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high-efficiency, strain engineered multi-
junction solar cells,[11] and blue LEDs.[12] 
Nevertheless, these existing pathways to 
tailor the optoelectronic response require 
modifying the atomic species or stoi-
chiometry (e.g., by molecular beam epi-
taxy),[1,2] quantum confinement,[13,14] or 
induced lattice strain.[15–18]

Semiconductor materials can absorb 
photons with energies above the bandgap 
energy to generate free charge car-
riers. Some of these carriers recombine, 
resulting in photoluminescent emission 
that can be repeatedly absorbed and re-
emitted, a process called photon recycling. 
This process causes an intense internal 
photon gas to build up within the semi-
conductor, which leads to a large free car-
rier density at open-circuit conditions that 

has enabled record efficiency GaAs solar cells,[19,20] as well as 
the high open-circuit voltages in perovskite materials.[21–23] One 
pathway to increase the internal photon density is by restricting 
the luminescent emission angles, which can be accomplished 
with the addition of a reflective dome,[24] a multilayer stack,[25] 
photonic crystals,[26,27] or by surrounding the semiconductor 
with an epsilon-near-zero material.[28–30] However, to date, all 
photon recycling approaches are based on passive strategies. If 
one could modulate, in real time, the internal photon density 
of semiconductors, which would allow for the active control of 
the device’s dark current, it would enable low-power current  
switches and transistors with unprecedented performance 
without changing the underlying material.

Here, we introduce and experimentally demonstrate the 
concept of actively controlled photon recycling to modulate 
materials’ optoelectronic response without altering the under-
lying semiconductor. We first use a spectrally selective reflector 
to show that energy from the internal photon gas can be used 
to shift the material’s luminescence to higher energies. We 
apply this concept to enhance the open-circuit voltage of a 
GaAs solar cell through increased recycling of near-bandgap 
photons, without restricting its absorption or emission angles. 
Finally, we control the dark current in a p–n junction diode, 
in real-time, using a reflectivity-switching device that actively 
modulates the amount of photon recycling. These capabilities 
provide an all-photonic paradigm for tuning the optoelectronic 
response of a semiconductor without altering its structural 
properties, chemical composition, or its operation conditions 
(temperature, pressure, bias, etc.).

Optoelectronic materials are the backbone of today’s high-tech industry. To 
customize their response, one can directly modify the atomic arrangement, 
chemical composition, lattice strain, or doping of the semiconductor. How-
ever, these processes frequently cause undesirable effects resulting from 
induced defects. Here, a novel concept is demonstrated to actively tune the 
optoelectronic response of a material through tailored photon recycling. 
Without altering the material’s intrinsic structure, doping, or temperature, 
the reabsorption of emitted photons within GaAs is modulated to control its 
carrier density. This approach is used to create a diode that can change its 
emission wavelength, a solar cell with improved open-circuit voltage, and an 
actively controlled, gate-free current modulator. These results represent a new 
platform to enable materials with tailored optoelectronic response based on 
photonic manipulation rather than semiconductor engineering.
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Photon Recycling

The ability to engineer both the optical and electrical responses 
of semiconductors has revolutionized the optoelectronics 
industry[1–7]—encompassing the development of semiconductor 
lasers, multijunction solar cells, light emitting diodes (LEDs), 
and photodetectors. The performance of these devices heavily 
depends on the bandgap of their active layers, which is an 
intrinsic property of the material.[8] The ability to control light 
absorption and emission by tuning the semiconductor bandgap 
has made possible lasers based on III-V heterostructures,[9,10] 
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Figure 1 shows how photon recycling can be used to increase 
the energy of emitted photons, resulting in a blue shift of the 
photoluminescence (PL) spectrum. A semiconductor absorbs 
incident light above its bandgap, generating charge carriers. 
These carriers quickly thermalize with each other and with 
the lattice (within picoseconds to nanoseconds) before finally 
recombining to generate photons with energy near the semi-
conductor bandgap (see Figure 1a for the standard photon 
emission process). Alternatively, when we add a coating to the 
top of a semiconductor to selectively reflect near-bandgap pho-
tons, the photons are instead reflected back into the material 
and reabsorbed, resulting in increased photon recycling (see 
trapped emission in Figure 1b). These reabsorbed photons 
generate new carriers that interact with the lattice and other 
carriers, causing a redistribution of the energy before carrier 
recombination yields secondary photon emission. Note that 
only photons emitted with energy higher than the cutoff energy 
for the selective reflector will escape, resulting in PL emission. 
The photons that are not emitted are then reabsorbed and con-
tinue the recycling process until either a photon is generated 
with enough energy to pass through the reflector or the gener-
ated carriers recombine nonradiatively. Thus, when nonradia-
tive recombination is minimal, the intensity of the high-energy 

