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msec. However, complete (to within 1% of the final 
t ransmission) coloration and bleaching occur within 150 
and 280 msec, respectively. From a perceived contrast 
point  of view for a b lack-on-whi te  display, coloration 
and bleaching times are about 50 and 200 msec, respec- 
tively. It  should be noted that the response shown is 
not  obtained immediate ly  on operation of a freshly 
deposited SIROF, but  only after the film has swelled by 
hydrat ion (I1). The temperature  dependence of the 
response time of a SIROF, deposited under  slightly 
different conditions from those described here, has been 
reported elsewhere (12). 

Conclusions 
Electrochromic i r id ium oxide films have been de- 

posited by reactive sput ter ing from an Ir target  in a 
pure O2 plasma. Under  the deposition conditions de- 
scribed here, films which could be completely bleached 
to zero absorbance (at --0.2V vs. SCE in  0.5M H~SO4) 
have been prepared. The colored state of these films is 
black, and a continuous charge or voltage selectable 
gray scale is available. These films could be switched 
through an optical density change of 0.3 in either 
direction in 40 msec under  potentiostatic address; use 
of IR compensated potentiostatic address (10) can re- 
duce this response time to 20 msec in either direction. 
Useful low temperature  response times are also shown, 
e.g., 0.25 sec at --10~ when IR compensation is used to 
el iminate the effect of increased electrolyte resistivity. 
The energy requi rement  per color/bleach cycle for 
films as described here which show a single pass ~OD 
of 0.48 (0.96, or a contrast ratio of 9: 1, in a device 
configuration) is 38 m$ cm -2 cycle -1 at a response time 
down to 40 msec. Although this energy requi rement  is 
20% greater than that  for an AIROF (due to the 20% 
larger voltage window utilized with the same charge 
density for the same contrast) ,  it is close to the require-  
ment  of a stable (nonaqueous) WO3 half-cell  for the 
same contrast but  at a slower response t ime (~0.3 sec). 
Of course, in many  applications a lower contrast is ac- 
ceptable, permit t ing the use of a th inner  film, with the 
energy requi rement  l inear ly  dependent  on the re- 
quired AOD. SIROF's deposited under  conditions close, 
but  not identical, to those described here have under -  
gone cycle lifetime testing both at room temperature  
and at elevated temperature  in 0.5M H.~SO4 electrolyte. 
At room temperature  2 X 103 full color/bleach cycles 
(with approximately 50% of that time with the SIROF 

having reached either the fully colored or fully 
bleached state) were obtained without perceived 
change in contrast, al though a decrease in • and AOD 
of about 3% was recorded. Under the same conditions 
at 73~ 2.5 • 105 cycles were obtained with a 5% 
decrease in _~Q and AOD. Although similar l ife-testing 
of SIROF's deposited exactly as described in this work 
has not been performed, pre l iminary  data show no sig- 
nificant difference. 
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ABSTRACT 

The chemical etching characteristics of (001)InP are studied through an 
SiO2 mask in the solutions of various etching systems: (i) HC1, (it) HCI: HNO~, 
(iii) HBr, (iv) H2SO~:H202:H20, and (v) Br2:CH3OH. The etched depth is 
evaluated by using a calibrated optical microscope. The etching profiles 
are examined by cleaving the wafer in orthogonal directions along the (110) 
and (]10) planes. Various etching profiles, such as V-shaped, reverse mesa-  
shaped ones, and near ly  vertical walls, are formed by stripes being etched on 
the (001) planes. The indexes of the etch-revealed planes are identified by 
making a comparison with the calculated angle between the (001) surface 
and etch-side plane. The ut i l i ty  of these etching solutions is also discussed for 
a variety of InP device applications. 

Chemical etching of single crystal semiconductors 
plays an essential role in microelectronic solid-state 

Key words: chemical etching, InP, etching profile. 

device technology. Of the compound semiconductors, 
GaAs is most widely used in solid-state devices for 
specialized applications. Most of the data on etching of 

Downloaded 03 May 2011 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



"Col. 128, No. 6 CHEMICAL ETCHING 1343 

GaAs that one can find in the literature (1) involve 
studies of the mechanisms and kinetics of the dissolu- 
tion processes. Tarui et al. (2) have reported in detail 
preferential etching characteristics of GaAs in the 
Br2:CI~OH system and have then demonstrated geo- 
metrically etched profiles produced in the {001} and 
(111} planes by employing this system. They have also 
reported a few examples of practical applications of 
preferential etching (etching profile) for the device- 
structure design and fabrication. 

InP and its related compounds, such as InGaAsP, 
are thought to be promising materials for high-speed 
transistors (IC's) and electrooptical devices. There 
have been a few reports on the etching characteristics 
of InP (3-7). Tuck and Baker (4) have studied etch- 
ing characteristics of InP from crystallographic as- 
pects, e.g., orientation effects on etching rates, shapes 
of pits and hillocks, and dissolution processes. Huber 
and Linh (5) have studied defect delineation in InP 
by using specific etchants. However, to our knowledge, 
there has been no report on device shaping for InP 
using preferential etching. 

