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Optimizing the efficiency of optoelectronic devices is challenging at low currents, even with high-quality

materials, due to the dominance of non-radiative Shockley-Read-Hall recombination at low carrier densities.

In this study, we nearly eliminate the typical non-radiative recombination current in a GaAs/GaInP double-

heterojunction light emitting diode (LED) by shifting the pn-junction 200 nm into the GaInP barrier layer on the

n-side. This involves reducing the doping in the n-barrier to below the background p-type doping level to relocate

the built-in electric field. As a result, the space charge recombination current with the ideality factor of two is

strongly suppressed and remains concealed in our experimental dark current density-voltage measurements. The

experimental results, coupled with our physics-based model, indicate the potential for considerable efficiency

gains at current densities below ∼1 A/cm2. The findings prompt to carefully optimize the doping profiles of high

efficiency LEDs and to reconsider the validity of using dark saturation currents as a metric for their performance.

In optoelectronics, crystal imperfections within bulk

layers and interfaces serve as sites for non-radiative recom-

bination through the Shockley-Read-Hall (SRH) recombi-

nation process1. The minimization of SRH recombination

is particularly essential to improve the internal quantum

efficiency (IQE) in light-emitting diodes (LEDs) often re-

ferred as the internal radiative efficiency in photovoltaic

(PV) cells, necessary for optimizing their performance2,3.

In both device types, the SRH recombination typically

dominates the low voltage part of the dark current, exhibit-

ing an ideality factor (nid) of two4. Consequently, opto-

electronic device efficiency at low current densities is gen-

erally considered to be low, even in devices of high ma-

terial quality. This picture is based on the assumption that

the depletion region is located in the active region of LEDs

(or the absorber in the case of PV cells).

Within the domain of III-V PVs, it has been estab-

lished that SRH recombination can be strongly reduced by

adopting suitable heterojunction structures, such as the n-

GaInP/p-GaAs structure, where the emitter layer is made

of a wider band gap material, instead of using customary

GaAs pn-homojunctions5,6. This reference point was also

recently employed to demonstrate the concept that partly

shifting the depletion region to the wider band gap bar-

rier layers can be beneficial in GaInAsP LEDs emitting at

0.9 eV7. In this pioneering study, the doping was switched

from n to p at the GaInAsP/InP heterointerface with dopant

densities pushing most of the depletion layer into the InP

barrier. The theoretical considerations suggested a major

reduction in the SRH recombination rate. As the exper-

imental result, SRH recombination was estimated to de-

crease to ∼25% of its value in the control LED with a

conventional doping profile. This improvement also en-

abled an increase in the IQE at lower current densities

when compared to the control sample.

Achieving high LED IQE, even at low currents (≤

1 A/cm2), is particularly necessary for emerging appli-

cations such as the electroluminescent cooling (ELC)8

and the closely related thermophotonic energy harvesting

applications9,10. In GaAs-based LEDs, where peak IQEs

can be expected to match the high IQEs reported for pho-

toluminescence surpassing 99%11–13, being able to extend

the regime of peak efficiency holds significant importance.

Additional applications could also be found for LEDs

in radio frequency and optical wireless communication,

where high efficiencies at low currents are beneficial14,15.

Thus, the identification of pathways to stretch the high IQE

regime of LEDs towards lower currents holds profound im-

plications for the evolution of emerging LED technologies.

In this study, we suppress the nid = 2 current of the

GaAs/GaInP double heterojunction (DHJ) LED by sev-

eral orders of magnitude through a redesign of the dop-

ing profile, pushing the pn-junction further into the n-side

barrier region instead of locating it at the interface be-

tween the active region and the barrier as in the previ-

ous works. This design shares apparent similarities with

so-called diffusion-driven LEDs16,17. However, here the

structure remains essentially 1D, and the purpose is to

suppress SRH recombination instead of enabling near-

surface light emitters or large-area devices. The suppres-

sion is demonstrated through a combination of secondary

ion mass spectrometry (SIMS) and dark current density-

voltage measurements. The observed outcomes are further

elucidated through comprehensive full-device simulations

and the fundamental models of SRH recombination.