PL is greater with the reflectors than for the bare semicon-
ductor, which is a key signature of this phenomenon.

We confirm the photon recycling process (and the increased 
density of high-energy carriers) by room temperature PL meas-
urements. The experimental setup and data are presented in 
Figure 1c,d, where three selective reflectors are placed on top 
of a GaAs wafer, which reflect photons with energy (wave-
length) below (longer than) their individual cutoffs of 1.459 eV 
(850 nm), 1.550 eV (800 nm), and 1.653 eV (750 nm)—see the 
Experimental Section and Figure S2 (Supporting Information). 
The PL spectra are calibrated such that their relative intensities 
can be compared (Experimental Section). Upon the addition of 
the reflector with Ecutoff = 1.459 eV (850 nm), two effects occur. 
First, the peak of the PL signal shifts to higher energy values 
(from ≈1.42 eV for the bare GaAs (red curve) to 1.49 eV for the 
GaAs with reflector (green curve) in Figure 1d). Secondly, the 
peak intensity of the PL signal at that energy (1.49 eV) increases 
by more than a factor of 3 compared to the bare GaAs. Because 
the internal fluorescence yield ηint of this GaAs sample is ≈83% 
(Experimental Section), repeated photon recycling has dimin-
ishing returns, limiting the effect in this case. For the reflector 
with Ecutoff = 1.550 eV (800 nm), there is still a substantial shift 
in the PL peak. Although the intensity of its peak is further 

Adv. Optical Mater. 2018, 1701323

Figure 1. Increased high-energy photoluminescence (PL) through photon recycling. a) For a standard semiconductor, absorption results in carrier 
generation, followed by thermalization to the band-edge, and subsequent photon emission with a spectrum peaked near the semiconductor bandgap 
energy. b) The addition of a spectrally selective reflector causes light that would normally be emitted to be trapped and reabsorbed (increased photon 
recycling). The newly generated carriers exchange energy with other carriers in the conduction band, and recombination and photon emission occurs 
again. Only photons emitted with energy greater than the reflector’s cutoff energy will escape to be detected. c) Schematic of PL experimental setup. 
d) PL measurements for bare GaAs and GaAs with reflector system, showing modified photon emission. The increased photon flux at higher energies 
is a result of energy transfer between excited carriers facilitated by photon recycling. Inset shows the PL intensity in log-scale.
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reduced, the PL signal near 1.55 eV is higher with this reflector 
than for the other cases (see Figure inset). Ultimately, the reflec-
tors substantially enhance the internal photon density by recy-
cling the light emitted with energies between the cutoff and the 
original bandgap of GaAs (i.e., for all emitted photons that can 
be reflected back into the material). These photons act as a sec-
ondary source of illumination, which creates additional carriers 
within the semiconductor. Thus, the optoelectronic response of 
semiconductor devices could potentially be engineered through 
photonic means without changing the chemical composition or 
the crystalline lattice of the material.

