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The results of investigations of the optical and electrical characteristics of green GaP light-emitting diodes 

(LEDs) grown by double liquid-phase epitaxy are presented. Low-temperature electroluminescence spectra in the 

wavelength range of 530 – 590 nm reveal a spectral structure with emission peaks at 1 = 542 nm 2 = 554 nm, 

3 = 576 nm, and 4 = 584 nm. Injection characteristics were obtained for the listed emission wavelengths. 

Comparative evaluations of the radiation resistance of emissions at 1 = 542 nm and 3 = 576 nm were carried out, 

as well as an analysis of the differential resistance values of the diodes in the regions of the current-voltage 

characteristics (CVCs) exhibiting positive and negative differential resistance. The effects of electron irradiation on 

the reverse currents of the LEDs were analyzed, in particular the expansion of the pre-breakdown region of the 

CVCs and the shift of the breakdown channel toward higher voltages. The work also includes results of studies 

on the recovery of the electrophysical characteristics of irradiated diodes induced by isochronal annealing. 
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1. INTRODUCTION 
 

Gallium phosphide (GaP) is a semiconductor 

compound of the A3B5 (III-V) group, on the basis of 

which the first solid-state light sources in the visible 

spectral range were developed. Since the advent of 

industrially mass-produced (LEDs), the scope of their 

application has expanded significantly – from panel 

indicators to active elements of fiber-optic 

communication lines and information-processing 

systems. 

The accelerated development of the microelectronics 

industry, particularly space instrumentation, as well as 

the design of radiation-resistant modules intended for 

operation in areas of increased radiation risk, requires 

suitable materials for the manufacture of control and 

measurement units, navigation devices, tracking 

systems and related equipment. 

Compared with other III-V semiconductors, GaP 

possesses several important advantages, including 

excellent lattice matching with silicon, a wide 

transparency range (0.6 ÷ 11 m), high nonlinear 

susceptibility, and a quasi-direct band gap (Eg = 2.18-

2.25 eV). 

Gallium phosphide is also characterized by low 

chemical reactivity, high hardness (1945 N/mm2), a 

melting temperature of Tm = 1467°C, and ease of 

processing, which makes it a promising material for the 

growth of nanowires [1]. 

A number of methods for the fabrication of GaP 

nanowires have been proposed in works [2-6]. 

Publications [2, 3] report on the formation of such 

structures using Au particles; the average nanowire 

diameter is about 20 nm, while their length reaches tens 

of micrometers. GaP nanowires with diameters of 10-

100 nm and lengths of several micrometers were 

obtained in [4] by heating Ga2O3 and red phosphorus. 

Work [5] is devoted to the investigation of the growth 

dynamics of heterostructured GaP and GaAs nanowires. 

The results of studies on the self-nucleation of InP and 

GaP nanowires with a low defect concentration, which 

are promising for optoelectronic applications, are 

presented in [6]. 

Authors of [7, 8] report on the use of GaP/Si pseudo-

substrates for the growth of (N)/GaP(N) and 

GaAs(N)/GaP(N) quantum wells. It is also reported in 

[9] that the efficiency of GaP LEDs can be enhanced by 

using GaP with a wurtzite crystal lattice. 

The results of investigations of nanostructured 

objects in the form of high-density quantum dots on GaP 

substrates are presented in [10], while studies of single 

quantum dots can be found in [11]. These works reveal 

the close proximity of two different types of optical 

transitions and their competition between the X and Γ 

valleys. 

It is known that nitrogen doping plays a key role in 

the process of radiative recombination in GaP [12]. The 

authors of [13] demonstrated that a high level of 

isoelectronic nitrogen doping leads to the formation of 
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an impurity band which, by narrowing the band gap 

Eg, brings the properties of direct- and indirect-band-

gap semiconductors closer together [14]. 

The presence of a highly sensitive depletion region 

within a p-n junction makes it possible to control the 

introduction of structural damage during irradiation 

with high-energy particles, as well as to monitor 

diffusion processes during annealing [15, 16]. 

As follows from the above brief review of previously 

published studies, investigations of the electrical and 

optical characteristics of GaP single crystals and GaP-

based nanostructures remain relevant and important. 

Therefore, the main objective of the present work is to 

study the low-temperature emission spectra and to 

identify the principal emission lines of the GaP(N) LEDs 

used in this study, as well as to evaluate their radiation 

resistance and to determine the features of recovery of 

characteristics degraded by electron irradiation. 

 

2. EXPERIMENT 
 

Nitrogen-doped (LEDs) were investigated. The spectral 

characteristics were recorded in the temperature range of 

77 – 300 K using a StellarNet GreenWave series 

spectrometer (spectral range 350-1150 nm, 16-bit 

resolution, spectral resolution 0.2 nm) and an MDR-23 

spectrometer. 

