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Analysis of nonselective plasma etching of AlIGaN by CF 41 Ar/Cl,
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We report the nonselective plasma etching of epitaxial GaN:MggeSla, 3N, and

AIN/Al 5 oGay 9N short-period superlattices with various doping properties. Etching is performed
using mixed CR/Ar feed gases in a combined inductively coupled plasma and reactive-ion etching
chamber. A uniform etch rate of23 nm/min is obtained for each of the compositions studied
under identical conditions. This nonselective etching is also found to preserve the surface uniformity
studied by atomic force microscopy and quantified using surface roughness and lateral correlation
length. By adding Gl gas, etch rates are increased to 230—250 nm/min without degrading the
surface properties. @005 American Institute of PhysidDOI: 10.1063/1.1866490

I. INTRODUCTION We find, however, few publications studying the efficacy of
fluorine plasma chemistry on GaN etchthg@nd none on

There has been substantial recent progress in the develGaN etching.

opment of semiconductor-based optoelectronic devices, such In this paper, we describe experiments on,B&sed

as light-emitting diodegLEDs) and solar blind photodetec- plasma etching of AlGaN layers with widely varying com-

tors, which operate in deep ultraviolgiV).*”" This progress positions. The etching is shown to be nonselective, to pre-

stems from basic and applied research in growth, electricaerve surface roughness tol nm root-mean-squaréms)

and optical properties, and device processing. Currentlypver 20X 20 um? areas, and to exhibit no etch delay. The

deep UV devices are based on AlGaN, for which the bandgbsence of an etch delay is particularly significant, since the

gap spans 3.4—6.1 eV with increasing Al mole fraction. Theapproach works even for layers with very high Al content

devices are based on heterostructures and superlaiftgs  and without the need for a GaN capping Ia@%r‘l’he addi-

of AIGaN materials with high AIN mole fraction. tion of Cl, accelerates the etching by more than a factor of
A critical step in device experiments is plasma etching.10 without elevating the rms roughness. We organize the

Important etch characteristics are removal rate, anisotropyemainder of this paper to present experimental methods, fol-

and surface damage. Etching multiple compositions presef@wed by results demonstrating nonselective etching, study-

in AlGaN heterostructures and SLs is challenging becaus#g the effects of varied etch parameters, and the measured

the etch rate typically depends on Al content. For the genersurface properties. Finally, we summarize our findings.

ally used chlorine chemistry, GaN etches approximately

three times faster than AIRIAN etch approach which is non-

selective to Al composition would be advantageous from the

simplicity, repeatability, and uniformity points of view. Fur- !l EXPERIMENTAL METHODS

thermore, it has been observed that more aggressive etching All layers used for our etching studies were grown using

elevates surface roughnés$his is particularly undesirable . . .
9 P y gas-source molecular-beam epitaxy. The different materials

for contact formation, since oxides readily form on theseetched are listed in Table I. All SLs have a2 nm period

o o .
thicken this layer. An additional issue in AlGaN etching is a%nd 60% average Al composition. Details of the growth

delay in the onset of material removal, an effect which isprocedures can be found elsewhéfé” Al layers were
y ' j/rown on sapphire substrates and had a thicknesslofim,

generally attributed to the etch-resistant native oxide. The . . ek
etch delay has recently been mitigated when etching Al ith the exception of the gam-thick Alg.e{Ga.sN layer. Al

(Ref. 8 and AlGaN(Ref. 9 by using layers capped by GaN, _ o
which forms a less robust oxide. Ha al. examined a 70 TABLE I. List of layers used in this study.
-nm-thick Aly,6Gay 7N layer embedded in GaN150-nm