In addition to the modified optical response, the semicon-
ductor’s electronic properties also change by incorporating the 
reflectors, even without illumination. The current density–
voltage (J–V) characteristic for a simple p–n junction in the 
dark (Jdark) can be described by a two-diode model as[31]
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where V is the applied voltage, J1 and J2 are the dark current 
density components corresponding to diode ideality factors of 
one (primarily due to radiative recombination in a high-quality 

device) and n (which is ≈2 and is mostly due to nonradiative 
recombination within the junction under low-level injection), 
respectively, kB is the Boltzmann constant, T is the device 
temperature (≈25 °C), q is the electron charge, Rs is the series 
resistance, and Rshunt is the shunt resistance of the device. The 
addition of a photon reflector to the top of the device reduces 
J1, increasing the applied voltage necessary to reach a particular 
current value.

We experimentally determine the effect of the spectrally 
selective reflectors on the electronic response of a GaAs p–n 
junction device by measuring its dark current characteristics 
with and without the reflectors, as shown in Figure 2. The 
dark current measurements are fit to the two-diode model 
(Equation (1)) in the high-voltage region (from 0.6 to 1.05 V), 
where radiative emission is the primary component. The model 
represents the experimental data very well, with J1, J2, n, and 
Rs as fit parameters (Figure 2a,b). Further, the reduction in the 
dark current is most significant for reflectors with a higher 
energy (lower wavelength) cutoff, corresponding to an increase 
in the number of recycled photons. The J–V characteristics are 
used to determine the diode parameters for the device with and 
without the different reflectors. The dark-current density com-
ponent corresponding to radiative recombination (J1) is clearly 
reduced with the addition of the reflectors (see Figure 2d),  
as desired. The other parameters, J2, n, and Rs, remain 
unchanged. As the distance between the reflector and the device 
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Figure 2. Dark current reduction through photon recycling. a) Jdark–V measurements for a bare GaAs solar cell [red circles] and the same device with 
the addition of selective reflectors with cutoff energies (wavelengths) of 1.459 eV (850 nm) [green diamonds], 1.550 eV (800 nm) [blue triangles], and 
1.653 eV (750 nm) [purple squares]; note: symbols overlap at this scale. Overlapping solid lines correspond to the fitting of the two-diode model for 
the GaAs device with and without the reflectors. Inset: schematic of experimental configuration. b) Ratio of the dark current densities for devices with 
reflectors to that without, corresponding to the shaded region in (a). c) Normalized dark current density as a function of the distance, d, between the 
GaAs solar cell and the reflectors [see schematic in (a)], showing how the effect is more pronounced as the vertical displacement of the reflectors is 
reduced. d) Histograms of relevant device parameters measured with and without selective reflectors. While most parameters remain unchanged upon 
the addition of the reflectors, the dark current density J1, related to carriers’ radiative recombination, is reduced. The error bars refer to three standard 
deviations of the data from the mean value.
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is increased, the photon recycling is continuously reduced as 
more photons can now escape the semiconductor, see Figure 2c.  
When the spacing between the reflector and the GaAs diode 
approaches 1 cm, the effect of the reflector is diminished, and 
the dark current for all devices converges to the same value.

By increasing the internal photon density, we also improve 
the voltage response of solar cells without limiting their accept-
ance angle for incident light. We analyze the changes in the 
open-circuit voltage (Voc) caused by the addition of selective 
reflectors based on current–voltage measurements (Experi-
mental Section and Figure S3, Supporting Information). For an 
ideal solar cell, the Voc is given by

V
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where JL is the light-generated current density. If the dark cur-
rent density near Voc is dominated by radiative emission, which 
is the case for high-quality direct bandgap semiconductors, Jdark 
can be suppressed by using the spectrally selective reflectors, 
as shown above. We keep JL fixed (13.15 ±  0.10 mA cm−2) by 
adjusting the incident illumination from a solar simulator to 
ensure that any changes in Voc are uniquely due to the reduction 
in Jdark and not a result of changes in JL due to the reflector’s 
response away from its cutoff energy (which could potentially 
modify JL). After applying the three energy selective reflec-
tors, the Voc increases by 1.51 ±  0.25, 1.59 ±  0.30, and 1.71 ±  
0.24 mV, respectively, for cutoff energies of 1.459 eV (850 nm),  
1.550 eV (800 nm), and 1.653 eV (750 nm), as shown in Figure 3a.  
Because the voltage enhancement comes from the decrease in 
Jdark, reflectors with higher energy cutoffs enable a larger Voc. 
We perform each J–V measurement set at least 40 times on dis-
tinct days to exclude the influence of thermal variations in the 
ambient and of differences in the electrical contacts, as sum-
marized in Figure 3. We also vary the illumination conditions  
(≈0.6 suns using the AM1.5G spectrum) slightly to show 
the robustness of the measurements. In all cases, the Voc is 
enhanced by 1–2 mV with the addition of the reflectors. We 