Electron irradiation with an energy of E = 2 MeV 

was carried out using an electron accelerator. During 

irradiation, the sample temperature did not exceed 

room temperature owing to efficient air cooling. 

The CVCs of the LEDs were measured using an 

automated setup in the temperature range of 77-

300 K. Both current-source and voltage-source modes 

were employed, and the measurement system was 

controlled by a computer. 

 

3. RESULTS 
 

In Fig. 1 shows the spectra of GaP(N) LEDs recorded 

at a temperature of 77 K and excitation currents of 

I = 1.5 ÷ 60 mA. In the range I = 1.5 ÷ 20 mA, three broad 

lines can be distinguished: 1 =542 nm, 2 = 554 nm, 

3 = 576 nm, and an inflection point, which with 

increasing current transitions into a fourth maximum 

4 = 584 nm. 
 

 
 

Fig. 1 – Spectral characteristics of green GaP LEDs measured 

at different currents (Tmeasurement = 77 K) 

 

 

At high currents (I  20 mA), the thermal effect 

becomes noticeable – a decrease in the width of the 

crystal's band gap, accompanied by a shift of the first 

two lines toward longer wavelengths. 

The half-width of the first line 1 = 542 nm, 

I = 60 mA, can be estimated based on the position of its 

maximum (Г = 12 nm). It is difficult to use a similar 

method for the second 2 = 554 nm due to the distortion 

of its shape by the effect of self-absorption of radiation. 

The first line 1 = 542 nm (hυmax = 2.288 eV) owes 

its formation to the presence of an isoelectronic 

nitrogen impurity, which ensures the existence of an 

exciton trap and, consequently, the appearance of a 

near-edge green signal in GaP(N) LEDs [12]. 

The second line 2 = 554 nm (hυmax = 2.238 eV) is a 

phonon repeat of the first hυmax = 2.288 eV with the 

participation of two longitudinal acoustic phonons (LA, 

hυf = 24.4 meV) 

The identical course of the dependence of the 

intensity of the evidence on the injection level (Fig. 2) 

can serve as clear confirmation of their genetic 

similarity 
 

 
 

Fig. 2 – Dependence of the luminescence intensity of green 

GaP LEDs on the injection current 
 

Fig. 2 builds upon and refines certain results 

previously published by the authors of [17]. 

This also applies to the last two emissions with 

3 = 576 nm (hυmax = 2.153 eV) and 4 = 584 nm 

(hυmax = 2.123 eV) 

The energy differences of their quanta 

Δhυ = 2.153 eV - 2.123 eV = 0.03 can be correlated with 

the energy of the longitudinal acoustic phonon with 

LA = 24.4 meV 

Therefore, the main emission should be considered 

the first one with 3 = 576 nm; the emission with 

4 = 584 nm is its phonon replica with the participation 

of longitudinal acoustic phonons. In turn, the emission 

with 3 = 576 nm is also of exciton origin, which arises 

as a result of the recombination of an exciton bound to 

a pair of closely spaced nitrogen atoms NN1 [18]. 

Estimates based on temperature dependencies of 

the intensity of the max = 576 nm line showed (Fig. 3) 

that the activation energy of the process is 17 meV and 

is close to the value given in [18] for a bound exciton. It 

is also important to note that the emission centers at 

2 = 554 nm and 3 = 576 nm are mutually 

independent, as can be seen in (Fig. 2), where the 

curves Iint(I mA) do not correlate with each other; if 

after I = 20 mA the intensity of emission with 

3 = 576 nm begins to decrease, then for 1 = 542 nm it 

increases. 
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Fig. 3 – Dependence of the intensity of the max = 576 nm line 

on temperature 
 

Fig. 4 shows the relative changes in the intensity of 

the CD I0/Iф signal depending on the current through 

the diode for max = 576 nm and max = 542 nm 
 

 
 

Fig. 4 – Dependence of the relative intensity of luminescence 

I0/Iф of lines and max = 576 nm and max = 542 nm on current 
 

It can be seen, that the radiation resistance of both 

bands I0/Iф increases with the increase in injection 

current due to the strengthening of the shielding effect 

of radiation defects by free carriers and the 

corresponding weakening of the destructive effect of 

radiation damage on the intensity of radiative 

recombination. 

The exciton recombination band on closely spaced 

NN1 max = 542 nm atoms are more resistant to radiation 

than the recombination band of excitons localized on 

isolated N atoms (Fig. 4). The result seems obvious when 

considering that the depth of the exciton at the center of 

NN1 is almost six times greater than at an isolated N 

atom [18]. 

