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Abstract— The absorption properties of Al0.52In0.48P have been 

investigated near the fundamental absorption edge by measuring 

the photocurrent as a function of wavelength in a series of PIN 

and NIP diodes. Modelling of the photocurrent in these 

structures enables the absorption coefficients to be determined 

accurately over a wide dynamic range, which allows the direct 

and indirect band-gap to be determined.  

 
Index Terms— absorption coefficient, AlInP, bandgap, Urbach  

tail, photocurrent 

I. INTRODUCTION 

he ternary alloy Al0.52In0.48P (AlInP thereafter) has 

received great attention recently for various optoelectronic 

applications. Being the widest bandgap III-V semiconductor 

material which can be grown lattice-matched to GaAs, AlInP 

is used in various devices such as multi-junction solar cells 

[2], visible lasers [3], multi-quantum barrier lasers [4] and 

laser diodes [5]. More recently, it has been used for 

demonstrating a narrow band high sensitivity photodiode [6] 

and avalanche photodiode [7] working at ~ 480 nm. In several 

of these devices, to optimize their performance requires an 

accurate knowledge of the material absorption coefficient, α as 

a function of wavelength near the optical band-edge. Although 

Kato et al. [1] showed that the optical properties of AlInP over 

a broad wavelength range of 225-1033 nm can be deduced 

from ellipsometry measurements, the noise around the 

fundamental absorption in the dielectric spectra results in 

unreliable absorption coefficients in the wavelength range of 

440 – 550 nm where α < 10
5 
cm

-1
.  

A broad range of absorption coefficients from 10
6
 down to 

10
0
 cm

-1
 is usually obtained by merging the data from both 

transmission and ellipsometry measurements [8-10]. However, 

such data has not been reported for AlInP. In this paper, we 

show that α can be determined accurately over a wide dynamic 

range in a wavelength range of 380 – 550 nm via spectral 

response measurements on a series of PIN and NIP diodes.  

II. DEVICE GROWTH, FABRICATION AND CHARACTERIZATION 

Three AlInP PINs and one NIP homo-junction diode with 

nominal intrinsic layer thickness, w of 1.0, 0.8, and 0.2 µm 

were grown by low pressure (150 Torr) metalorganic-vapor 

phase epitaxy (MOVPE) in a horizontal flow reactor at 680-

730 ºC on n+
 (p+

) GaAs substrates, which have an off-cut 

angle of 10º towards [111A] plane to minimize the copper-

platinum (Cu-Pt) ordering [11]. The epilayers were capped 

with heavily doped ~50 nm thin GaAs to ensure a good ohmic 

contact. Conventional alkyls and hydrides were used for the 

epitaxial growth, with zinc (TMZ) and silicon (silane) used as 

p and n-type dopants respectively.  

Double X-ray rocking curves reveals that the compressive 

lattice mismatch of AlInP in all our structures compared to 

GaAs is minimal at < 6 ×10
-4

, with a nominal aluminum 

composition of 52.3%. To ensure that the incident light is 

absorbed by only the AlInP, the GaAs cap of the optical 

window is etched off in the devices as shown in Fig. 1 using 

wet chemical etching. The central top 1.0 µm AlInP cladding 

in some devices was further thinned using Inductive Couple 

Plasma (ICP) to give p+ 
cladding thicknesses of 0.2 – 0.5 µm ± 

0.07 as tabulated in Table I. Finally, mesa diodes of 35 – 210 

µm radii were formed for optical and electrical 

characterization.  

Capacitance-voltage (C-V) measurement was performed on 

the mesa diodes to determine w and the doping densities in p+
-

i-n+
 layers (Np, Ni and Nn respectively). Secondary Ions Mass 

spectroscopy (SIMs) measurements were undertaken on 

several of the structures to corroborate these parameters, as 

well as obtaining thicknesses of the cladding p+ 
(n+

) layers. 

Although results from both measurements agree on the values 

of w and Ni, the p+ 
claddings doping densities estimated from 

C-V and SIMs were estimated to be 3-4×10
17

 and 1×10
18

 cm
-3

 

respectively. One possible reason for this discrepancy may be 

due to hydrogen passivation of acceptors which represents a 

common problem in MOVPE grown wide bandgap III-V  

semiconductors such as GaN [12]. Background oxygen 

contamination [13] and the solubility of the zinc dopants in 

AlInP [14] can also decrease the concentration of the active 

Zn acceptors. Conversely, it was reported that high carrier 

concentration of >10
18

 cm
-3

 can be achieved using Si-dopant 
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TABLE I 

