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AlInP lattice matched to GaAs

J. S. Cheong, J. S. Ng, A. B. Krysa, J. S. L. Gagl J. P. R. David

Department of Electronic and Electrical Engineeringiveirsity of Sheffield, Mappin Street, S1 3JD, U.K.
Currently at School of Microelectronic Engineerittpiversity Malaysia Perlis, 02600, Malaysia.

contact. Conventional alkyls and hydrides were used for the
Abstract— The absor ption properties of AlgslngssP havebeen  epitaxial growth, with zinc (TMZ) and silicon (silane) used as
investigated near the fundamental absorption edge by measuring  p and n-type dopants respectively.
the photocurrent as a function of wavelength in a series of PIN Double X-ray rocking curves reveals that the compressive
and NIP diodes. Modelling of the photocurrent in these |attice mismatch of AllnP in all our structures compared to
:crclt?:tref/ i@?'?&?&?ﬁ;ﬁ:gﬁ;ﬁ:'%ﬂ;tgjlg\fvgﬁgrgi'fg GaAs is minimalat < 6 x10“, with a nominal aluminum
and indirect band-gap to be deter mined. composition of 52.3%. To ensure that the incident I|ght' is
absorbed by only the AllnP, the GaAs cap of the optical
Index Terms— absor ption coefficient, AllnP, bandgap, Urbach window is. etched _off in the devices as shown in Fig. 1 us'ing
tail, photocurrent wet chemical etching. The central top 1.0 um AlInP cladding
in some devices as further thinned using Inductive Couple
I. INTRODUCTION Plasma (ICP) to give'ladding thicknesssof 0.2— 0.5um=
0.07 as tabulated in Table I. Finally, mesa diodes of 280

he ternary alloy Alosdnosd (AllnP thereafter) has radi were formed for optical and electrical

received great attention recently for various optoelectron|g, . .. ~terization.

applications. Being the widest bandghlV semiconductor Capacitance-voltage (C-V) measurement was performed on
material which can be grown lattice-matched to GaBP  he mesa diode® determine w and the doping densities in p

is used in various devices such as multi-junction solar cejlg* jayers (N, N; and N respectively). Secondary lons Mass
[2], visible lasers [3], multi-quantum barrier las¢4] and spectroscopy (SIMs) measurements were undertaken on
laser diodes [5]. More recently, it has been used feeveral of the structures to corroborate these parameters, as
demonstrating a narrow band high sensitivity photodiode [@ell as obtaining thickness of the cladding p(n") layers.

and avalanche photodiode [7] working a480nm. In several Although results from both measurements agree on the values
of these devices, to optimize their performance reguan of w and N the g claddings doping densities estimated from
accurate knowledge of the material absorption coefficieas C-V and SIMs were estimated to be 310¥ and 120" cm?®

a function of wavelength near the optical band-edge. Althoug@spectively. One possible reason for this discrepancy may be
Kato et al[1] showed that the optical propertiesAlfnP over due to hydrogen passivation of acceptors which represents a
a broad wavelength range of 225-1033 nm can be dedud@mmon problem in MOVPE grown wide bandgap II-V
from ellipsometry measurements, the noise around t§§miconductors such as GaN [1Zackground oxygen
fundamental absorption in the dielectric spectra results §pntamination [13] and the solubility of the zinc dopants in

unreliable absorption coefficients in the wavelength range Q“”P [14] canCaIso delcrgase the conce;ntrr?tm?]_o;‘] the e_lct|ve
440 550 nm where < 1 e, n acceptorsConversely it was reported that high carrier

. _3 . . .
A broad range of absorption coefficients frd@f down to concentration of >1§ cm” can be achieved usirgj-dopant