cap etched using mixed BGIAr/Cl, gas® They report etch Layer boping

rates ranging from 150 to 500 nm/min for both GaN and the AIN/AI 4 ,Ga¢N SL Mg

alloy with plasma powers of 1000—2000 W. Exposed layersAIN/Al g ogGaqN SL none

of AlGaN, with Al mole fraction as high as 35%, have been AIN/AlgoGa.sN SL Mg

etched without delay using a B{breakthrough approaéﬂ. GaN Mg

AlgsGayaN none

AIN/AI § oGay gN SL Si/Mg junction
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TABLE II. Basic etching parameters. 700 (v T T T T T
soo| © SLbSiMg 2 i
Plasma parameter Value 4 SL:Mg 8
500 o Stmg o -t
o ] M ’ -
Chamber pressure 10 mTorr 3 . Alemsa% 2
ICP power 300 W £ 400} © GaN:Mg I J
RIE power 150 W £ L&
CF,/Ar flow rates 20/4 SCCM § 300 - 0 ° ]
€ 200} 4 ]
w PR
the materials have been characterized using x-ray diffraction, 100 - ,,‘ 7
cathodoluminescence, and optical reflectance to verify their o

=)
of@

structural and optical quality > 5§ 10 15 20 25 30
The etching was conducted in a commercial inductively Time (min)
coupled plasmalCP) reactive-ion etching(RIE) system,
which has been described elsewh&fide etching was inves-
tigated as a function of ICP power, RIE power, ZLAr gas 0
composition, and chamber pressure. The basic etching coffl2/ Ar approacht’ The noted advantage of our current result
ditions are Summarized in Tab|e 1. H0|d|ng the Other paramjs that the etCh I’ate, albe|t SIOW, iS independent Of the Specific
eters fixed, we systematically varied each parameter in turROmposition of the AlGaN being etched.
to study its role in the etching. For elevated etch rates, CI A second distinct advantage to our £ZAr method is the
was added to the mixture and its effect on etch rate an@bsence of an etch delay. This is particularly important in the
roughness were likewise studied. The etch step height wall-fich alloys and SLs, where chemically robust native ox-
determined using a stylus profilometer. Surface propertie§les can form. The delay seen in the onset of etching has
were studied using atomic force microscWM) Operated been attributed to this oxide formatié?l-.l'he delay can be in
in the noncontact mode. We rely here on “large” area image£xcess of 90 s in AlsGa 6N, although a 60-s BGlpre-

FIG. 1. Etch depth vs process time for the samples listed in Table I.

20 20 um?, analyzing the rms surface roughnéss, treatment rapidly breaks through the oxide with a subsequent
NM etch rate of~10 nm/min in Cb.*° In our experiments we
S (h —h)? have intentionally avoided the use of BCin favor of the
= bl less aggressive GFIt is well known that carbon fluoride
o’ = m (1) compounds are effective at etching Siecause oxygen is

readily scavenged from the surfaces and plasma through the
whereh;; is the height at =(x,y) coordinate, denoted as formation of COR, CO, and CQ.° We suggest that in the
(i,j), NXM is the total number of points constituting the etching of Al-rich AlGaN, the CErelated species serve a
image, anch is the average surface height. For our startingSimilar function, thereby helping cut through the initial na-
material, we observe a rms roughness-6f.80 nm, which is tive oxide layer by removing oxygen from the surface and
exceptionally smooth. In addition to roughness, we also exMinimizing reattachment from the plasma to the surface by

amine the height correlation function, binding it into nonreactive compounds. As discussed in Sec.
B ) IV, we also consider physical etching to play an important
Glp,t) ={[h(ry,t) = h(rz, 019, (2) role. Physical etching will be less discriminatory in the sur-
with p=|r,—ry| to obtain both the scaling exponentin  face stoichiometry it attacks. _ _
G(p,t)~p® and the cutoff lengttL., which corresponds to We have established that our etching procedure is non-

the typical fine-scale feature sizes seen in our AFM imagesselective and does not exhibit a significant etch delay. We
now focus on the AlGaN layer with an AIN mole fraction of

lIl. NONSELECTIVE ETCHING 63%. This material has an optical band gap of 4.77 eV
_ . . (260 nm), representative of the AIN content important to

~ Figure 1 summarizes the etch depth with process duradeep UV devices. It is also in a content range that is repre-

tion using the basic conditions in Table Il. Under these consentative of state-of-the-art wide-band-gap materials, includ-

ditions the etch rate is 23+2 nm/min for each of the casesng the short-period SLs examined in Table | and Fig. 1.
studied (Table ). For comparison, GIAr plasma etches

