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Crystallographic Wet Chemical Etching of p-Type GaN
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We demonstrate crystallographic wet chemical etching of p-type GaN with etch rates as higlnanin2 Etchants used include

molten KOH, KOH dissolved in ethylene glycol, aqueous tetraethylammonium hydroxide, and phosphorigR©Oij, @t temper-

atures ranging from 90 to 28D. The observed crystallographic p-GaN etch planes are (000INKx01d {1012}. The etch rates

follow an Arrhenius characteristic with activation energies varying from 21 kcal/mol for KOH-based solutions to 33 kcal/mol for
H3PO,. The etch rate and crystallographic nature for the various etching solutions are independent of conductivity, as shown by seam-
less etching of a p-GaN/undoped, high-resistivity GaN homojunction and by comparison of the etch rates of p-GaN with n-GaN.

© 2000 The Electrochemical Society. S0013-4651(99)06-134-0. All rights reserved.
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Most etching of the Ill-nitrides is currently done by dry proce$ses. after annealing at 63Q for 2 min in a nitrogen atmosphere and tita-
While dry etching has many desirable properties, including high etcttium masks after annealing at 900for 30 s in a nitrogen atmos-
rate and ability to obtain vertical walls, there are several disadvantagd¥iere. The annealed nickel masks can be removed by etching in a
to dry etching, including the generation of ion-induced dafageé ~ 1:1:3 solution of HCI, HN@Q, and HO, and the annealed titanium
difficulty in obtaining smooth etched sidewalls, which are required formasks can be removed by etching in buffered oxide etchant. No sur-
lasers® Photoenhanced electrochemical (PEC) wet etching has alstice damage is observed after mask removal.
been demonstrated for etching of GiNbut in most cases the sur- ~ SEM images of the two etch planes observed after crystallograph-
faces created are very rough. Recently, a two-step process includirigwet etching of p-type GaN are shown in Fig. 1. Only the top portion
crystallographic wet chemical etching has been demonstrated for rff the epi layers is doped p-type; the loweprh is undoped. The
type GaNB This process involves one conventional etching step, suctpeamless morphology of the surfaces displayed in Fig. 1 indicates that
as dry etching, followed by a second, crystallographic wet etchinghe change in doping does not affect the etch plane or the etch rate. The
step. The two-step process provides smooth surfaces and can be uge@st commonly observed etching planes formed §9Q@j TEAH,
to create undercut, overcut, or vertical sidewalls. However, this techand KOH dissolved in ethylene glycol, and in molten KOH under
nique has not yet been demonstrated for p-type GaN; this publicatiopome conditions, are {12}, as shown in Fig. 1a. The {10} planes
reports on the first crystallographic wet etching of p-type GaN. shown in Fig. 1b are also observed after etching in molten KOH.

The first of the two etching steps in the crystallographic etching
process is used to establish the etching depth, and it can be pt
formed by several common processing methods, including dry etct
ing, PEC etching, and cleaving. This first step is required becaus
the ¢ plane (0001) is impervious to all chemical agents that have
been investigatedtl® except at defect sites where etch pits
occurl12For all of the samples reported on here, cleaving has bee
used as our first step. The second step is done by immersion inat
chemical etchant that is able to crystallographically etch GaN. Thi:
etching step can produce smooth crystallographic surfaces, and t
resulting etching planes can be controlled by varying the orientatio
of the first step, the chemical agents, and the temperature.

The Mg-doped p-type GaN samples are grown by metallorganis
vapor phase epitaxy on plane sapphire substrates. The samples
consist of a p-type GaN layer with a carrier concentration deter
mined by Hall measurements to b&x 2.0 cm™3, grown on a Jum
thick undoped, high resistivity layer on a 300 A AIN buffer layer, for
a total thickness of 2 to 2 m. Etching is done in Pyrex beakers on
a hot plate. The temperature is monitored using a thermocoup!
immersed next to the samples and is accurate to within 5

Crystallographic etching is demonstrated in molten KOH, KOH

dissolved in ethylene glycol, 420, and tetraethylammonium T [0001]
hydroxide (TEAH). Etching occurs “horizontallyi’e., normal to

[0001]. The thickness of the GaN epi layers as measured with a sca

ning electron microscope (SEM), however, do not change. The etc —
rate in the “vertical” [0001] direction is therefore at least two orders [1120]

of magnitude lower than the etch rate in the horizontal direction
Because the plane is impervious to all of the chemicals used in this
study, no etch mask is required for the crystallographic etching ste|
Thec plane itself acts as a mask. An etch mask may be necessa
however, to prevent the development of etch pits at defect sites. F
this purpose we have successfully used 60 nm thick nickel mask.
Figure 1. SEM images of crystallographic surfaces of GaN made by wet
¢ Present address: Charles Stark Draper Laboratory, Cambridge, MA 02139-3563. etching. (a) {102} plane etched by molten KOH at 243 (b) {1010} plane
? E-mail: dstocker@draper.com etched by molten KOH at 19G.
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Figure 2.Arrhenius plot of n- and p-type GaN letetes in molten IOH. The
etch rates br the n-type GaN artalen fom Ref 8.