In the present paper, we report chemical etching 
characteristics of the (001) surface of InP in the so- 
lutions of various systems: (i) HC1, (ii) HCI:HNO~, 
(iii) HBr, (iv) H2SO4:H202:H20, and (v) Br2:CH3OH 
systems. The etching profiles are examined by cleaving 
the (001) InP wafer in orthogonal directions along the 
(110) and (1-10) planes and are discussed in detail 
from a crystallographic aspect. The profiles applicable 
to device-structure design and fabrication are also 
discussed. 

Experimental 
Samp,le.--The InP crystals employed were undoped 

single crystals grown by the liquid encapsulated 
Czochralski method. All wafers used were of (001) 
surface orientation with an uncertainty of 1 ~ or less. 
These wafers were lapped and polished with fine abra- 
sive alumina (0.05 ~m particle size). After being de- 
greased and rinsed in deionized water, they were 
chemically polished to a mirrorlike finish in a 
Bre: CI-I3OH solution at room temperature. The thick- 
ness of these wafers was about 100 ~xn to permit 
cleavage for the observation of etching profiles. 

Masking pattern.bEtching studies were performed 
for the etching-selected regions of (001) surface InP 
through windows in an SiO2 mask (see Fig. 1). The 
SiO2 masks used were approximately 2000A thick and 
were prepared with conventional sputtering equip- 
ment. The desired geometries, in this case the window 
width of 30 ~m wide, were defined by standard photo- 
lithography technique using AZ-I350 and an SiO2 
etchant of the HF: NH4F: H.~O system. 

Etching soIution.--The etching solutions employed 
can be classified into the following five groups: (i) 
HCI system (HC1, HCI: CH3COOH, etc), (ii) HCI:HNO3 
system, (iii) HBr system (HBr, HBr:CI~COOH, etc), 

(iv) H2SO~:H202:H20 system, and (v) Brz:CH3OH 
system. The chemicals used were all of reagent grade. 
They were as follows: HC1 (12N), H202 (30%), 
CHsCOOH (17N), HsPO4 (15N), HNO8 (14.5N), HBr 
(9N), H2SO4 (36N), K2Cr207 (purity ~ 99.8%), Br2 
(purity --~ 99%), CH3OH (purity 99.5%), and H20 
(deionized water). A large quantity of solution was 
prepared to prevent the etching temperature from ris- 
ing and the etch-solution composition from varying 
during the experiments. Etching was carried out in 
a temperature-controlled water vessel without illumi- 
nation. The etchant was freshly mixed prior to each 
experiment. Etching experiments were done by stir- 
ring by hand. 

Etched depth and etching prol~le.--After etching, 
removing the SiO2 mask, and rinsing in deionized 
water, the {110} plane perpendicular to the etched one 
was cleaved with a razor blade and the etched depths 
of samples were measured with a calibrated optical 
microscope. The etched depths were also measured 
from a step height between the etched and unetched 
surfaces using an interference microscope. Etching 
profiles were observed on the (110) and (il0) cleav- 
age planes perpendicular to the wafer surface under 
an optical microscope. 

Etching Profile 
Etch figure.--Figure 2 includes a photograph of etch 

figures developed on the (001) plane of InP in the 
H2SO4:H202:H20 system, where the etch figures were 

/~teove 

~100pm 

�9 (11o) I/ 

Fig. 1. An SIO2 masking pattern on (001)lnP wafer for chemical 
etching. The etching profiles are obtained by cleaving the wafer in 
orthogonal directions along the (i10) and (]10) planes. 

Fig. 2. Etching figures produced on the (001) plane of InP and 
schematic diagram of the individual etch figures. 
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produced by etching in the solution through pin-hole 
windows in an SiO2 mask. A schematic diagram of the 
individual etch figures is also shown in the figure. 
The etch figures exhibit a rectangle-l ike (elongated) 
shape. 