Fig. 5 shows the family of CVCs GaP(N) LEDs 

obtained within the range (95 – 300 K); the 

measurement mode was a generator of current. After 

cooling the sample below T = 135 K, an S-type negative 

differential resistance section is formed on the CVCs, 

and with the temperature drop to 95 K, areas of 

positive and negative slope with differential resistances 

can be distinguished on the CVCs, for which the 

average values of the ratios 𝑅𝑑𝑖𝑓𝑓.𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑/

𝑅𝑑𝑖𝑓𝑓.𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 are 
 

𝑅𝑑𝑖𝑓𝑓.𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑р
+

𝑅𝑑𝑖𝑓𝑓.𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑

+ = 11,67             
𝑅𝑑𝑖𝑓𝑓.𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑

−

𝑅𝑑𝑖𝑓𝑓.𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑

− = 9,43 

 

It is seen that irradiation of the diode leads to an 

increase in both the positive and the negative value of 

the differential resistance (dU/dI). It is also known 

[16] that deep levels of radiation defects in n- and p-

type GaP single crystals compensate its electrical 

conductivity, therefore the increase of R+ is an obvious 

reaction of the device base to irradiation. 

The increase in R– can only be discussed in terms of 

certain assumptions, as there is currently no consensus 

on the mechanism responsible for the formation of 

negative differential resistance (NDR) in GaP LEDs. 

If one adheres to the model of double injection of 

carriers into the depleted region of the p-n junction, 

then, with a large difference between the capture cross-

sections of electrons and holes at the main 

recombination level, the flux of carriers of one type 

becomes saturated as the injection level increases. In 

this case, the lifetime of carriers of the opposite type 

increases rapidly, which leads to their filling of the 

high-resistance depleted region; the voltage across the 

sample decreases against the background of a rising 

current. 

The released heat plays the role of a positive 

feedback factor, and an S-shaped region of current-

controlled negative differential resistance develops on 

the CVCs. 

The introduction of deep levels by electron 

irradiation compensates the electrical conductivity not 

only of the base regions of the diode; the compensation 

equally concerns the current filament that forms the S-

shaped region of the CVCs, and the increase in its 

resistance appears on the graph in Fig. 5 as an increase 

of R–. 
 

 
 

Fig. 5 – CVCs of a green GaP LED irradiated with electrons 

Ф = 2,05  1015 cm – 2, measured at different temperatures 
 

According to the Shockley formula for an ideal junction 
 

 𝐼 = 𝐼𝑠(𝑒
𝑞𝑢

𝑛𝑘𝑡 − 1)  
 

where IS – reverse saturation current (thermal current, 

minority carrier current), and n is the diode ideality 

factor that determines the mechanism of current 

transport through the junction. To obtain it, the 

dependence of the photocurrent generated by the LED 

light flux on the applied voltage was measured in the 

interval of photocurrent values of about 10 – 5 ÷ 10 – 10 А. 

After U = 2,5 V IФ(U) for the initial and irradiated LEDs 

(Ф = 3  1014 cm – 2) reaches saturation, and the ideality 

factor in the region of small currents is n = 1.67. At such 

a value of n, the current that causes emission is 
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controlled by diffusion and recombination in the space-

charge region. 

An almost twofold increase in irradiation dose 

(Ф = 5,9  1014 cm – 2) leads to a sharp increase of n 

(n = 4.18). Now the main mechanism of current 

formation becomes tunneling of carriers through the 

damaged regions of the space-charge region. 

The reverse branch of the CVCs of the investigated 

LEDs within the ranges ΔI = 2  10 ⁻ 10 ÷ 3  10 ⁻ 10 A 

and ΔU = 0 ÷ 25 V, a characteristic saturation current 

region IS and a breakdown region are observed, which 

arise as a result of reaching the breakdown voltage 

U = Ubr. In the initial diode, the saturation current is 

IS ~ 3  10 – 10 A (Fig. 6 (a)); electron irradiation with a 

fluence of Ф = 2  1016 cm – 2 reduces this value only by 

approximately a factor of one and a half (Fig. 6 (b)). 

The introduction of radiation defects is accompanied by 

a broadening of the transition region in Fig. 6 (b) from 

an almost constant value of IS to Ibr, which may be a 

consequence of interlevel carrier tunneling stimulated 

by the presence of radiation damage. 
 

 
 

Fig. 6 – Reverse CVCs of the initial green GaP LED (a) and 

the LED irradiated with electrons Ф = 2  1016 cm – 2(b) 

(Tmeas = 77 К) 

 

Measurements show that, in the vast majority of 

samples, an increase in temperature from 77 to 300 K leads 

to a shift of the breakdown regions toward higher voltages, 

which is an argument in favor of the avalanche nature of 

the breakdown. Fig. 7 shows the dependence of the 

breakdown current on the temperature of isochronal 

annealing of the LEDs, taken in the range from U1 = 24 V 

to U2 = Ubr = 24,2 V. The decrease in breakdown current is 

a consequence of filling of the breakdown channel with the 

decay products of radiation-induced defect clusters and the 

corresponding increase in the scattering intensity of 

carriers. 
 