use a standard glass slide as a control, confirming no change in 
Voc upon its addition. For higher illumination intensities (e.g., 
using optical concentration), we expect further increases in the 
Voc when the reflectors are used so long as the device operation 
remains in the low injection regime.

As a key demonstration of our approach, we construct a cur-
rent switch that operates by actively controlling the photon emis-
sion recycling. The structure consists of a GaAs p–n junction 
diode with a reflectivity-control component (Figure 4) formed 
by a polymer-dispersed liquid crystal with a silver mirror.[32] The 
reflectivity-control component has two states. When a voltage 
is applied (ON state, see Figure 4a,c), the liquid crystal droplets 
align. Light passes through the layer, exposing the silver mirror, 
which causes this component to have mirror-like reflectivity. 
In the OFF state (no applied bias, see Figure 4b,d), the liquid 
crystal droplets are randomly oriented, and light is scattered in 
all directions (acting as a diffuser). In the OFF state, the total 
reflectivity is reduced, and thus fewer photons are reflected 
back into the GaAs for photon recycling.

When the reflectivity-control component is placed on top of 
the GaAs diode, we can actively regulate whether the photo ns 
generated by carrier recombination in the dark are able to exit 
the diode (diffusive, OFF state) or are reflected back (mirror-like,  
ON state) for additional photon recycling. To test this effect, the 
diode current is recorded in the dark GaAs p-n junction reduced 
for a given applied bias across the diode when the reflectivity-
control component is in the OFF state. For this situation, most 
photons emitted from the p–n junction exit the GaAs and are 
lost. However, in the ON state, it becomes more reflective and 
increases the photon recycling, which in turn reduces the dark 
current in the p–n junction (Figure 4e). Hence, we actively con-
trol the produced dark current. The switchability is significantly 
diminished if the mirror is replaced by an absorbing layer, 
which decreases the photon recycling in the ON state (Experi-
mental Section and Figure S4, Supporting Information).

The optical and electrical experiments presented here inde-
pendently demonstrate that photon recycling can be dynami-
cally modulated via external stimuli, enabling a new, all-optical 
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Figure 3. Open-circuit voltage enhancement in a GaAs solar cell. Open-circuit voltage, Voc, under AM1.5G spectrum (0.6 suns illumination) for a GaAs 
solar cell without [bare GaAs, red] and with selective reflectors with cutoff energies (wavelengths) of 1.459 eV (850 nm) [green], 1.550 eV (800 nm) 
[blue], and 1.653 eV (750 nm) [purple]. a) For similar short-circuit current densities, the Voc is increased by 1.51 ±  0.25, 1.59 ±  0.30, and 1.71 ±  0.24 mV, 
respectively. The error bars represent the standard deviation of the measured mean value. b–e) Measurements performed on four additional days under 
slightly different illumination conditions all show similar behavior.
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approach to tailoring the optoelectronic response of a single 
semiconductor in real time. This behavior is used to modify the 
semiconductor emission wavelengths, as well as modulate the 
device’s dark current. Larger effects can be achieved using semi-
conductors with higher internal fluorescence yield and by using  
higher quality spectral reflectors. While the currently imple-
mented reflectors are able to reflect > 95% of the emitted  
photons, the refractive index contrast between the air and the 
semiconductor decreases the amount of emission that is reab-
sorbed due to the impedance contrast for photons re-entering 
the semiconductor. For instance, an ideal reflector with a cut-off 
wavelength of 750 nm and perfect recoupling into the GaAs solar 
cell (e.g., by directly depositing the reflector onto the GaAs) would 
yield a ≈166.7 mV improvement of the Voc for a photo  voltaic 
device with an internal fluorescence yield of 99.7%, which has 
been reported for the highest quality III-V materials.[33]