An important  aspect of the arrangement of zinc- 
blende type crystals such as InP is the absence of a 
center of symmetry or inversion. Let the two sub- 
lattices of I I I-V compounds be labeled A III and B v. 
The Am-B v layers have unique orientations along the 
<111> crystal direction. The opposed (111) and (111) 
faces and opposed [111] and [111] directions may have 
different physical and chemical properties. Such dif- 
ferent properties are known to arise from crystallo- 
graphic polarity. If a unit  cell is chosen such that the 
B v atoms are situated at its corner, then the B{l l l}  
planes may be referred to as (111), (111-), (111), and 
(111), while the A{l l l}  planes will be the correspond- . . . . . .  
ing negatives, i.e., (111), (111), (111), and (111). The 
pit figures can be successfully interpreted by a geom- 
etry constructed from the {111} planes, as shown in 
the middle and lower parts of Fig. 2. The elongated 
pits, similar to those of Fig. 2, have also been found 
in III-V compounds such as GaAs (2, 8), InSb (9), 
and InP (4). Gatos and Lavine (9) have revealed 
after geometric examination that  the etch figures on 
(001)InSb are truncated (flat-bottomed) tetragonal 
pyramid structures, the four sides being {111} planes. 
The top plane of the truncated pyramid is either flat 
{100} or has higher order planes ({411}) forming a 
shallow angle with the <100> direction (--~ 19~ 
Olsen et al. (8) have also observed in SEM photo- 
graphs the truncated tetragonal pyramid etch figures 
on(100) GaAs. Tuck and Baker (4), on the other hand, 
have observed untruncated tetragonal pyramid etch 
pits on (100)InP, where the (111) and (1]~) planes 
meet in a ridge at the bottom of the pit. From careful 
inspection using a differential interference microscope, 
we have also found that the pit figures on (001)InP 
have untruncated tetragonal pyramid structures, as 
shown schematically in the middle part  of Fig. 2. The 
elongated etch figures demonstrate the nonequivalence 
of <110> and <110> type directions lying in a {001} 
plane in the III-V intermetall ic compounds. As men- 
tioned before, this nonequivalence is known to arise 
from the <111> crystallographic polarity of zinc- 
blende type crystal. Elongated etch figures, thus, pro- 
vide us a means for the unique determination of crys- 
tallographic directions between the <110> and <110> 
type directions. 

HCI system.raThe etching profiles of (001)InP etched 
in the solutions of the HC1 system are shown in Fig. 
3: (a) HCl (25~ 1 min),  (b) 1HCI:IH202 (25~ 1 
min), (c) IHChlCH3COOH (25~ 1 min),  (d) 
1HCl:lH3PO4 (25~ 1 rain), (e) 1HCh 1CHsCOOH: 
1H202 (25~ 1 min), and (f) 1HCI:lHsPO4:lH202 
(25~ 1 min). The cross sections are obtained by 
cleaving the wafers in orthogonal directions along the 
(110) and (110) planes (see Fig. 1). The determination 
of crystallographic directions was made by means of 
the above-mentioned etch-figure test. It is clear from 
the figure that the etching profiles change in shape with 
a crystallographic rotation of 90 ~ about the [001] axis 
and that they exhibit crystal habits. In the case of 
the (110) cleavage planes, the etching profiles indi-  
cate planes are nearly perpendicular to the (001) 
surface and inclined planes slope downward away 
from the SiO2 mask. In the case of the (110) cleavage 
planes, the profiles indicate only the inclined planes 
whose sides form angles of about 35 ~ [(a) ,  (c), and 
(d)]  or 55 ~ [(b) ,  (e), and (f)] with respect to the 
(001) surface. Consequently, the etching profile of the 
(110) cleavage plane [Fig. 3(a)]  clearly shows a V- 

Fig. 3. Etching profiles of (001)lnP etched in the solutions of the 
HCI system: (a) HCI (25~ I min), (b) 1HCI:1H202 (25~ 1 min), 
(c) IHChICH3COOH (25~ 1 min), (d) 1HChlH3PO~ (25~ 1 
min), (e) 1HCI:iCH3COOH:iH202 (25~ 1 min), and (f) 1HCI: 
IH~PO4:IH~O2 (25~ 1 min). 

shaped groove profile forming a V-groove angle of 
110 ~ (angle between two inclines). If the etching time 
is properly chosen according to the V-groove width, 
depth, and corresponding etching rate, one can also 
easily fabricate the V-shaped groove in the <110> 
direction on (001)InP by chemical etching in solutions 
such as 1HCh 1H202 and 1HCI: ICH~COOH: 1H202 (V- 
groove angle of 70~ 

HCl: HN08 system.--The etching profiles of (001)InP 
etched in the solutions of the HChHNO3 system are 
shown in Fig. 4: (a) 1HCI: 1HNO3 (25~ 1 rain), (b) 
1HCh2HNO~ (25~ 1 rain), (c) 2HCl:IHNO3 (25~ 
1 rain), (d) l (1HCl:1HNO3):lH20 (25~ 1 min), (e) 
1 (1HCh 1HNO3) : 1H202 (25~ 1 min), and (f) 1 (1HCl: 
1HNO3) :lCHsCOOH (25~C, 1 min). The etching pro- 
files of the (110) cleavage planes [Fig. 4(a) ,  (b), (c), 
and (f)]  indicate the planes are nearly perpendicular 
to the (001) surface, similar to those of the HCl sys- 
tem. The profile of the (110) cleavage plane [Fig. 
4(c)]  indicates the inclined planes forming an angle 
of 35 ~ with respect to the (001) surface, but those of 
Fig. 4(a) and (b) do not exhibit clear crystal habits. 
If one chooses proper etching time, the 2HCh 1HNO3 
solution also makes it possible to fabricate a V-shaped 
groove whose sides form an angle of l l0  ~ (i.e., an 
angle of V-shaped groove). As one can see in Fig. 4(d),  
(e), and (f), the etching rate reduced abruptly with 
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an addit ion of H20, H202, or CH3COOH in the solution 
of the HCh HNO3 system [see also Table I]. 

