When V. is 0.83 V the LPC is lasing with the
quasi-Fermi level splitting being greater than the energy of the emitted laser light and also greater
than the bandgap of the MQW according to the Bernard-Duraffourg condition [21]. The dynamic
resistance, Rqyn, scales as 1/1 until the lasing threshold is reached at which point a strong kink is
obtained and the resistance drops to the series resistance of the laser [22]. The extracted laser
threshold is shown in Fig. 3(a) as a function of absorbed power where it decreases linearly with
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pump power at a rate of 0.7 mA/mW or 0.61 mA/mA of absorbed current corresponding to the
subthreshold injection efficiency of the laser [23]. The threshold current becomes negative for
absorbed powers > 45 mW. V. is clamped at 0.83 V for pump powers that exceed the threshold.
At voltages just below V. part of the charge generated in the LPC is collected as reverse current
and voltage, while part of the absorbed power is re-emitted as laser light reducing the collected
current. Figure 3(b) shows the spectrum of the LPC in lasing mode along with the pump laser
spectrum reflected from the LPC facet collected with the aid of a circulator while Fig. 3(c) shows
the evolution of the LPC to lasing under optical pumping. Figure 3(d) shows a close-up of the
individual modes and their evolution with pump power. The Fabry-Perot modes initially blue shift
with increasing pump power due to a decrease in the refractive index. This is due to increasing
carrier density which results in plasma dispersion, band filling, bandgap renormalisation and
gain-index coupling. As the pump power increases the modes then red shift indicating heating of
the waveguide. The change in refractive index for a quaternary layer with a bandgap wavelength
of 1.15 um at 1.55 um with temperature, An/AT, is 0.26 x 10~ K~! which indicates that the
temperature of the active region increases by 2 K.
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Fig. 3. Lasing characteristics of LPC. (a) Threshold current of the LPC under optical
pumping extracted from the dynamic resistance. At absorbed optical powers above 45 mW
the LPC lases with no electrical bias and current can be drawn from the LPC while lasing,
(b) Lasing spectrum from LPC along with reflected pump light, (¢) Emission spectra from
the LPC under increasing absorbed optical powers (30, 40, 50 and 60 mW) provided from
the transmitter, (d) Evolution of the individual optical modes of the LPC under pumping
showing an initial shift to shorter wavelengths due to increasing carrier densities, followed
by a shift to longer wavelengths once the device lases due to carrier clamping and thermal
effects.

The LPC is configured to transmit optical data in the upstream direction when being optically
pumped. A 2°-1 pseudo random bit sequence (PRBS9) data signal is applied from a pulse
pattern generator (PPG) to the LPC delivering a small ac voltage (measured as 22 mVp,, delivered
to the laser) at bit rates from 100 Mbps to 500 Mbps. The signal is detected, with the aid
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of a circulator, on a 1 GHz bandwidth photoreceiver and displayed on an 8 GHz bandwidth
oscilloscope (Fig. 4(a)). To avoid DC shunting of the LPC due to the 50 Q impedance of the PPG,
a DC block is inserted. The laser operates around zero current with the voltage being modulated
around Voc. Figure 4(b) shows the received signal for different pump powers where the device is
being modulated with a measured modulation voltage of +11 mV and modulation current of +6
mA. Figure 4(c) inset shows the received eye diagrams at 100 and 500 Mbps. At 100 Mbps, the
bit error rate (BER) is estimated from the measured Q-factor to be approximately 10!, and is
~107* at 500 Mbps which can be made error free by forward error correction. As the LPC is
externally optically pumped to lasing, the positive 11 mV swing of the pulse generator is not
necessary in order to achieve signaling - the LPC only needs to be shunted below threshold as the
shunt current removes carriers from the QWs and turns off the laser. In other words, as the LPC
is already optically pumped to lasing, no power needs to be supplied to the LPC by the pattern
generator. Specifically, the modulated current swing is 12 mA, and from Fig. 3(a) the open
circuit device is 12 mA above threshold when optically pumped with 65 mW absorbed power.
Hence, if the device is switched between open and short circuit with the pump laser emitting 140
mW, to take into account the circulator and coupling loss to the receive laser, the amplitude of
the transmitted data signal will be the same as that when using the pattern generator. When the
LPC is not lasing, the shunted current can be used to electrically charge an on-board capacitor,
and when the device is lasing, it does not require any electrical power from that capacitor as it is
already optically pumped to lasing. Thus, the same device can act both as a compact remote
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Fig. 4. Data transmission with LPC. (a) Experimental setup, electrical connections denoted
with black lines, optical connections with red. (b) Received data stream as the optical pump
power is increased. Black: no optical pump power, Magenta: incident 40 mW absorbed
optical pump power, which is insufficient for lasing, light blue = 50 mW absorbed optical
pump power where the downstream detector is above threshold, green: 60 mW, blue: 70 mW.
Vertical axis is voltage of the upstream photoreceiver, (b) BER estimated from the Q factor
measured by the oscilloscope for each data rate at 60 mW optical pump power. Inset 1: eye
diagram at 100 Mbps, Inset 2: 500 Mbps.
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power converting element and as a remote high speed signaling device. As the LPC is pumped
to lasing, the internal bandwidth limitation should be in the GHz range and in this case the
bandwidth is limited by the RC time constant of the 14-pin butterfly package.

4. Conclusion

We have introduced a new strategy to achieve efficient optical power conversion in a highly
compact format. Record performance is achieved reaching the maximum achievable V. of 0.83
V., a Vippp of 0.6 V, internal conversion efficiency 57% and effectively power-free upstream data
signalling to 500 Mbps. Routes to further improve performance are to increase carrier extraction
through band-structure engineering [24] and to use wavelengths around 900 nm where the most
efficient semiconductor lasers operate. The use of a laser as the photovoltaic element fulfils some
essential requirements towards the ultimate efficiency of an optical power converter based on
a reversible emitter-absorber system. Namely, an extremely high luminescence efficiency and
matching the etendu between the emitter and absorber which can only be achieved by lasers [17].
This approach opens new opportunities for LPCs arising with the increasing deployment of single
mode optical fibers in data centres, signalling to the home and in the Internet of Things.

Funding. Science Foundation Ireland (12/RC/2276_P2, 19/US-C2C/3579).
Disclosures. BC and BR: University College Cork (P).
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