In conclusion, we have shown how controlled photon emis-
sion recycling modifies a semiconductor’s optoelectronic 
response through an all-photonic approach without changing 
the material composition or structure. To demonstrate this con-
cept, we measured a shift in the optical (emission spectrum) 
and electrical (dark current) responses of various GaAs devices. 
The emission recycling process increased the Voc of a solar cell 
by reducing its dark current. Further, we demonstrated a gate-
free, current switch based on actively tunable photon recycling. 
Our approach will likely find practical applications ranging 
from photodectectors to actively controlled current switches. 
While we have used GaAs for the above demonstrations, these 
principles hold for any material with a high internal fluores-
cence yield (e.g., InP, perovskites, etc.). For photovoltaics, this 
phenomenon can be used as a method to tailor the absorption 
and emission properties of a semiconductor material to more 
closely match the incident solar spectrum. Specifically, for 
low bandgap semiconductors that produce high current but 
low voltage, the addition of spectrally selective reflectors could 
be implemented to match the ideal current-voltage character-
istic.[34] Additionally, spectrum splitting photovoltaic designs 
could be improved using reflective optical components rather 
than requiring new material growth. Photodetectors could be 
designed with reduced dark current to increase the signal-to-
noise ratio, lasers could have reduced lasing thresholds,[35] and 
wide bandgap semiconductors used for power electronics could 
achieve switching at larger voltages. We anticipate that the con-
cept presented here will likely influence the design of the next 
generation of optoelectronic devices by enabling new material 
and device functionality from a single semiconductor.

Experimental Section
Absorption Measurements: Light absorption was measured using a 

6 inch integrating sphere (Labsphere) and a xenon light source (Thermo 
Oriel). The white light was separated into different wavelengths by a 
SPEX 500M monochrometer, which was passed through a chopper 
wheel for lock-in detection (SR830). Parasitic absorption near the band-
edge due to trap states was removed using the photoluminescence 
signal.[36]

GaAs Solar Cell: GaAs solar cells (Millennium Communication Co., 
Ltd.) were epitaxially grown on a 300 µm thick n-type GaAs wafer, and 
the active regions were cladded by AlGaAs passivation and back surface 
field layers (see Figure S1, Supporting Information).

Photoluminescence Measurements: Photoluminescence (PL) 
measurements were conducted using a 660 nm wavelength diode laser 
to excite carriers within the GaAs. The PL signal was collected through an 
objective (100 × magnification, NA = 0.7), which was subsequently sent 
to a CCD camera and spectrometer for detection. The intensity of the 
PL is proportional to the carrier density,[37] and thus its relative intensity 
was used to determine its change. Because the addition of a selective 
reflector slightly modified both the incident light beam (power density 
and illumination area) entering the sample and the light detected (total 
emission intensity), the PL signal was calibrated taking these quantities 
into account. The measured PL intensity is φmeasured = C φPL(ρ) A, where 
φPL is the PL intensity per unit area exiting the sample upon illumination 
with an incident power density ρ, A is the area of illumination, and C 
is the proportionality constant that depends upon the optical path. For 
a given sample and reflector, A was measured using a high-resolution 
Hamamatsu CCD camera, and the proportionality constant C was 
determined by measuring the PL intensity under different illumination 
power densities ρ. The PL signal φPL was then compared between all 
samples.

