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Linear optical properties of a heavily Mg-doped Al 0.09Ga0.91N epitaxial layer
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The room-temperature absorption coefficient and ordinary refractive index for a;0.4-mm-thick
p-type wurtzite Al0.09Ga0.91N epitaxial layer were determined via optical transmission
measurements. The layer was grown by metal organic chemical vapor deposition and heavily doped
(;531019 cm23) with Mg. Additional measurements of the refractive index by prism coupling to
the layer confirmed the transmission results. The low-temperature AlN buffer layer altered the
expected interference fringes of the transmission spectrum below the band-gap energy and had to be
accounted for in the analysis. The absorption coefficient exhibited band-tail effects and had a
reduced slope near band-gap energy as compared to undoped GaN. Using a detailed balance
argument, the reduced slope was consistent with the lack of a peak in the continuous-wave
photoluminescent emission. ©1999 American Institute of Physics.@S0003-6951~99!00321-6#
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In nitride-based laser diodes~LDs!, AlxGa12xN is used
as cladding layers to provide confinement of the optical fie
In order to achieve low resistivityp-type cladding layers,
which minimize heating of the LDs, high doping levels a
needed, with doping levels in the range 1019– 1020 cm23

producing resistivities on the order of 1.0V cm for
GaN:Mg.1 The effects of such high doping levels on th
optical properties of the cladding layers are particularly i
portant in LDs due to the penetration of the optical field in
the cladding layers.2,3 Other authors have reported the ord
nary refractive indexn~l! and the absorption coefficienta~l!
of nominally undoped AlxGa12xN (0.0<x<1.0),4 whereas
the Al0.09Ga0.91N layer reported on here is heavily Mg dope
which is typical ofp-type cladding layers in current LDs. I
this letter, n~l! and a~l! are reported for an
Al0.09Ga0.91N:Mg epitaxial film of thickness;0.4 mm. An
expression for the transmittance that includes the buffer la
was derived and is used to determinen~l! anda~l!.

The film was grown by Emcore Corporation on a~0001!
oriented two-inch double-polished sapphire substrate.
AlN buffer layer was deposited at low temperatu
~;600 °C! prior to the low-pressure growth of th
Al0.09Ga0.91N:Mg layer. The average Mg concentration w
approximately 531019 cm23 as determined by seconda
ion mass spectroscopy~SIMS!.5 The chemical composition
of the solid solution was determined by Auger electron sp
troscopy~AES!.5 The transmission data were taken at norm
incidence with a dual-beam Cary 5E spectrophotomet6
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The data presented here are for the sample unannealed.
annealing at;750 °C for four minutes in a N2 atmosphere,
the transmission spectrum and surface morphology did
change significantly.

The Al0.09Ga0.91N:Mg film and buffer layer produced a
modulation of the optical transmission spectrum through
terference of multiple reflections from the boundaries of
layers. The optical transmission data in Fig. 1~solid line! is
inconsistent with the model of a single thin film on a thic
substrate that has been used to extractn~l! and a~l! from
transmission data.4,7,8 The reduction in magnitude of the in

FIG. 1. Transmission spectrum at room temperature for an Al0.09Ga0.91N:Mg
film on a sapphire substrate with an AlN buffer layer. The solid line is
transmission data, the dashed line is the calculated transmission spe
using the parameters in Table I, except withd250 nm~no buffer layer!. The
dot-dashed line is the interference-free transmission calculated for the
phire substrate alone. In the inset, the dotted line is the fitted transmis
with d2569.7 nm.
8 © 1999 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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terference fringes that is most pronounced forl'600 nm
cannot occur in a model of single uniform film, nor can t
increase in magnitude of the local minima be accounted
Measurements of other AlxGa12xN films on both AlN and
GaN buffer exhibited similar behavior, making it likely tha
this pinching of the interference fringes is a general pheno
ena. Two modifications to the single film model can acco
for these effects: a linear variation in the film thickness9,10 or
the presence of a second layer with a different refrac
index from the film layer. Atomic force microscopy~AFM!
revealed a root-mean-square~rms! surface roughness of;10
nm with isolated peaks of;60 nm. This amount of surfac
roughness could not account for the modulation of the sin
film transmission spectrum. The more probable source of
modulation is a second thin layer, namely the AlN buff
layer.

The matrix formulation of boundary conditions for th
electric fields at the layer interfaces was used to calculate
transmittance T(l) of the air-film-buffer-substrate-ai
stack.11,12Absorption was included only in the film layer an
interference effects were neglected in the thick substrate.
expression forT(l) for just the film-buffer layers is compli-
cated in part due to the complex refractive index of the fil
n̂(l)5n(l)2 ik(l), where k(l) is the extinction coeffi-
cient. For energies below the band-gap energy,k!n; there-
fore, the simplificationk50 can be made except wherek
appears as an exponent.7 The resulting transmittanceT1(l)
through the air-film-buffer layers is

T1516n1
2sx@~c1

21c2
2x212c1c2x cos 2d1!cos2 d2

1~c3
21c4

2x212c3c4x cos 2d1!sin2 d2

1~c1c42c2c3!x sin 2d1 sin 2d2#21, ~1a!

where

c15~n1s!~11n!, c25~n2s!~12n!, ~1b!

c35S n21
ns

n2
D ~11n!, c45S ns

n2

2n2D ~12n!, ~1c!

d15
2p

l
nd, d25

2p

l
n2d2 , x5exp2ad. ~1d!

The thickness and refractive index of the film and buf
layer ared andn andd2 andn2 , respectively. The transmit
tanceT2(l) through the substrate–air interface is

T25
4s

~11s!2
. ~2!