10° cm* is usually obtained by merging the data from both TABLE |
transmission and ellipsometry measurem@s0]. However ___DEVICE PARAVETERS OFAIINP DIODES _
such datahas not been reported for Allnfn this paper, & p () Np (X107 || No (X10' N
h . ]| Layer [ thickness || wum) || cm?® cm®) x10" e
show thatz can be determined accurately over a wide dynami (um) 3
range in a wavelength range of(38 550 nm via spectral | P1 1.00 0.97 4.0 20 2
response measurements on a series of PIN and NIP diodes. [p27 1.00 112 20 10 15
P22 0.47
[I. DEVICE GROWTH, FABRICATION AND CHARACTERIZATION 3 553
P2 .
Three AllnP PINs and one NIP homo-junction diode with
P31 1.00 0.25 4.3 20 16

nominal intrinsic layer thicknessv of 1.0, 08, and 0.2 pm
were grownby low pressure (150 Torr) metalorganic-vapor| P3-2 [ 0.26
phase epitaxy (MOWE) in a horizontal flow reactor at 680- [N1-1 1.00 0.81 25 20 2
730 °C on h (p") GaAs substrates, which have an off-cut
angle of 10° 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 ohmi.

N1-2 0.42
N1-3 0.27
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Fig. 1 Measured (symbols) and modelled (lines) capactahthe a) PINSR2-
1 andP3-1 as o and vrespectively) and bi)1-1. Also shown in the inset is 1
schematic diagram of the device structures, with Rifext area shaded

grey.
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30

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 um diameter spot
on the device optical windows.

The measured photocurrent from™aiqm* structure consists
of i) minority electrons diffusing from the*gayer 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 intei&s (yp,
n; andy,) correspond to these photocurrent components (ie. i
to iii) and can be expressed as<{1(B) as shown at the bottom
of the page where.L(L;), De (Dy) and S (S) are diffusion
lengths, diffusion coefficients and surface recombinations
respectively [16] X; and % are the distance from the top
surface to the depletion edge in thé g@nd i region
respectively whereas;Xs the total thickness of the™-pn*
layers. All carriers generated in the depletion region were
assumed to contribute to the photocurrent. The external QE of
ap’-i-n” structures can be written as

77=R(77p +17 +175)- (4)

where the reflectivity, Ras a function of wavelengthl is

[13]. Assuming the doping densities in theand g regions
are 1-240'® and 2-540"" cm® respectively as shown in Table
| the results obtained from C-V modelling (with a dielectri@Ven PY
constant of 11.25, interpolated from InP and AIP values),

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

[n(2)-1F +k2(2)

showed good agreement with the experimental data as showed R(1) = ) (5)
in Fig. 1. [n(2)+1f +k?(2)
[ll. RESULTS AND DISCUSSION Kis related tar viak al
A 100 W tungsten halogen bulb and a grating IS related tax via T 4r

monochromator which has a resolution of £ 1.5 nm were usedThe refractive index, n of AlinP reported in [1] covers the
to measure the spectral responses of the 200 um radii devia@selength range of interesp was used to estimate R.
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Fig. 3 Absorption coefficienyz obtained from P1P2-1, P3-1 and N1-1 as, v,
o, and ¢ respectivelyThe highest achievable for a given wavelength (so
line) was taken as the bulk value. The published A[ltiPand GaP [12] da
are shown as dashed, dashed-dot-dot and dashededotdspectively
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Fig. 4 Experimentally obtained root (left) and squdright) of absorptio
102 T T T coefficient obtained from PP2-1, P3-1 and N1-at 0 V shown as. v,0and ¢
400 450 500 550 600 respectivy. Th_e fittings are shown as lines to extract the indifleft) and direc
Wavelength (nm) energy gaps (right).

Fig. 2 Experimentally obtaineQE (symbols) from a) P1, P3-1 and P3-2 sh  Similar measurement was done on N1-1 givingof 0.170

as o, vando respectively. b) P21 and P2-2 and P2-3 shown asv ando + i g

respectively. ¢) N1-1 and N1-2 and N2-shown as o, v ando respectively. Umf; 0.%15u3|r_1g. H thlo cm s [18]. . b
Simulated results are shown in lines. Atter eterm_lnlng the p_arameters in (#)(3), « can be
solved numerically by fitting the modelled QE to the

The parametersL(L;) can be independently obtained byefxperimental results: shown in Fig. 3 extracted from P1, P2-

measuring the change in responsivity under illumination 4 'p3-1 and N1-1 are in close agreemassuming Land L,

4;12 nr? asha funtlztt_loln OI. re_?_/ﬁ_rse bias voltag? before tfhe ons tO.]55 and 0.170um respectively This suggests that the
ot avalanche muitiplicatiani his measurement was pertormed,,q ¢ req, is independent of the doping type for the levels

on those samples with a 1.0 pum thick top cladding (ie. P1, P2- . .. . ) .
: ed in this work, in agreement with those reported in other
1, P31 and N1-1) sincer 99.9% of the photons are absorbe ?miconductors [20, 21].