Two GaAs/GaInP DHJ LEDs were compared in this

study, grown epitaxially using metalorganic vapor-phase

epitaxy (MOVPE). Fig. 1 illustrates the schematics of

our control reference LED (Ctrl-LED) and the shifted

junction LED (Shft-LED). Detailed information about the

GaAs/GaInP DHJ configurations is provided in Table I.

The Ctrl-LED is a typical DHJ LED with an unintention-

ally doped GaAs active region, while the Shft-LED is a

sample where the position of the pn-junction has been de-

liberately shifted into the n-type GaInP barrier. For both

samples, we used a constant growth temperature of 595°C

(wafer surface temperature), with V/III ratios maintained

at approximately 11, 26, and 66 for GaAs, AlGaAs, and

GaInP, respectively. The doping sources included diethylz-

inc for p-type doping and disilane for n-type doping, both

utilized during the growth process. The background dop-

ing within the reactor was p-type, measuring at 1× 1016

cm-3 or slightly less for GaAs according to Hall setup mea-

surements. Furthermore, SIMS measurements gave an un-

intentional C doping of ∼ 2×1016 cm-3 for unintentionally

doped GaInP, and confirmed that in GaAs it is ≤ 1×1016

cm-3. This p-type doping can be attributed to the unin-

tentional inclusion of C byproducts from III-V materials

during the growth process. The C may serve as a p-type

dopant by substituting for an As site18.
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FIG. 1. Cross-section of the investigated double heterojunction

GaAs LEDs, emphasizing the distinctions in layer structure be-

tween the Ctrl and Shft-LEDs. The background image displays

the physical device under an optical microscope, with LEDs 1

mm2 in mesa size. Samples chosen for the present study were

covered by a full p-contact.

After growth, the LEDs underwent simultaneous pro-

cessing, involving ultraviolet lithography and selective wet

etching to define 1 mm x 1 mm mesas. Electron beam

evaporation was used to establish the electrical contacts,

Ti/Au was deposited as the p-type contact, and subse-

quently, n-contacts were formed using Ni/AuGe, followed

by rapid thermal annealing at 350°C for 15 seconds.

TABLE I. Design carrier concentration of the fabricated double

hetero-junction GaInP/GaAs/GaInP LEDs, also corresponding to

the concentrations obtained from the Hall measurements (in units

of /cm3) of standalone reference layers. The choice of 200 nm as

the thickness of the u-GaInP layer in Shft-LED is discussed in

the analysis.

p-GaInP p-GaInP u-GaAs u-GaInP n-GaInP

Device 50 nm 100 nm 300 nm 200 nm 100 nm

Ctrl-LED 1×1018 4×1017 1×1016 - −2×1017

Shft-LED 1×1018 4×1017 1×1016 2×1016 −2×1017

Later, the electrical characteristics of the LEDs were

assessed using a four-probe arrangement in combination

with a Keithley source meter unit. The most conventional

signature for non-radiative recombination in LEDs is the

specific exponential dependence of current density (J) on

its bias voltage (V ). More quantitatively, the J(V ) curve

often exhibits clear regimes that follow the Shockley diode

equation J0,nid

(

eU/nidVT −1
)

, where the nid adopts a value

of 1 or 2. In the regime with the nid = 2, the J02 is usually

considered to reflect the magnitude of SRH recombination

in the depletion region. The corresponding dark satura-

tion current J02 for a high-quality device is considered to

be of the order of 1× 10−12 A/cm2 in both GaAs-based

LEDs and PVs, and major efforts in growth, passivation,

and processing optimization have been directed towards

reducing the dark saturation currents arising both from the

SRH recombination in the depletion layer, as well as from

the surface recombination on the mesa perimeter4,17,19–23.

However, if the electrostatics and carrier dynamics of the

device are engineered e.g. by modifying the doping profile

as done in this study, it becomes possible for the low volt-

age operation of the optoelectronic device to no longer be

dominated by the nid = 2 current. This experimental find-

ing has implications both for the characterization of SRH

recombination and for the optimization of optoelectronic

devices.