GaN much faster, at a rate of 600 nm/min under identicaj,, -cce ot oF p| ASMA PARAMETERS ON
conditions: Previous results, obtained under similar chlorine

. o ETCHING ALGAN
etching conditions, report GaN removal rates of
~40 nm/min (Ref. 16 to 250 nm/min‘’ The addition of Figure 2 summarizes the dependence of etch rate on
BCl; to the process accelerates this etcﬁ’rﬁ%AlN etches plasma parameters for the AGa 3N material. Also
significantly slower with GJ/ Ar plasma. For example, Ref. 8 shown are the rms roughness results, which will be discussed
reports AIN to etch at~170 nm/min with the same recipe in Sec. V. In Fig. 2a) we exhibit the etch rate dependence on
that etches GaN at 600 nm/min. The23-nm/min etch rate CF, flow rate () expressed as a percent fraction, 100
of the AlGaN alloy layer and the AIN/AIGaN short-period X ®(CF,)/[®(CF,)+®d(Ar)]. A higher CFK flow will en-
SLs are also quite slow. For comparison, similar SLs wereéhance the chemical component of etching, although a high
found to etch at approximately 200 nm/min using a similarCF, content, at the expense of Ar, has a propensity to pro-
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60 T T y 15 increase the plasma density and elevate the radical formation
@) through dissociation of the GFThis process thereby in-
creases the fluorine to GRatio, which is known to improve
chemical etching? In the low flow-rate range, we expect the
physical removal of the material to play a role as energetic
argon ions sputter the surface. The overall trend seen in Fig.
2(a) is a slightly diminishing etch rate with increasing £F
flow. This suggests that the two removal processes, physical
and chemical, are both important in etching AlGaN. The con-
20 40 60 80 ' clusion that physical and chemical etching are important is
% CF, also consistent with the nonselective nature of our etch.
REPWSI MW o 400 Figure Zb) shows the dependence of etch rate on RIE
% T ' v 8 power. The etch rate is slow te100 W before increasing
rapidly. This suggests a minimum RIE power requirement
below which etching is negligible. Using the standard ap-
proach of plotting the etch rate versus the square root of
power we find the etch rate to increase above a power of
84+8 W, indicating that this power is required for the onset
of etching. Also shown in Fig. (®) is the calculated Bohm
flux*? of ions at the target surface as a function of the RIE
power. Primary input parameters in this calculation include
susceptor area, gas press(teough the plasma density and
IRIE Power* (W' electron Debye wavelengthand input power. Secondary
30 ' . r r 15 factors, which were found to have little influence on the
© curve, were electron temperature and collisional electron en-
ergy loss. This flux is related, in the current context, to bom-
bardment at the etching surface, i.e., the physical component
of etching. The flux exhibits a gradual increase at low RIE
power, followed by a more substantial rise beginning near
100 W.(The ion density exhibits a similar dependendéis
dependence is in reasonable agreement with the measured
etch rates, suggesting that the physical etch mechanism is
700 200 300 00 o0 important for the etch conditions used here. Figuie) 2
ICP Power (W) shows the etch rate to rise with ICP power below 200 W,
then to saturate at-20 nm/min. The rise in etch rate is
attributed to the increase in density of etching species with
ICP power. For the basic conditions used, this factor appears
to reach an optimum near 200 W, above which solely in-
creasing the ICP power does not raise the plasma density. In
Fig. 2(d) we show the etch rate dependence on chamber pres-
sure. The etch rate is seen to drop dramatically with pressure,
an effect we attribute to the- one order of magnitude de-
crease in the particle mean free path. This is commensurate
0 . . ) . 0.0 with the important role surface bombardment plays in this
0 10 20 30 40 50 etching.
Pressure (mT) We also experimented with adding ,Qlo the etching
FIG. 2. Summary of etch rat@pen squarésvs varied individual plasma  Chemistry in order to obtain faster etch rates. Figure 3 shows
parameters(a) percent C flow, (b) RIE power(note the square ropt(c)  etch rate(and rms roughnegsersus CJ percentage accord-
e e+~ 10 100% (Cly) [4(Cl+ #(CFy), with a fxed A fow
circle obtained from 20x 20 um? AFM scan areas. Iiib) we also show  rate ®(Ar)=4 SCCM (denotes cubic centimeter per minute
the calculated Bohm flux dependence on RIE power. at STB. The etching occurs at a very high rate, when com-
pared with all the etch rates in Fig. 2. Using this approach,
duce protective polymers. Starving the process of Ar di- the etch rate is readily varied by a factor ofL0 with the
minishes the efficiency at which these polymers are physiadded flow of the Glgas. Clearly, plasma etching by chlo-
cally removed from the surface, which has the effect ofrine chemistry is highly advantageous. We discuss the rough-
exposing fresh material to be etched. Argon is also used taess factors Sec. V.
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FIG. 3. Etch ratgopen squargsvs percent Glin CF,/Ar. The other con-
ditions are as in Table I. The right-hand scale is the rms roughtfiissl
circles from 20X 20 um? AFM scan areas.