 
 

Fig. 7 – Dependence of the breakdown current of a green GaP 

LED on the annealing temperature. 

 
 

Fig. 8 – Annealing of a green GaP LED 
 

Fig. 8 shows the results of the restoration of the 

CVCs of the LED irradiated with electrons. Annealing 

was carried out in the interval 20 ÷ 350°C at a constant 

current I = 6  10 – 2 А; while the annealing process was 

monitored by measuring the voltage. 

The final measurement results are shown in Fig. 8 

as the dependence of the diode current on the 

annealing temperature U(T). 

Its pronounced three-stage behavior indicates the 

presence of three diffusion components in the overall 

recovery process. The first, sharp stage in the 

temperature range of 20-50°C, during which the current 

increases, is most likely associated with the annihilation 

of defects with low activation energy, primarily surface 

defects involved in the formation of leakage currents. 

Some of these defects disappear at sinks, while others 

form stable complexes, thereby increasing the electrical 

strength of the diode in the subsequent stage at 50-

150  C. 

The main recovery stage corresponds to the current 

increase observed in the temperature range of 150-

300 C. This behavior is attributed to the decompensation 

of the n- and p-regions of the diode caused by the 

migration of VP and VGa defects toward sinks, followed 

by a gradual restoration of the potential barrier height. 

 

4. CONCLUSIONS 
 

Monocrystalline GaP is currently the subject of 

intensive research aimed at improving methods for the 

formation of GaP-based nanostructures, including 

quantum wells, nanowires, and quantum dots. 

Owing to the simplicity of their structure and 

growth technology, GaP LEDs serve as convenient 

model objects for studying charge transport 

mechanisms and recombination processes in more 

complex binary compounds containing quantum wells. 

In addition, they are useful for relative assessments of 

the radiation resistance of other solid-state light 

sources. 

In the present work, emission lines at 1 = 542 nm 

and 2 = 554 nm were identified. The former originates 

from the recombination of an exciton bound to a nitrogen 

impurity, while the latter represents the phonon replica 

of this transition involving an acoustic phonon. Emission 

at 3 = 576 nm corresponds to excitonic recombination on 

NN1 pairs. It was shown that the NN1 emission line 

exhibits higher radiation resistance compared with the 

emission line of excitons bound to isolated nitrogen 

atoms. The appearance of a NDR region in the CVCs, 
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which is typical for GaP LEDs in the low-temperature 

range (T ≤ 90 K), can be attributed to the double 

injection of charge carriers into the depletion region of 

the p-n junction. In this region, the probability of carrier 

capture of one type significantly exceeds that for carriers 

of the opposite type. The resulting increase in current 

and the associated heat generation act as a positive 

feedback mechanism. 

Electron irradiation of the LEDs leads to a decrease 

in the reverse current magnitude; however, at an 

irradiation dose of Ф = 5  10 – 14 cm – 2, an increase in 

the tunneling component of the reverse current is 

observed. 

The temperature-induced shift of the breakdown 

region of the reverse CVCs, I(Urev), toward higher 

voltages indicates an avalanche breakdown 

mechanism. 

Restoration of the CVCs of GaP LEDs using 

isochronal annealing demonstrates a three-stage 

behavior. At the first stage (20-50 °C), defects 

predominantly localized at the surface of the p-n 

junction is removed. The third stage (150-300°C) is 

associated with the decompensation of the n- and p-

regions under conditions of increased defect mobility. 

The intermediate annealing interval (50-150 °C) 

may result from interactions between simple structural 

defects that become mobile during the first stage, 

leading to the formation of defect complexes which 

subsequently dissociate during the third, main 

annealing stage. 
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У роботі наведені результати досліджень оптичних та електрофізичних характеристик зелених 

СД GaP, вирощених подвійною рідинною епітаксією. На низькотемпературних спектрах 

електролюмісценції в межах 530-590 нм виявлена структура з 1 = 542 нм, 2 = 554 нм, 3 = 576 нм та 

4 = 584 нм, одержані інжекційні характеристики для перерахо-ваних довжин хвиль. Зроблені 

порівняльні оцінки радіаційної стійкості випромінювань з 1 = 542 нм і 3 = 576 нм, а також величин 

диференційних опорів діодів на ділянках ВАХ з додатнім та від'ємним опором. Розглянуто результати 

впливу електронного опромінення на зворотні струми СД, а саме: розши-рення передпробійної 

ділянки ВАХ та зсув пробійного каналу у бік вищих напруг. Робота також містить матеріали 

досліджень відновлення електрофізичних характеристик опромі-нених діодів, спричинених 

ізохронним відпалом. 
 

Ключові слова: Світлодіод, GaP, Електролюмісценція, Вольт-амперні характеристики, Спектральні 

характеристики, Опромінення. 
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