The effect of shifting the junction on the J(V ) curve was

further analyzed through standard full-device simulations,

accounting for drift and diffusion currents, self-consistent

electric fields, as well as carrier density-dependent SRH,

radiative and Auger recombination rates similarly as in our

previous works24. The most fundamental element in the

simulations explaining the mechanisms for reduced SRH

recombination due to shifting the depletion region is di-

rectly captured in the well-known SRH recombination law

that can be written in the customary single trap level form

as1:

Rsrh =
np−n2

i

τp(n+ni)+ τn(p+ni)
, (1)

where τn and τp are the SRH lifetimes for electrons and

holes, n and p are the electron and hole densities, respec-

tively, and ni is the intrinsic carrier density. ni in the de-

nominator follows from assuming that the dominant trap

level is located roughly in the middle of the band gap. This

single trap level form typically allows reproducing the ex-

perimental behavior of LEDs, but studying the trap spec-

trum more thoroughly could provide additional insight.

Nevertheless, this equation accounts for the changes in the

nid and magnitude of SRH recombination and is referred

to later when analyzing the results of the paper. In the

simulations, we use τp = τn = 6.25× 10−8 s and a radia-

tive recombination coefficient of 7.2×10−10 cm3/s25. The

simulations are carried out in 1D (=effectively assuming an

infinite structure in the two remaining dimensions), and the

contacts are described by the customary Dirichlet bound-

ary conditions specifying the applied bias of the LED.

Fig. 2 shows the atomic concentrations of C and Si in

the GaAs active layer and the n-side of the GaInP barrier

layer below the active layer as analyzed by SIMS in the

Ctrl-LED (a) and the Shft-LED (b). The results indicate

that the C background concentration in GaAs remains at

or below the detection limit of 1×1016 at/cm3 in both de-

vices, while the GaInP layers exhibit a slightly higher C

concentration at ∼ 2× 1016 at/cm3. Regarding the con-

centration of Si atoms, it remains approximately constant

at 2× 1017 at/cm3 over a 100 nm GaInP barrier layer in

the Ctrl-LED, however the doping profile in the 300 nm

thick GaInP barrier in the Shft-LED is completely differ-

ent. In the Shft-LED, the Si atom levels first stay below

the background doping levels in the GaInP barrier next to

the active region, making C the dominant contributor to

the dopant profile in the first 200 nm of the barrier. After

this the Si atom density increases gradually from 2×1015

to 2× 1017 at/cm3. The initial values presented in Table

I align with the Hall and SIMS measurements, and these

values are also used in the simulations. Most importantly,

the C doping in the u-GaInP layer is 2×1016 cm−3, shift-

ing the pn junction into the n-side. For u-GaAs, we assume

the C doping to be at the identified upper limit of 1×1016

cm−3 (to be shortly commented on in the analysis).

Fig. 3(a) shows the measured J(V ) curves of the Ctrl-

LED and Shft-LED, along with ideal diode curves cor-

responding to nid = 1 and nid = 2 for additional insight.

The J(V ) curve of Ctrl-LED primarily constitutes of an

nid = 2 nonradiative SRH current with a fitted J02 prefac-

tor of 6.2× 10−11 A/cm2. On the other hand, the J(V )
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curve of Shft-LED does not exhibit a clear nid = 2 com-

ponent within the measured voltage range. The fact that

no nid = 2 behaviour can be seen at this voltage range

effectively sets an upper bound for the J02 value of Shft-

LED at around 3× 10−13 A/cm2. This is over 2 orders

of magnitude smaller than the J02 estimated for Ctrl-LED,

and therefore provides an experimental verification of the

major SRH reduction potential anticipated also in Ref7.

This major difference between Ctrl-LED and Shft-LED is

caused by differences in how the depletion region is lo-

cated in the two devices, as explained in more detail in the

following paragraphs with the help of simulations. The

experimental curves can be compared with the simulated

ones shown in Fig. 3(b). There, one can observe that the

J(V ) curves simulated for Ctrl-LED and Shft-LED well

match the trends of their experimental counterparts, most

importantly with Shft-LED exhibiting no visible J02 cur-

rent component (see caption of Fig. 3 for discussion on

the slight differences). Preliminary light emission mea-

surements are provided in the Supplementary material, in-

dicating essentially no difference in the radiative current as

a function of bias between the two samples.

