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Linear optical properties of a heavily Mg-doped Al  ;99Gag 1N epitaxial layer
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The room-temperature absorption coefficient and ordinary refractive index fe@.4-um-thick

p-type wurtzite ApGayoiN epitaxial layer were determined via optical transmission
measurements. The layer was grown by metal organic chemical vapor deposition and heavily doped
(~5x10" cm3) with Mg. Additional measurements of the refractive index by prism coupling to

the layer confirmed the transmission results. The low-temperature AIN 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. @999 American Institute of Physid$$0003-695(99)00321-§

In nitride-based laser diodékDs), Al,Ga_4N is used The data presented here are for the sample unannealed. After
as cladding layers to provide confinement of the optical fieldannealing at~750 °C for four minutes in a Natmosphere,
In order to achieve low resistivityp-type cladding layers, the transmission spectrum and surface morphology did not
which minimize heating of the LDs, high doping levels are change significantly.

needed, with doping levels in the range%010?° cm3 The Aly oG8 o,N:Mg film and buffer layer produced a
producing resistivites on the order of 1.00cm for modulation of the optical transmission spectrum through in-

GaN:Mg! The effects of such high doping levels on the terference of multiple reflections from the boundaries of the
optical properties of the cladding layers are particularly im-l2yers. The optical transmission data in Fig(sblid line) is
portant in LDs due to the penetration of the optical field intoNcoNSsistent with the model of a single thin film on a thick
the cladding layer&? Other authors have reported the ordj- Substrate that hasY é)een used to extraay and a(n) from
nary refractive index(\) and the absorption coefficient)) transmission data’® The reduction in magnitude of the in-
of nominally undoped AlGa,_,N (0.0<x=<1.0),* whereas

the Aly odGay 9iN layer reported on here is heavily Mg doped, 10 " ' ' '
which is typical ofp-type cladding layers in current LDs. In [
this letter, n(\) and «(\) are reported for an 08 I
Alg odG&y 9/N:Mg epitaxial film of thickness~0.4 um. An > 06 L
expression for the transmittance that includes the buffer layer g2
was derived and is used to determm@) and a(\). g 04 L

The film was grown by Emcore Corporation oriGd02) E '
oriented two-inch double-polished sapphire substrate. An o2 b |
AIN buffer layer was deposited at low temperature | : y y |
(~600°Q prior to the low-pressure growth of the 0.0 ) .500 ,1000 .1500 .2000
Alg oGay 9iN:Mg layer. The average Mg concentration was 0 1000 2000 3000
approximately 5<10'° cm3 as determined by secondary Wavelength (nm)

ion mass spectroscop$BIMS).> The chemical composition
FIG. 1. Transmission spectrum at room temperature for g8k, o:N:Mg

of the solid solution was determined by AuQer electron SpeCfilm on a sapphire substrate with an AIN buffer layer. The solid line is the

troscopy(AES).° The transmission data were taken at normakransmission data, the dashed line is the calculated transmission spectrum
incidence with a dual-beam Cary 5E spectrophotonfeter.using the parameters in Table I, except vdth=0 nm (no buffer layey. The
dot-dashed line is the interference-free transmission calculated for the sap-
phire substrate alone. In the inset, the dotted line is the fitted transmission
3Electronic mail: mjb@ee.duke.edu with d,=69.7 nm.
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terference fringes that is most pronounced f@#600 nm  TABLE I. Results of fit to the transmission spectrum.
cannot occur in a model of single uniform film, nor can the

. . . .. Parameter Value
increase in magnitude of the local minima be accounted for.

Measurements of other &ba, _,N films on both AIN and Ay 3.962+0.003

GaN buffer exhibited similar behavior, making it likely that A égglff nn

this pinching of .the_interference_fringe.s is a general phenom- A, 3.00+0.03

ena. Two modifications to the single film model can account Ao 120+20 nm

for these effects: a linear variation in the film thickrnz'$sor d, 69.7+0.1 nm

the presence of a second layer with a different refractive ag ;22i3¢9-510m;; , )
; : ; ; a X10 7+=1x10°7 cm™
index from the film layer. Atomic force microscogAFM) \ 8500300 i

@

revealed a root-mean-squdrens) surface roughness ef10
nm with isolated peaks of-60 nm. This amount of surface

roughness could not account for the modulation of the single ] ) )
film transmission spectrum. The more probable source of thifitroduced by the buffer layer. First-order Sellmeier disper-

i 13
modulation is a second thin layer, namely the AIN buffer Sion formulas were assumed fo(A) andn;()),
layer. _ _ N , AN? ) AN?
The matrix formulation of boundary conditions for the n“=1+ ———, ny=1+— , 4
electric fields at the layer interfaces was used to calculate the A=A AT—AS

stack:'**Absorption was included only in the film layer and ahsorption coefficient is assumed to have a background con-

interference effects were neglected in the thick substrate. Th&ant value and an Urbach-tail region near the band-gap
expression foff (A) for just the film-buffer layers is compli- - gpergy!4

cated in part due to the complex refractive index of the film,
n(\)=n(\)—ik(\), wherek()\) is the extinction coeffi-
cient. For energies below the band-gap enekgyn; there-
fore, the simplificationk=0 can be made except wheke ] .
appears as an exponérithe resulting transmittance; (\) where aq, a1, and\ , are adjustable parameters. Equation