HBr system.--The etching profiles of (001)InP etched 
in  the solutions of the HBr system are shown in Fig. 
5: (a) HBr (25~ 1 min) ,  (b) 1HBr:lH202 (25~ 
1 min) ,  (c) 1HBr:ICH3COOH (25~ 1 min) ,  (d) 
1HBr:IH3PO4 (25~ 1 rain),  (e) 1HBr:IHNO3 (250C, 
1 rain),  and (f) 1HBr: 1HNO3:5H.~O (25~ 1 min) .  
The profiles of Fig. 5(a) indicate the incl ined planes 
for both the (110) and (~10) cleavage planes forming 
an angle of 55 ~ wi th  respect to the (001) surface. The 
side-etch speed of the (110) cleavage plane is faster 
than that  of the (1-10) cleavage plane. The cross sec- 
tions demonstrated in  Fig. 5(b) exhibit  a reverse 
rnesa-shaped and  mesa-shaped profiles for the (110) 
and (110) cleavage planes, respectively. The etched 
sides for the (110) and (110) cleavage planes form 
angles of 125 ~ and 55 ~ , respectively, with respect to 
the (001) surface. Such profiles are quite s imilar  to 
those on (001) GaAs etched with H2SO4: H20~: H20 (10) 
and Br2:CHzOH solutions (2). The profile shown in  
Fig. 5(c) [(110) cleavage plane] exhibits the reverse 
mesa-shaped and mesa-shaped structures in  addit ion 
to the fiat-bottomed plane. The reverse mesa-shaped 
and mesa-shaped planes form angles of 110 ~ and 55 ~ 
respectively, with respect to the (001) surface. The 
profile of the (110) cleavage plane [Fig. 5(c)] ,  on the 
o%her hand, exhibits only the incl ined planes form-  
ing an angle of 55 ~ with respect to the (001) surface. 
Similar  etching profiles have also been obtained by 
Otsubo et al. (11) on (001)GaAs with etching in a 
solution of the C.~H~(OH)(COOH).~.H20:H202:H20 
system. The etching profiles of Fig. 5(d) are the same 
as those of Fig. 5(a) .  The profiles of Fig. 5(e) and (f) 
are also quite s imilar  to those of Fig. 5(b) ,  bu t  they 
do not reveal  clear crystallographic planes. 

HzSO4:H202:H20 system.--The etching profiles of 
(001)InP etched in  the solutions of the H.2SO4 system 
are shown in Fig. 6: (a) 1H~SO~: 1H202 (60~ 20 rain) ,  
(b) 3H2SO4:lH202:1H20 (60~ 20 min) ,  (c) 1H2SO4: 
1H202:1H20 (60~ 20 min) ,  and (d) 3(2N-K2Cr2OT): 
1H2SO4:1HC1 (60~ 20 min) .  The profiles of the (110) 
cleavage planes [Fig. 6 ( a ) - ( c ) ]  indicate the planes 
are near ly  perpendicular  to the (001) surface, w h i l e  

those of the (110) cleavage planes indicate the in -  
clined sides that  slope downward away from the SiO2 
mask. The profiles of the (110) cleavage planes [Fig. 
6(a) and (b)]  exhibit  the mesa-shaped structure,  bu t  
they do not indicate clear crystal habits, in contrast  
to that of Fig. 6 (c). 

The H2SO4:H202:tt~O system is know n  to be o n e  
of the most commonly employed etchants for GaAs 
(11). Chemical polishing by using this system a l s o  
gives high-qual i ty  GaAs surfaces of low-index or ien-  
tations except for the G a ( l l l }  surface. However, the 
etching rates of this system for InP  are two or three 
orders smaller  than those for GaAs. The system, more-  
over, sometimes produces elliptical etch pits on the 
(001) surface of InP. The photograph of the elliptical 
etch pits are demonstrated in the lower par t  of Fig. 
6 (c). The Iong- and short-axis directions of the el l ip-  
soid correspond to the [110] and [110] directions, re-  
spectively. The profile of the (110) cleavage plane of 
(001)InP etched in the solution of 3(2N-K2Cr207): 
1H_~SO4:1HC1 [Fig. 6 (d) ] exhibits the mesa-shaped 
structure, in contrast  to those of the H2SO4:H202:H20 
systems. The profile of the (i-10) cleavage plane also 
exhibits the mesa-shaped s t ructure  (reveal ing clear 
crystal habits) ,  as similar  to those found in Fig. 6 
( a ) - ( c ) .  This etchant  system produces etch-pi t  free 
surfaces and moreover provides h igh-qual i ty  InP  sur-  
faces. It  was found that the etching rates of this system 
were increased by increasing HC1 at a constant  ratio of 