Simulations and the underlying theory allow studying

the reasons behind the suppressed nonradiative nid = 2 cur-

rent in the Shft-LED sample. The largest contributions to

the SRH current with nid = 2 arises when electron and hole

concentrations are equal (n = p) and exponentially depend

on the voltage. Therefore, the SRH recombination with

nid = 2 can be seen as a signature of SRH recombination

within the depletion region. If n = p is located in the ma-

terial that has the highest ni within the device, SRH re-

combination also reaches its maximum there (assuming no

orders-of-magnitude spatial changes in τn and τp). Figure

FIG. 2. Secondary ion mass spectrometry profiles of C and Si in

undoped-GaAs/n-GaInP interface for (a) Ctrl-LED, and (b) Shft-

LED. The GaInP barrier layer is marked with a blue background.

FIG. 3. (a) Measured current density-voltage J(V ) curves for the

Ctrl-LED and Shft-LED samples, along with the curves corre-

sponding to ideality factors 2 and 1 added for visual guidance. (b)

J(V ) curves for the Ctrl-LED and Shft-LED from drift-diffusion

simulations, also with the guiding nid = 1 and nid = 2 curves.

Both simulated curves in (b) include an additional series resistiv-

ity of 5×10−2
Ωcm2 to account for an effective contact and cur-

rent spreading resistance phenomenologically describing charge

spreading resistance in the 1 mm2 large samples, and for possible

other nonidealities. This value is chosen to provide a qualitative

agreement with the experimental curves between 1.0–1.2 V. The

slight differences between the experimental and simulated J(V )
curves of the Shft-LED sample at the small biases are expected to

be due to additional surface and/or interface recombination cur-

rents that were not considered in the simulations. Note also that

without the suppression of the nid = 2 current such processes

would remain hidden by the large SRH induced component of

the current. Regarding the data in (b), the qU −∆EF value (∆EF

being the average quasi-Fermi level separation in the GaAs ac-

tive layer) differs by roughly 0.01 kBT or less between the two

samples at all voltages.

4(a) shows the simulated SRH recombination rate along

with the electron and hole densities in the Ctrl-LED sam-

ple at an applied bias of 0.8 V. There, the condition n = p

is reached in the GaAs active layer roughly at the depth

of 0.77 µm from the device surface. The SRH recombi-

nation curve in the figure reaches its maximum value at a

point where n = p and clearly dominates over the radia-

tive recombination at this bias. Its dependence on the volt-

age exhibits the nid = 2 in the simulations, in line with the

well-known SRH recombination theory of Eq. (1).

The SRH recombination rate simulated for the Shft-

LED sample is shown in Fig. 4(b), again together with the

electron and hole densities and at the applied bias of 0.8 V.

In Fig. 4(b), the electron and hole densities cross only in

the GaInP layer to the right from the active region. There-

fore one can observe that the depletion region has been
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shifted towards the n-side, explaining also the name of the

sample. The SRH recombination rate in GaInP is much

larger in Shft-LED [Fig. 4(b)] than in Ctrl-LED [Fig. 4(a)]

and it exhibits the nid = 2 in the simulations. However,

due to the orders-of-magnitude smaller ni of GaInP, the

dominant SRH recombination is still the one taking place

in the GaAs. There, throughout the GaAs active layer in

Fig. 4(b), the hole density is several orders of magnitude

larger than electron density thanks to both (i) the n-type

doping starting only relatively far from the GaAs active

layer and (ii) the presence of a light p-type background

doping density in GaAs and the GaInP layer next to it. In

such a case, the SRH recombination rate from Eq. (1) pro-

duces the nid = 1 behavior, with the corresponding SRH

recombination rate in GaAs in Shft-LED [Fig. 4(b)] being

considerably smaller than in Ctrl-LED [Fig. 4(a)].