DEVICE PARAMETERS OF AlInP DIODES 

Layer 

p+ (n+) 

thickness 

(µm) 
w (µm) 

Np ( x1017 

cm-3)  
Nn ( x1017 

cm-3) 

Ni  ( 

x1015 cm-

3) 

P1 1.00 0.97 4.0  20 2 

P2-1 1.00 1.12 2.0  10 15 

P2-2 0.47  

P2-3 0.23  

P3-1 1.00 0.25 4.3  20 16 

P3-2 0.26  

N1-1 1.00 0.81 2.5  20 2 

N1-2 0.42  

N1-3 0.27     

 



[13]. Assuming the doping densities in the n+
 and p+

 regions 

are 1-2×10
18

 and 2-5×10
17

 cm
-3

 respectively as shown in Table 

I the results obtained from C-V modelling (with a dielectric 

constant of 11.25, interpolated from InP and AlP values), 

showed good agreement with the experimental data as showed 

in Fig. 1.   

III. RESULTS AND DISCUSSION 

A 100 W tungsten halogen bulb and a grating 

monochromator which has a resolution of ± 1.5 nm were used 

to measure the spectral responses of the 200 µm radii devices 

as shown in Fig. 2. Since the dark current at low bias voltages 

is extremely low in these devices [15], very small 

photocurrents (~10 pA) around the cut-off wavelength regime 

where the absorption is expected to be very weak, can still be 

measured accurately. The results were confirmed using phase 

sensitive technique where the light signal was mechanically 

modulated and the photocurrent was measured using a lock-in 

amplifier. The quantum efficiencies (QE) of the devices 

illustrated in Fig. 2 were deduced from a calibrated silicon 

photodiode and were confirmed using a 442 nm He-Cd laser, 

where the laser beam was focused to a ~20 µm diameter spot 

on the device optical windows.  

The measured photocurrent from a p+
-i-n+

 structure consists 

of i) minority electrons diffusing from the p+ 
layer to the 

depletion region, ii) electron-hole pairs generated within the 

depletion region, and iii) minority holes diffusing from the n+ 

layer to the depletion region. The associated internal QEs’ (ηp, 

ηi and ηn) correspond to these photocurrent components (ie. i 

to iii) and can be expressed as (1) – (3) as shown at the bottom 

of the page where Le (Lh), De (Dh) and Se (Sh) are diffusion 

lengths, diffusion coefficients and   surface recombinations 

respectively [16]. X1 and X2 are the distance from the top 

surface to the depletion edge in the p+ 
and n+ 

region 

respectively whereas X3 is the total thickness of the p+
-i-n+

 

layers. All carriers generated in the depletion region were 

assumed to contribute to the photocurrent. The external QE of 

a p+
-i-n+

 structure, η can be written as 

 

 nipR   .         (4) 

 

where the reflectivity, R as a function of wavelength, λ is 

related to the refractive index, n and extinction coefficient, k, 

given by  

 

    
    


22

22

1

1
)(

kn

kn
R




 .      (5) 

 

k is related to α via


4

k . 

The refractive index, n of AlInP reported in [1] covers the 

wavelength range of interest so was used to estimate R.  

 
Fig. 1 Measured (symbols) and modelled (lines) capacitance of the a) PINs (P2-

1 and P3-1 as ○ and ▽ respectively) and b) N1-1. Also shown in the inset is the 

schematic diagram of the device structures, with RIE-etched area shaded in 

grey.  
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The parameters Le (Lh) can be independently obtained by 

measuring the change in responsivity under illumination of 

442 nm as a function of reverse bias voltage before the onset 

of avalanche multiplication. This measurement was performed 

on those samples with a 1.0 µm thick top cladding (ie. P1, P2-

1, P3-1 and N1-1) since > 99.9% of the photons are absorbed 

in the top cladding layer and therefore the photocurrent 

contribution due to the intrinsic region and bottom cladding 

layer can be neglected. The increasing photocurrent with 

applied bias voltage is due to the depletion into the top 

cladding layer and therefore enables us to estimate the 

minority carrier diffusion length [17]. Using an initial value α 

of ~ 1 × 10
5
 cm

-1
 at 442 nm [1] and µe of 160 cm s

-1 
[18],  Le 

determined from the PINs was 0.155 µm ± 0.015. Due to the 

short Le, the modelled results showed insignificant change 

when surface recombination velocities (assuming Se = Sh) and 

were increased from the nominal values of 1 × 10
7
 cm s

-1
 [19]. 