1 ne sop cading layer and herelore e BROSELTeAlnp i an ndirec-gap semiconcuctor and to understand
laver can be nedlected. The incgr]easin hotocurrent wi e behavior obx with wavelength, we need to determine the
y 9 ' 9 b ergy gaps. To extract the band-gap of AllaP versus

appligd bias voltage is due to the depletinm th? top hoton energy extracted from P1, P2-1, P3-1 and N1 at 0 V
C"?‘dd'.”g Iayer gnd -therefore enables_ us to estimate tﬁ?e plotted as shown in Fig. 4hese data can be fitted by
n}'rloi'ti fgsmer_ld'ffuﬂ%n Ienglth [151' Llfsllg%n mmgl \1/2""6“ straight lines and by extrapolating these to the x-intercgpt, E
0 . cm-a nm [1] and 4o cm s [18], L which corresponds to the X-valley was found to be 2.289
determined from the PINs was 0.155 Hm i.o‘(.).15‘ Due to tI6.6006 eV. The direct gap,-Bwas estimated to be 2.597 +
short L, the modelle(_j re_sults Sh(.)wed |nS|gn_|f|cant chang .008 eV using similar method by plotting versus photon
when_ surface dr(?com:)r:natlon_veI|00|t||es (afssllgznlg@ ?f) fgnd energy. These results are comparable to those obtained from
wereincreased from the nominal vaiues o cm s [19]. photoluminescence or cathodoluminescence spectroscopy [22,

23] which give F and E of 2.26— 2.33 eV and 2.56 2.60



eV respectively for disordered material (reported 4 K data w7
converted to 300 K data by subtracting 80meV).

The discrepancy between the measuread those reported g
by Kato et al. [1] ee clearly shown in Fig. 3, The:
determined here decreases rapidly4@0 nm and relatively
more gradually ad95 nm and this can be attributed to the
absorption process i’ and X valleys respectively. For g
comparison, the absorption behavior @&P [24], also an
indirect band-gap semiconductor, is also shown in Fig. 3 ahé
is seen to be similar to our data but blue shifted by ab&at ~

nm due to the larger;Eof GaP, reported as 2.757 eV [25]. 1L
Thea from Fig. 3 for AllnP was used to reprodute QE’s
in P1-1, P2-1, P3-and N11 as illustrated in Fig. .2Good 12.

agreements oved orders of magnitude can be seen in these
samples. Although the peak response wavelength agrees wgjl,
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 whtéh
is ignored in the simulations

The sameQE measurements were performed on the RIEs.
etched devices. As RIE is known to roughen the surface of
semiconductor and degrade the optical performance [26],
attempt was made to extragtfrom these results. Instead,
was extrapolated from 400 nm to 380 nm as shown in Fig. 316
simulate the QE obtained from these devicdse modelled
results in Fig. 2 showed surprisingly good fit to thesg.
experimental data, especially in the P2 samples. The surface
roughness and damage depth of ~ 100 nm after RIE etchi:hc’g
[26] may explain the discrepancies found in P@andN1 »q
samples in Fig2 where the surface optical transmission and
minority carriers diffusion length may hakeenreduced 1

CONCLUSION

The spectral responses of a series of AllnP PINs and NIP let%‘l
different layer thicknesses were measured and from their
guantum efficiency (QE), the absorption coefficients in AllnR3.
over five orders of magnitude can be extracted accurately. Jn
materials with relatively short diffusion lengths, this techniquée™
is found to be insensitive to the surface recombination
velocity. The E and E in disordered AlinP are found to be25.
2.289 and 2.598V respectively.
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