Etch rates and actition enegies in molten KOH for p-type GaN
and br n-type GaN & nealy the sameas can be seenoin the
Arrhenius plots shen in FHg. 2. The actvation enegy obseved in
both samples is 21 kcal/mal; 0.9 eVIn FHg. 2 and 3two different
etcth rates ae recoded br eat sample tiary given tempesture.
The faster eth rate is measwed a the side of the afer deaved
along the GaN {1120& plane and the slwer rate is measwd d the
side of the vafer deaved along the GaN {1010j plane As inferred
from theArrhenius plots in ig. 3, the actvation enegy for the p-
type GaN in 30% KOH in etlylene gycol is 21 kcal/molpr 0.9 eV
and the actiation enegy in H3PO, is 33 kcal/molor 1.3 eV For all
of the etbants usedthe actvation enegy is equal to or slighyl
higher than the calculed hea of formation of GaN 0.90 e\A3
These high actition enegies indicae tha the etbing is eaction-
rate limited If the etd rate were diffusion limited an actvation
enepy in the 16 kcal/molange would be &pected*

It is interesting to note thahe et rate of KOH dissoled in eth
ylene gycol is higher than the diaate of molten KOH & the same
tempeegture, which can be seenybcompaing Fg. 2 and 3. Qgi-

nally it was thought thathis could be due to high solubility of the

etch products in etilene gycol® This is not lilely, however, be-
cause the elrrate is not difusion limited Insteadthe etlylene gy-
col seems to be pling an actie ole in the ething medanism.
The suitdility of aqueousTEAH for ciystallographic ething was
investiggted The etth rate of p-type GaN in aqueoT¥EAH is g-
proximately 0.007 um/min & 91°C. The TEAH solution is initialy
40% aqueousut becomes merconcentited as the etcprogresses,
due to eaporation. Difficulties aise when dtempting a systentia
stud/ to detemine the actiation enegy of etding in this solution
due to the lw etcth rate near the boiling point of the solution.
The planes Wich ae revealed ly crystallagraphic etding ae the
slowest etbing planes. & undecut planesthe et rate is bund ty
measung the eth rate of the &rthest potruding point; in kg. 1a,this
point is @ the top of the @ layer. The oiginally vettical sidevalls ae
undecut by fast etbing planeswhich expose the sloest etbing
plane Measuing the mininum distance eted from the teaved edg
of the saphire to the &rthest potruding point of the GaNand dvid-
ing by the etbiing time gves the et rate of this planeMeasuing the
distance fom the teaved edg of the spphire to the degest ethed
region, e.g., the bottom of the@ layer in Hg. 1a,would gve an eth
rate higher than thaf the eposed planeThe et rates shavn in FHg.
2 and 3 a& measwed pependicular to thergwth direction,i.e., in the
horizontal ¢ plane For vettical planessud as the {1@0} plang the
actual etb rate nomal to the plane is equal to the measiueth rate
showvn in Hg. 2 and 3. Br norvettical planeshowever, the et rate
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Figure 3.Arrhenius plot of p-type GaN étaates in PO, and in 30% OH
by weight dissoled in etlylene gycol.

nomal to the plane is less than the meadieth rate. The et rate
pempendicular to the {012} plane, for instanceis the etb rate shavn
in Fig. 3 multiplied by cos(48), because the {112} plane intesects
the \ertical {1010} plane & an angle of 46

In condusion,a ciystallographic wet chemical etbing tedhnique
is able to et p-type GaN tarates as high as 1.2m/min pepen
dicular to the gowth direction. The actvation enegy of etding is
33 kcal/mol in HPO, and 21 kcal/mol in ©H and KOH dissoled
in ethylene gycol. Etding was also atieved in tetaetlylammont
um hydroxide. The obsered cystallographic GaN eth planes &
(0001),{1010}, and {1012}. Because the plane of GaN is imper
vious to the eticants,no etdh mask is equired ecept to pevent the
formation of etth pits & dislocdions.When equird annealed nic
el and annealed titaniumeaefective maskseen d the highest tem
petatures emplged in this stug The et rates of p-type mizrnal
are similar to those of the n-type teaal investigated peviously.
Undoped GaN/p-type GaN homojunctionsheseamlesg| and can
form vertical sidevalls or undetut sidevalls, depending upon the
chemisty used The aility to etch smooth ettical sidevalls inde
pendent of condustity type shevs thd crystallagraphic etding
may be useful ér fabricating facets 6r GaN-based laser diodes.
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