Table I. The composition of the etchants in parts by volume, etching condition, etched depth, and identified crystallographic 
planes revealed by etching 

Etching condition 
Identified planes  

T e m p e r a t u r e  Etched  depth  
Et chant  Time (min) (~ (~m) (110) (110) 

HC1 i 25 12.0 {~10},(~11} {112} 
IHCI: lI-~O 1 25 0.07 
1HCl: lmO~ 1 25 2.3 {ilO!,{ill ) ~1} 
1HCh ICmCOOH 1 25 6.0 {110} {112) 
IHCI:IH3PO4 1 25 4.0 {110},{111} {112} 
1HCI:IH--O2:IH20 1 25 0.1 
1HCI:ICH~COOH:IHeO~ 1 25 4.0 {110},(~11} {-111} 
IHCI: 1H~PO~: 1H.~0~ i 25 2.0 ? {111} 
1HC1:1HNO3 1 25 6.5 {~I0} ? 
IHCh2HNO~ i 25 7.0 - ~10_} _- t 
2HCI:IHNOa 1 25 8.5 {110},{111} {112} 
1 ( 1HCh 1HNO8 } : 1H20 1 25 0.15 _ _ 
I(1HCh 1HNO3) :1H20~ 1 25 0.5 t {111} 
1 ( HCI: 1HNO~ ) :ICH3COOH 1 25 1.0 {~ 10} {112} 
HBr 1 25 6.5 {~11} __ {-111 } __ 
1HBr: 1H.~O~ 1 25 23 {111} {ill} 
1HBr: 1CH3COOH 1 25 3.0 (111},{22~} {011} 
IHBr:IH~PO~ 1 25 2.0 ~11}  {111} 
IHBr: 1HNOs 1 25 11.0 t {111} 
1HBr: 1HNOa: 5H20 1 25 9.0 t ? 
1H.~SO4:1H~O: 20 60 4.0 {-110} ? 
3H~SO~: 1H.~O2:1H.~O 20 60 3.5 {110} t 
IH~SO~: IH-~O~: IH20 20 60 2.5 ~i0} {~11}__ 
3 ( 2N-KcCr20~ ) : 1H2SO~: 1HCI 20 60 2.0 . . . .  t {I 11 } 
4% Br~: CHaOH 1 25 25 {111}__ {111}__ 
2% Br~:CH~OH t 25 18 {111}__ {_111} 
1% Br~:CH~OH 1 25 12 {111} {111} 
0.2% Br~:CHsOH 2 25 7.0 {1il}__ {]~1} 
0.1% Br2:CHsOH 4 25 8.0 {111} {111} 

l E tch ing  profi le  does  n o t  exh ib i t  c l ear  crys ta l  habits .  
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Fig. 4. Etching profiles of (001)lnP etched in the solutions of the 
HChHNO3 system: (a) 1HCh1HNO8 (25~ 1 rain), (b) 1HCI: 
2HNO3 (25~C, i rain), (c) 2HChlHNO~ (25~ 1 min), (d) 
i (1HChlHNO3): IH20 (25~ 1 rain), (e) I (1HChlHNO3):IH202 
(25~ 1 rain), and (f) i(1HCI:IHNO3):ICH3COOH (25~ 1 mink 

2N-K2Cr2Or and H~SO4 wi thout  any  change of the 
surfaces states;  ~0.1  ~m/min  [3(2N-K2Cr2OT) : 
tHzSO4: 1HC1], ~1 .0  #m/ ra in  [3(2N-K2Cr2Or): 1H2SO4: 
2HC1], and ~2.0  ~m/min  [3(2N-K2Cr2OT):lH~SO4: 
3HC1] at  60r Detai ls  of these etching solutions wil l  
be presented  in the nea r  future.  

Bre:CH30H system.--It is wel l  known tha t  the 
Br2:CH3OH systems give good resul ts  for p re fe ren t i a l  
e tching of GaAs(2 ) .  The etching rates  can be easi ly 
control led  by  va ry ing  the Br2 concentrat ions  in 
CH3OH. These systems are  also usua l ly  employed  as 
the etchants,  capable  of producing  h igh ly  polished 
surfaces on GaAs. F igure  7 shows the etching profiles 
of (001)InP etched in the solutions of the Br2:CH3OH 
system: (a) 4% by volume Br2:CH3OH (25~ 1 rain) ,  
(b) 2% by volume Br2:CH:~OI-I (25~ 1 min) ,  (c) 1% 
by  volume Br2:CH~OH (25~ 1 min) ,  (d) 0.2% by 
volume Br2:CH~OH (25~ 2 min) ,  and (e) 0.1% b y  
volume Br2:CH3OH (25~ 4 min) .  The profiles of the 
(110) c leavage planes  exhib i t  the  reverse  mesa - shaped  
s t ructure  forming an angle of 125" wi th  respect  to the 
(001) surface, while  those of the (110) c leavage planes  
exhib i t  the mesa - shaped  s t ruc ture  forming an angle of 
55 ~ with  respect  to the (001) surface. Such fea tures  
a.re quite s imi lar  to those of (001)GaAs etched wi th  
the Br2:CH3OH (2) and H2SO~:H202:H20 systems 
(10). The profiles a re  also the same as those of InP  
etched with  the 1HBr: 1H202: solut ion [see Fig. 5 (b ) ] .  