Ay
a(N)=agt+aq expr, (5)

through the air-film-buffer layers is (3) was fit to the transmission data via minimization yf
using a Levenberg—Marquardt algorithm. The fitted param-
T,= 16n§sx[(cf+ c§x2+ 2C,C,X COS 25;)coS 8, eter values are given in Table | and the corresponding trans-

mittance is the dotted line in the inset of Fig. 1. The impor-
tance of including the buffer layer is illustrated by comparing
+(C1C4—CoC3)X Sin 25, sin 25,] 7L, (1  the agreement between the dotted line and the transmission
in the inset to that of the dashed line and the transmission in
where the main area of Fig. 1. The only difference between the two
lines is thatd,=0 for the dashed line. Without the buffer
=(n+s)(1+ =(n—-s)(1- 1 2 L :
1=(n+8)(1+n), c=(n=s)(1-n), (1b) layer, the observed “pinching” of the transmittance spec-
trum cannot be explained.

+(C3+ Cax%+ 2C4C X COS ) Sir? 6,

ns ns
C3=|(n,+—|[(1+n), c4=(—— n2> (1-n), (10 The dispersion oh(\) shown in Fig. 2a) is in reason-
2 2 able agreement with the measurement of undoped
Al 1,:Gay g\ by Brunneret al? given the assumptions of our
2 2 . .
S,=—nd, &=—n,d,, X=exp—ad. (1d ~ model, the unknown effects of heavy doping, and possible
A A uncertainty in the determinations of the Al mole fractions. A

second independent measuremem ©f) was performed by
coupling light from Ar", HeNe, and semiconductor lasers
into the film layer(waveguide layervia a TiO, prism°16
The coupling data are indicated by filled circles in Fi¢p)2
4s and show good agreement witi{\) as determined by the
:(1+s)2' (2)  transmission fit. Figure (B) comparesn,(\) to the disper-
sion for crystalline AIN? the low value ofn,(\) may be due
Accounting for multiple reflections in the substrate and ab-o0 the noncrystalline nature of the layer, defects, and/or low
sorption in the film lead to the final expression for the trans-density. The total thickness of the film and buffer layers was

The thickness and refractive index of the film and buffer
layer ared andn andd, andn,, respectively. The transmit-
tanceT,(\) through the substrate—air interface is

T2

mittance through all layers, determined to be-455 nm via mechanical profiling, which
agrees well with the fit results.
T,T, In the region of strong absorptiod <350 nnj, the in-
T= (1—x)+Tl+xT2—T1T2' ©) terference effect was unobservable and the effect of the

buffer layer was ignored. The absorption spectrum was then
To perform a fit to Eq.(3) it is necessary to assume analyzed with the simpler method of multiple planar layérs.
functional forms forn(\), n,(\), and «(\). An approach The combined results of the analyses &@k) in the regions
that does not require such assumptions, as in Ref. 7 for af weak and strong absorptions are plotted as the solid line in

single layer, is not possible due to the additional parameterBig. 2(c), with the absorption coefficient for undoped GaN
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N B B y=~18 eV ! for the Aly odGay 9:;N:Mg film. Through the van
=225 F (a) — Transmission fit ] Roosbroeck—Shockley relation, the spontaneous emission
e [ ] spectrum S(hv) and «(hv) are proportional to one
Q - A Aly 11G Ref.9 1
g : 0.11920 89 K€ ] another'®
o 24 ] 5 —hv
g i ] S(hv)ec(hv)“a(hv)ex F . (6)
“ = -
‘E 23 ¢ ] For a peak to appear in the spontaneous emission,
= i N dS/d(hv)=0, requires thaty~1/(kT).?° The slope of the
2.9 Eemtmt ettt absorption edge of the jbdGay giN:Mg film was too small
75 | (b) ' ' ' - to meet this condition, and under cw excitation no peak in
= - o . the PL emission was detected in the wavelength range of
_&§ i 'é" uffer 1 ] 330-600 nm. In contrast, the GaN film had a region with a
g23F o - Bulfer layer ] slope y=1/(kT) and correspondingly had a PL peak.
Q -2 5 AIN Ref. 9 1 In summary, the AIN buffer layer resulted in pinching of
g [ %J ] the inference fringes in the optical transmission spectrum of
821 F = - a ~0.4-um-thick p-type AlyofGaygiN layer heavily doped
E - "--‘5‘.9___._:________ 1 with Mg. Analysis of the transmission spectrum that in-
[ ’ ] cluded the effect of the buffer layer allowed the refractive
[ J T A S T S I index and absorption coefficient to be determined. The re-
0 500 1000 1500 2000 sulting index values agreed with independent measurements
Wavelength (nm) made by prism coupling to the layer. Through the application
e 5 of detailed balance, the small slope of the band-edge absorp-
§20x10° T T T tion was found to be consistent with the lack of a cw PL
e C© @ ] eak.
5 1.5x10° | 9 . i
g e ] This work was supported in part by DARPA Grant No.
35 sE ] N00014-96-1-0738 and U.S. Army Research Office Grant
S 1.0x10" g 105 IR /A W T No. DAAH04-96-0076.
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