V. EFFECTS OF ETCHING ON SURFACE PROPERTIES

A typical AFM image of AlGaN, obtained following
etching for 60 s, is shown in Fig.(@ (20X 20 um? scan.
Clearly seen is a grainy appearance. A more detailed 1
X 1 um? image is shown in Fig. @). The grains are seen
with a reproducible lateral size of 300—400 nm. We attribute
these features to columnar domains typical of epitaxial Ill
nitrides. The fact that we observe these features following
etching implies that the surfaces are preserved.

The image in Fig. &) is determined to have a rms
roughness of 0.82 nm. Similar analyses are carried out for
each postetch sample. Included in each panel of Figs. 2 and
3 are the rms roughness values obtained from postetch AFM
images. Prior to etching, the rms roughness of the AlGaN
was 0.80 nm. The postetch rms roughness values are uni-
formly below 1.0 nm, quantitatively demonstrating that all
the etching procedures preserve the smooth growth surfaces.
This result extends to the more aggressiveeithing. It was
reported in Ref. 8 that surfaces roughen significantly when
etching either GaN or AIN above critical etch rates of 400
and 90 nm/min, respectively. The fastest etch rate achieved
in the current work is~260 nm/min. Since AlGaN layers
were not investigated in the prior work, an analogous value
has not been established. Assuming that the alloy will exhibit
a critical etch rate, for the onset of roughening, which lies
between that of GaN and AIN, it is possible that our maxi-
mum etch rate here has not exceeded that value. It is alg9G. 4. AFM images of A sGa,sN following a 60-s etch with 150 W
possible that the presence of £iA the etching chemistry RIE power, 300 W ICP2 power, 10 mTorr chambezr pressure, ang &F
mitigates the roughening processes by minimizing the formal®ed 9251@ 20 20 um® scan area antb) 11 um? scan area
tion of stable oxides, as discussed in Sec. lll. Further experi-
ments are needed to elucidate the role of, @F surface tures seen in Figs.(d) and 4b). Scaling is absent aboue,
roughening. because there is little contribution to the roughness above

We have also analyzed the rms roughness on smallghis length scale. Belovk., scaling is present due to the
area(1x 1 um? AFM images. The roughness values ob-fine-scale roughness present on the surface. The scaling co-
tained from these images are, in general, slightly lower thamfficient in Fig. 5 ise=0.81+£0.02. In all cases studied here,
those from the larger images, suggesting a scaling depethe scaling coefficient is between 0.73 and 0.86. This value is
dence. To check this, we calculated the height correlatiowonsistent with what has been reported in previous etch
functions for each AFM image using E(2). An example is studies*>?*and is commensurate with little contribution to
shown in Fig. 5 for the AFM image of Fig.(d). The length  roughening from local geometrical featufgsuch as topo-
range shown is restricted to lie between the AFM tip diam-graphical variations in the surface. In addition, the value of
eter and~1/5 the image size. The dependence shows scal-; ranges between 320 and 480 nm for all etching experi-
ing below a cutoff length of.~400 nm. This characteristic ments carried out here. AFM measurements of the as-grown
length is in approximate agreement with the fine-scale feasurfaces reveal a similar variation in cutoff length. The small
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