Fig. 5. Etching profiles of (001)lnP etched in the solutions of the 
HBr system: (a) HBr (25~ 1 min), (b) 1HBr:IH202 (25~ 1 m[n), 
(c) IHBr:ICH~COOH (25cC, 1 rain), (d) IHBr:IH3PO4 (25~ 1 min), 
(e) 1HBr:IHNO3 (25~ 1 min), and (f) 1HBr:IHNO3:SHeO (25~ 
1 mink 

The etching rates  are  found to v a r y  f rom 2 ~m/min  
(0.1% by volume)  to 25 ~m/min  (4% by volume)  wi th  

the Br2 concentrat ions in CH2OH. 

Crystallographic aspect.--In this subsection, we dis-  
cuss the etching profiles of (001)InP demons t ra ted  in 
Fig. 3-7 f rom a c rys ta l lographic  aspect. F igure  8 
shows two-d imens iona l  schemat ic  representa t ions  of 
two or thogonal  (110) and (110) planes  of a (001)InP 
layer.  The open and solid circles indicate  the In and 
P atoms, respect ively.  The (110) and (110) planes,  
thus, r ep resen t  the in te rchange  of I n - P  atomic species 
of the z inc-b lende  type  c rys ta l  InP upon a ro ta t ion  
of 90 ~ about  the [001] axis. The {001} surfaces, in p r in -  
ciple, consist e i ther  of the In or  P atoms. However ,  
ne i ther  is p re fe r r ed  since both types are  doubly  bonded  
to the crys ta l  la t t ice at  the  surface, and rea l  {001} 
surfaces consist of a mix tu re  of the In and P atoms. 
On the other  hand, the in te rmeta l l i c  compound InP 
has two types  of {111} surfaces, i.e., I n { l l l }  and P { l l l }  
surfaces, resu l t ing  f rom the c rys ta l lographic  po la r i ty  
of the {111} directions.  The outermost  a tom laye r  in 
each surface consists of e i ther  In or  P atoms which are  
t r ip ly  bonded to the crys ta l  latt ice.  The In and P atoms 
have three  and five bonding electrons pe r  atom, re -  
spectively.  The {111} surface In atoms have no spare  
electrons because they  are  al l  used up in hanging on 
to the crys ta l  lat t ice.  The (111} surface P atoms, on 
the other  hand, have two electrons per  a tom avai lab le  
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Fig. 6. Etching profiles of (001)lnP etched in the solutions of the 
H~.SO4 system: (a) 1H2SO4:1H202 (60~ 20 rain), (b) 3H2SO~: 
1H202:iH20 (60~ 20 min), (c) 1H2SO4:lH202:1H20 (60~ 20 
min), and (el) 3(2N-K2Cr2OT):1H2SO4:1HCI (60~C, 20 min). 

Fig. 7. Etching prof|les of (001)lnP etched in the solutions of the 
Br~:CHsOH system: (a) 4% by volume Br~:CH.3OH (25~ I rain), 
(b) 2% by volume Br2"CH~OH (25~ 1 min), (c) 1% by volume 
Br2:CH80H (25cC, 1 min), (d) 0.2% by volume Br2:CH3OH (25~ 
2 min), and 0.1% by volume Br2:CH~OH (25~ 4 min). 

to take part in a reaction. Thus, the P{lll} planes are  
very reactive compared with the In{lll} planes. 