Adv. Optical Mater. 2018, 1701323

Figure 4. Current switching device based on active control of photon 
recycling. a,b) Schematic of device containing a p–n junction whose 
current (I) is modulated by active control of photon emission (out of 
scale for clarity). c) Reflectivity-control component in ON state produces 
mirror-like behavior and increases photon recycling. d) In the OFF state, 
the component acts as a diffusor and reduces the photon recycling. 
e) The current produced by the p–n junction is modulated (∆I) as the 
reflectivity-control component changes state through the application of 
an applied voltage (V).
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Determination of Internal Fluorescence Yield: The internal fluorescence 
yield (IFY) of the GaAs was determined by two methods (one optical 
and one electrical). First, IFY was directly measured through a 
PL experiment. The incident photon flux from a laser beam was 
measured and the absorption within the GaAs was determined from 
the reflection and transmission. The emitted photon flux was used to 
determine the internal fluorescence intensity, which was reduced from 
its theoretical maximum value due to nonradiative recombination, 
yielding ηint = 83± 3% by this method. Secondly, the IFY was determined 
from the dark current measurements. For this method, the J1 term in  
Equation (1) gives the externally emitted photon flux at open-
circuit conditions. In the limit of small series resistance, the IFY is 
approximately given by[34,38]

4 exp
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where nsc is the refractive index of GaAs and Voc is the open-circuit 
voltage under 1-sun illumination, yielding ηint ≈ 83.5%.

Characterization of Frequency-Dependent Spectral Reflectors: The 
reflectors need to have a high transmission for photon energies above 
the selective cutoff energy and a high reflectivity for low-energy photons. 
Concurrently, the absorption should be as small as possible, which is 
measured using an integrating sphere setup, as described above. Three 
spectrally selective reflectors (Thorlabs dielectric shortpass filters) were 
used with cutoff energies (wavelengths) of 1.459 eV (850 nm), 1.550 eV  
(800 nm), and 1.653 eV (750 nm). The absorption within each 
reflector was measured to be < 5% within the wavelength of interest 
(see Figure S2a, Supporting Information). The angularly dependent 
transmission properties of each reflector were measured using a 
goniometer, and a tunable laser as the illumination source. The reflectors 
were mounted onto a rotation stage, and the transmission spectra 
were acquired for an angular range between 0 and 65°, as shown in  
Figure S2b–d (Supporting Information). In all cases, very high 
transmissivity (reflectivity) was obtained above (below) the cutoff 
energy, as desired.

Current–Voltage Measurements of GaAs Devices: Current–voltage 
measurements were performed using a Keithley 2420 Source Meter, and 
a Newport Model 91159 Full Spectrum Solar Simulator was used for 
illuminated measurements.

Current–Voltage Characteristics of GaAs Solar Cells under Illumination 
with and without Spectral Reflectors: The I–V characteristics of the GaAs 
solar cell plus different selective reflectors were measured to determine 
the resulting change in the open-circuit voltage, as shown in Figure 3 of 
the main text. During each set of measurements, the incident power of 
the illumination source on the solar simulator was adjusted to maintain 
the same short-circuit current for all configurations (with and without 
reflectors). This ensured that any changes in voltage were uniquely 
due to photon recycling effects and not because of higher illumination 
intensity (which could also increase the density of carriers within the 
semiconductor). The samples were measured over multiple days, 
as shown by the data sets in Figure 3 of the main text to ensure the 
reproducibility and robustness of the results. Figure S3 (Supporting 
Information) shows the J–V characteristics for the bare solar cell and 
with three different reflectors with cutoff energies of 1.459 eV (850 nm), 
1.550 eV (800 nm), and 1.653 eV (750 nm).

Current-Switching Device Based on Active Control of Photon Recycling: 
Two sets of experiments were performed with an actively controlled 
current-switch device, formed by a GaAs p–n junction and a reflectivity-
control component. The first one incorporated a silver mirror and 
resulted in a device that changed from diffusely reflective (OFF state) 
to specularly reflective (ON state). The second configuration replaced 
the mirror with a black absorber that resulted in a device that changed 
between diffusely reflective (OFF state) and absorptive (ON state). In the 
OFF state, both devices appeared white and scattered light. In the ON 
state, the device with the mirror became a better reflector of photons  

emitted from the GaAs, and the current in the GaAs p–n junction 
reduced for a given applied bias. Alternatively, the device with the 
absorber became a worse reflector in the ON state, and the dark current 
in the GaAs increased, see Figure S4 (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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