Moreover, Fig. 4 illustrates the simulated radiative re-

combination rate. Since the quasi-Fermi level splitting in

the GaAs active layer (not shown) is practically constant in

the active region and equal to the applied bias for both sam-

ples, the radiative recombination rate is practically identi-

cal between Fig. 4(a) and (b), despite the distinct electron-

hole profiles (constant quasi-Fermi level splitting ensures

that np is constant even if n and p vary due to band bend-

ing; radiative recombination follows B(np− n2
i ), where B

FIG. 4. Electron density n, hole density p, SRH recombination

rate Rsrh, and radiative recombination rate Rrad as a function of

position for (a) Ctrl-LED and (b) Shft-LED, simulated at an ap-

plied bias (= voltage between the LED contact terminals) of 0.8

V. The GaInP barrier layer is marked with a blue background.

Differences between the Ctrl-LED and Shft-LED samples illus-

trated in this figure explain the vastly different J(V ) curves of the

two devices shown in Fig. 3. The qU −∆EF value (see caption

of Fig. 3) is less than 10−3 kBT in both samples at this voltage.

* Units: (cm−3) for n and p, and (cm−3s−1) for Rsrh and Rrad .

is the recombination coefficient). As previously explained,

the nid of the dominating SRH recombination current is

likewise equal to 1 in the Shft-LED. Consequently, even

the total J(V ) curve of the Shft-LED exhibits the nid = 1 in

Fig. 3(b) within this voltage range, with minor J02 current

component (the slight deviation from nid = 1 is attributed

to minor SRH recombination in GaInP, as discussed ear-

lier). Here, the thickness of the u-GaInP layer in Shft-LED

(see Table I) is an important parameter: it should be large

enough to push the nid = 2 SRH current to the GaInP bar-

rier but not too large to cause additional quasi-Fermi level

losses (this is also a design challenge that Shft-LED shares

with diffusion-driven LEDs). Based on the results of this

paper, a thickness of 200 nm fulfills these requirements.

Furthermore, the light emission measurements provided

in the Supplementary material accentuate that the shifted

junction does not hamper current transport to the GaAs ac-

tive layer and thereby reduce its radiative current. There-

fore the reduced total current of Shft-LED can be inter-

preted namely as a signature of suppressed non-radiative

recombination.

In the Shft-LED sample studied in Fig. 4(b), the maxi-

mum value of SRH recombination is indeed more than two

orders of magnitude smaller than in Ctrl-LED in Fig. 4(a)

despite the same SRH recombination coefficients, while

radiative recombination in GaAs is equal in Fig. 4(a) and

(b). The IQE of the Shft-LED sample is therefore expected

to be notably higher than that of Ctrl-LED and roughly

constant at the corresponding low-to-medium current lev-

els. Consequently, the eventual IQE within the current

range still depends on the material quality (due to both

SRH and radiative currents having nid = 1, nid = 1 does

not automatically mean that radiative recombination dom-

inates). This underscores the importance of maintaining

high epitaxial and processing quality, even in samples with

a shifted junction. Additionally, the IQE may depend on

a more refined engineering of the doping profile in the

shifted junction, where the exact C doping level in GaAs

could also play a role. However, the investigation of these

dependencies is beyond the scope of this work.

In conclusion, we have demonstrated that shifting the

pn-junction of the GaInP/GaAs DHJ LED from the edge

of the active region to 200 nm into the originally n-type

doped GaInP barrier layer practically eliminates conven-

tionally dominant non-radiative SRH recombination in the

devices, while radiative recombination remains uncompro-

mised. This alteration dramatically impacts the J(V ) char-

acteristics of the device, leading to the disappearance of

the typical SRH-dominated current regime exhibiting the

nid = 2 at low currents. This shift potentially uncovers

previously obscured features in the J(V ) normally hidden

under the strong SRH-dominated components. The find-

ings indicate that using dark saturation currents of nid = 2

as a metric for device quality may be insufficient when

applied to devices with unconventional doping profiles.

However, the findings can also help to extend the oper-

ating regime where LEDs or solar cells exhibit their peak

quantum efficiencies. This extension would significantly

facilitate the development of high-efficiency devices, es-

pecially for photovoltaic and thermophotonic applications.

Please refer to the Supplementary material for details

on the preliminary light emission measurements conducted

for the Ctrl-LED and Shft-LED samples discussed in this

study.
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