Accounting for multiple reflections in the substrate and a
sorption in the film lead to the final expression for the tra
mittance through all layers,

T5
T1T2

~12x!1T11xT22T1T2

. ~3!

To perform a fit to Eq.~3! it is necessary to assum
functional forms forn(l), n2(l), and a(l). An approach
that does not require such assumptions, as in Ref. 7 f
single layer, is not possible due to the additional parame
Downloaded 08 Jan 2002 to 144.92.164.201. Redistribution subject to A
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introduced by the buffer layer. First-order Sellmeier disp
sion formulas were assumed forn(l) andn2(l),13

n2511
A1l2

l22l1
2

, n2
2511

A2l2

l22l2
2

, ~4!

where A1 , A2 , l1 , and l2 are adjustable parameters. Th
absorption coefficient is assumed to have a background
stant value and an Urbach-tail region near the band-
energy,14

a~l!5a01a1 exp
la

l
, ~5!

wherea0 , a1 , and la are adjustable parameters. Equati
~3! was fit to the transmission data via minimization ofx2

using a Levenberg–Marquardt algorithm. The fitted para
eter values are given in Table I and the corresponding tra
mittance is the dotted line in the inset of Fig. 1. The impo
tance of including the buffer layer is illustrated by compari
the agreement between the dotted line and the transmis
in the inset to that of the dashed line and the transmissio
the main area of Fig. 1. The only difference between the t
lines is thatd250 for the dashed line. Without the buffe
layer, the observed ‘‘pinching’’ of the transmittance spe
trum cannot be explained.

The dispersion ofn(l) shown in Fig. 2~a! is in reason-
able agreement with the measurement of undo
Al0.11Ga0.89N by Brunneret al.4 given the assumptions of ou
model, the unknown effects of heavy doping, and poss
uncertainty in the determinations of the Al mole fractions.
second independent measurement ofn(l) was performed by
coupling light from Ar1, HeNe, and semiconductor lase
into the film layer~waveguide layer! via a TiO2 prism.15,16

The coupling data are indicated by filled circles in Fig. 2~a!
and show good agreement withn(l) as determined by the
transmission fit. Figure 2~b! comparesn2(l) to the disper-
sion for crystalline AlN,4 the low value ofn2(l) may be due
to the noncrystalline nature of the layer, defects, and/or
density. The total thickness of the film and buffer layers w
determined to be;455 nm via mechanical profiling, which
agrees well with the fit results.

In the region of strong absorption~l&350 nm!, the in-
terference effect was unobservable and the effect of
buffer layer was ignored. The absorption spectrum was t
analyzed with the simpler method of multiple planar layers17

The combined results of the analyses fora~l! in the regions
of weak and strong absorptions are plotted as the solid lin
Fig. 2~c!, with the absorption coefficient for undoped Ga

TABLE I. Results of fit to the transmission spectrum.

Parameter Value

A1 3.96260.003
l1 18163 nm
d 37961 nm
A2 3.0060.03
l2 120620 nm
d2 69.760.1 nm
a0 222.560.5 cm21

a1 2310276131027 cm21

la 85006300 nm
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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plotted for comparison.6 The strong excitonic effect in the
GaN film, which resulted in the peak near the band-gap
ergy, was not present in the Al0.09Ga0.91N:Mg film and the
slope of the absorption edge in the Al0.09Ga0.91N:Mg film
was much reduced.

With the assumption of quasiequilibrium for the fre
charges, the reduced slope of the absorption edge preve
peak from forming in the photoluminescence~PL! emission
near the band-gap energy under continuous-wave~cw!
excitation.18 Fitting the absorption edges to an exponen
function exp(ghn) givesg'80 eV21 for the GaN film and

FIG. 2. ~a! The solid line is the ordinary refractive index o
Al0.09Ga0.91N:Mg as determined by fitting to the transmission spectrum a
the filled circles are determined by prism coupling. The triangles are
undoped Al0.11Ga0.89N from Ref. 4. ~b! The dotted line is the fit for the
buffer layer and the squares are for undoped AlN from Ref. 4.~c! The
absorption coefficients for Al0.09Ga0.91N:Mg ~solid line! and undoped GaN
from Ref. 6~dotted line!. The inset includes two dashed lines that are p
portional to exp@hn/(kT)#.
Downloaded 08 Jan 2002 to 144.92.164.201. Redistribution subject to A
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g'18 eV21 for the Al0.09Ga0.91N:Mg film. Through the van
Roosbroeck–Shockley relation, the spontaneous emis
spectrum S(hn) and a(hn) are proportional to one
another,19

S~hn!}~hn!2a~hn!expS 2hn

kT D . ~6!

For a peak to appear in the spontaneous emiss
dS/d(hn)50, requires thatg'1/(kT).20 The slope of the
absorption edge of the Al0.09Ga0.91N:Mg film was too small
to meet this condition, and under cw excitation no peak
the PL emission was detected in the wavelength range
330–600 nm. In contrast, the GaN film had a region with
slopeg*1/(kT) and correspondingly had a PL peak.6

In summary, the AlN buffer layer resulted in pinching o
the inference fringes in the optical transmission spectrum
a ;0.4-mm-thick p-type Al0.09Ga0.91N layer heavily doped
with Mg. Analysis of the transmission spectrum that i
cluded the effect of the buffer layer allowed the refracti
index and absorption coefficient to be determined. The
sulting index values agreed with independent measurem
made by prism coupling to the layer. Through the applicat
of detailed balance, the small slope of the band-edge abs
tion was found to be consistent with the lack of a cw P
peak.
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