From a viewpoint of crystallography, we can classify 
the etching profiles shown in Fig. 3-7 into the four 
individual groups, as demonstrated in Fig. 9. Details 
of two-dimensional schematic diagrams correspond- 
ing to Fig. 9(d) are also shown in Fig. 8. The etch- 
revealed walls perpendicular to the (001) surface, ob- 
served on the (110) cleavage plane in the solutions 
of the HC1, HCI: HNO3, and H2SO~: H202:H20 systems, 
correspond to the {1"10} crystallographic planes. The in- 
clined planes forming an angle of 55 ~ with respect to 
the (001) surface [see, e.g., Fig. 5(a)] correspond to 
the In( l l l}  [ (110) cleavage plane] and In{lll} crystal- 
lographic planes [(110) cleavage plane], where the 
{111} or {1~1} planes, in principle, form an angle of 
54o44 ' with respect to the {001} planes. The inclined 
plane forming an angle of 35 ~ with respect to__the 
(001), shown in Fig. 9(a), correspond to the In{ll2}__ 
crystallographic planes [see, e.g., Fig. 3 (a)]. The {112} 
planes, in principle, form an angle of 35016 ' with re- 
spect to the {001} planes. The etching profile of the 
(110) cleavage plane, shown in Fig. 5(c), is composed 
of two individual planes, forming angles of 109 o and 
55 o with respect to the (001) surface, while that of the 
(11-0) cleavage plane exhibits only the mesa-shaped 
structure forming an angle of 45 ~ with respect to the 
(001) surface. As shown in Fig. 9(c), the most prob- 
able planes deduced from these angles are In{221} and 
In{lll} planes for the (110) cleavage plane and {0i'l} 
planes for the (110) cleavage plane. The reverse mesa- 
shaped and V-shaped groove structures were formed on 

the (110) and (~10) cleavage planes, respectively, with 
etchants such as 1HBr:lH202 [Fig. 5(b)] and Br2: 
CH3OH solutions (Fig. 7). These structures form angles 
of 125 ~ (reverse mesa-shaped) and 55 ~ (mesa-shaped) 
with respect to the (001) surface [Fig. 9(d)], which 
agree reasonably with angles between the {001} and 
(1-1-1} planes. The etch-side planes can, thus, be iden- 
tified to be the In{lll} planes (see Fig. 8). The etching 
proceeds up to the In{lll} planes, because the P{111} 
planes are very reactive compared with the In{ll l} 
planes. Consequently, the reverse mesa-shaped and 
V-shaped groove structures are formed on the (110) 
and (110) cleavage planes, respectively, whose side3 
in principle form angles of 125o16 ' and 54~ ' with re- 
spect to the (001) surface. 

The dissolution process under consideration is far 
too complex and the available information rather 
limited to allow a quantitative development of the 
dissolution mechanism. Moreover, it is difficult to 
obtain a complete explanation of the difference in the 
etching profiles with various etching solutions. How- 
ever, we suggest that this difference is due to the dif- 
ferences of the etching rates in the various crystallo- 
graphic planes (i.e., the slowest-etching-rate planes 
will play an important role on the etching profiles. The 
etch-side planes identified are summarized in Table I 
along with the etching time, temperature, and etched 
depth. 

Proposed Device Application 
The etching profiles obtained here should be very 

useful for the design and fabrication of electron and 
electrooptical devices. Comerford and Zory (12) have 
used selective etching techniques to fabricate V-groove 
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125"1 ' / ' (001) 
, J Fig. 8. Two-dimensional sche- ~ n I 

matic representations of two ~ ~ ~  ~ ~  
orthogonal (110) and (110) 
planes of a (O01)lnP layer. The 
open and solid circles indicate 
the ln and P atoms, respectively. I ~ ~ ~  I ~ 
The round hole bottom on the 
left side is not necessarily the \ 
precise atomic configuration. 

\ 

[|11] [111] {111 
(110) PLANE 

diffraction grating on the (001) surfaces of OaAs using 
the Br2:CH3OH solution as the preferential  etchant. 
Tsang and Wang (13) have also fabricated the diffrac- 
tion grating on the (001) surface of GaAs, where the 
H2SO~:H202:H~O system has been used as the prefer-  
ential etchant. The results demonstrated in this paper 
also indicate that the V-groove diffraction grating on 
the (001) surface of InP should be fabricated by chem- 
ical etching with proper  choice of direction of grat-  
ing-mask groove openings and controlling the width 
of the groove openings and/or  etching time. 

Gannon and Nuese (14) have discussed the uti l i ty of 
the NH4OH: H~Oe preferential  etchant for GaAs device 
preparation and have demonstrated its application to 
the fabrication of integrated GaAs bipolar transistors. 
The NH4Ott:H202 etchant has been found to provide a 
flat etching bottom and a slow etching rate for 
{00I}GaAs, which led to the success of the transistor 
fabrication procedure. The etchants, such as the l t tCI:  
1CH3COOH [Fig. 3(c)] ,  1HCI:IH3PO4 [Fig. 3(d)] ,  

(a) 

(110) PLANE (|10) PLANE 
Fig. 9. Schematic diagrams of the etching profiles produced in 

the (001) planes of InP by the various etching solutions (see text). 

/ 

//~54"44' 

(TIO) PLANE 

SiO 2 

1HBr: ICH3COOH [Fig. 5 (c) ], and 1HBr: IH3PO4 solu- 
tions [Fig. 5(d)] ,  also provide a flat etching bottom 
and a relat ively slow etching rate for {001)InP. These 
etchants should, therefore, be useful for producing 
high-quali ty InP transistors and IC's. The lateral  defi- 
nition, which is especially required and important  in a 
number of passive optical components such as wave- 
guides and directional couplers, can also be achieved 
by a chemical etching technique employing these solu- 
tions as the etchant. 