Similar measurement was done on N1-1 giving Lh of 0.170 

µm ± 0.015, using µh of 10 cm s
-1

 [18]. 

After determining the parameters in (1) – (3), α can be 

solved numerically by fitting the modelled QE to the 

experimental results. α shown in Fig. 3 extracted from P1, P2-

1, P3-1 and N1-1 are in close agreement, assuming Le and Lh 

of 0.155 and 0.170 µm respectively. This suggests that the 

measured α is independent of the doping type for the levels 

used in this work, in agreement with those reported in other 

semiconductors [20, 21]. 

AlInP is an indirect-gap semiconductor and to understand 

the behavior of α with wavelength, we need to determine the 

energy gaps. To extract the band-gap of AlInP, α½
 versus 

photon energy extracted from P1, P2-1, P3-1 and N1 at 0 V 

are plotted as shown in Fig. 4. These data can be fitted by 

straight lines and by extrapolating these to the x-intercept, Eg 

which corresponds to the X-valley was found to be 2.289 ± 

0.006 eV. The direct gap, EГ was estimated to be 2.597 ± 

0.008 eV using similar method by plotting α2
 versus photon 

energy. These results are comparable to those obtained from 

photoluminescence or cathodoluminescence spectroscopy [22, 

23] which give Eg and EГ of 2.26 – 2.33 eV and 2.50 – 2.60 

 
Fig. 4 Experimentally obtained root (left) and square (right) of absorption 

coefficient obtained from P1, P2-1, P3-1 and N1-1 at 0 V shown as ○. ▽,□ and  ♢
respectively. The fittings are shown as lines to extract the indirect (left) and direct 

energy gaps (right).  
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Fig. 2 Experimentally obtained QE (symbols) from a) P1, P3-1 and P3-2 shown 

as ○, ▽ and □ respectively. b) P2-1 and P2-2 and P2-3 shown as ○, ▽ and □ 
respectively. c)  N1-1 and N1-2 and N1-3 shown as ○, ▽ and □ respectively. 
Simulated results are shown in lines. 
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Fig. 3 Absorption coefficient, α obtained from P1, P2-1, P3-1 and N1-1 as ○, ▽, 

□, and ♢ respectively. The highest achievable α for a given wavelength (solid 

line) was taken as the bulk value. The published AlInP [1] and GaP [12] data 

are shown as dashed, dashed-dot-dot and dashed-dot lines respectively.  
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eV respectively for disordered material (reported 4 K data was 

converted to 300 K data by subtracting 80meV). 

The discrepancy between the measured α and those reported 

by Kato et al. [1] are clearly shown in Fig. 3, The α  

determined here decreases rapidly at 470 nm and relatively 

more gradually at 495 nm, and this can be attributed to the 

absorption process in Г and X valleys respectively. For 

comparison, the absorption behavior of GaP [24], also an 

indirect band-gap semiconductor, is also shown in Fig. 3 and 

is seen to be similar to our data but blue shifted by about ~ 30 

nm due to the larger EГ of GaP, reported as 2.757 eV [25].  

The α from Fig. 3 for AlInP was used to reproduce the QE’s 
in P1-1, P2-1, P3-1 and N1-1 as illustrated in Fig. 2. Good 

agreements over 3 orders of magnitude can be seen in these 

samples. Although the peak response wavelength agrees well, 

the QE obtained from the experimental data are slightly lower 

than the modelled results in P3-1, most probably due to the 

presence of surface roughness or a surface oxide layer which 

is ignored in the simulations.  

The same QE measurements were performed on the RIE-

etched devices. As RIE is known to roughen the surface of 

semiconductor and degrade the optical performance [26], no 

attempt was made to extract α from these results. Instead, α 

was extrapolated from 400 nm to 380 nm as shown in Fig. 3 to 

simulate the QE obtained from these devices. The modelled 

results in Fig. 2 showed surprisingly good fit to the 

experimental data, especially in the P2 samples. The surface 

roughness and damage depth of ~ 100 nm after RIE etching 

[26] may explain the discrepancies found in the P3 and N1 

samples in Fig. 2 where the surface optical transmission and 

minority carriers diffusion length may have been reduced.  

CONCLUSION 

The spectral responses of a series of AlInP PINs and NIP with 

different layer thicknesses were measured and from their 

quantum efficiency (QE), the absorption coefficients in AlInP 

over five orders of magnitude can be extracted accurately. In 

materials with relatively short diffusion lengths, this technique 

is found to be insensitive to the surface recombination 

velocity. The Eg and EГ in disordered AlInP are found to be 

2.289 and 2.597 eV respectively. .  
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