Realization of monolithic integration of optical cir- 
cuits will require a conventional means of routing 
optical signals on integrated chips (15). The fabrica- 
tion of double heterostructure lasers, which incorporate 
chemically etched mirrors, has been reported to realize 
the monolithic fabrication of integrated optical devices 
(16, 17). In such works, much attention has been paid 
to produce smooth-mirror Fabry-Pero t  resonator by 
chemical etching because it improves the characteristics 
of laser diodes such as threshold current density, 
quantum efficiencies, and lasing modes. Therefore, in 
the fabrication of etched-mirror  laser diodes, it is im- 
portant to produce the vertical walls which give a high 
value of the mirror  reflectivity. The etching solutions, 
such as the HCI (Fig. 3) and H2SO4:H202:H20 systems 
(Fig. 6), are thought to be useful for the monolithic 
fabrication of etched-mirror  laser diodes. Recently, 
Miller and Iga (17) have successfully fabricated 
InGaAs/In'P laser diodes emitting at 1.3 ~m by wet 
chemical etching with a solution of 1HCI: 2CH~COOH: 
1H202 [see Fig. 3 (e)] .  The geometric profiles are also 
applicable to the fabrication of lateral-confinement 
laser diodes such as the buried-heterostructure laser 
and channeled-substrate laser diodes (18). 

Conclusion 
In summary, we have studied chemical etching char- acteristics of (001)InP in the solutions of various sys- 

tems: (i) HC1, (ii) HCI:HNO.~, (iii) HBr, (iv) H2SO4: 
H202:I-I20, and (v) Br2:CH3OH systems. The etch 
figures developed on (001)InP have indicated that it 
has untruncated tetragonal pyramid structure, in con- 
trast to that on (001)GaAs or (001)InSb [truncated 
(flat-bottomed) tetragonal pyramid structure]. The 
etching profiles exhibiting crystal habits, e.g., V-shaped 
groove, reverse mesa-shaped ones, and nearly vert i -  
cal walls, have been found to be formed by stripes 
parallel  to the [110] and [1-10] directions being etched 
on the (001) planes. The indexes of the etch-revealed 
planes have been identified by making a comparison 
with the calculated angle between the (001) surface 
and etch-side plane. The etching profiles applicable to 
the device-structure design and fabrication have also 
been discussed. 
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Auger Depth Profile Studies of Diffusion 
at Iron Phthalocyanine/Copper Phthalocyanine Interfaces 

Robert E. Davis* and Larry R. Faulkner** 
Department oi Chemistry and Materials Research Laboratory, University o~ Illinois, Urbana, Illinois 61801 

ABSTRACT 

Elementa l  dep th  profiles of thin molecular  films have been obta ined  using 
Auge r  e lec t ron spectroscopy in conjunct ion wi th  ion etching by  reducing the 
average  e lect ron cur ren t  dens i ty  and using a conduct ing substrate .  The min i -  
mum observed  in ter face  wid th  of CuPc (800A t h i c k ) / F e P c  (800A thick)  in 
unannea led  samples  was app rox ima te ly  300-400A. Evidence is p resen ted  
tha t  this broad  interface  is due to the microcrys ta l l ine  morphology  of these 
phys ica l ly  vapor -depos i t ed  molecular  solids. Annea l ing  under  var ious  con- 
di t ions has provided  insight  into the diffusion and consequent  degrada t ion  
of these assemblies,  appa ren t l y  th rough  a gra in  b o u n d a r y  mechanism.  

Thin molecular  films have been ut i l ized recent ly  as 
m e a n s  for organiz ing a va r i e ty  of chemical  systems, 
inc luding modified electrodes and photoelec t rochemical  
devices (1-8). Al though  surface analysis  techniques 
such as x - r a y  photoelect ron spectroscopy (XPS or 
ESCA) have been used effectively to character ize  the 
surfaces of such systems (5, 7, 9, 10), there  is a c r ip-  
p l ing  lack  of knowledge  about  the va l id i ty  of methods  
for  charac te r iz ing  them as a funct ion of depth.  Auger  
e lect ron spectroscopy,  wi th  i on -beam etching, and  sec- 
onda ry  ion mass  spec t romet ry  have  been wide ly  em-  
p loyed for tha t  purpose  in deal ing wi th  mu l t i l aye r  as-  
semblies  of thin films of convent ional  mater ia ls ,  such 
as meta ls  and  semiconductors  (11, 12). However,  wi th  
molecu la r  mater ia l s  there  is added concern over  a r t i -  
facts resul t ing  from molecular  degrada t ion  (13) and 
diffusional mix ing  (14) under  the beams of charged 
part icles.  

In  this paper ,  we communicate  the successful Auger  
depth  profi l ing of ph tha locyanine  (Pc) thin films, 
which are  in teres t ing  for  thei r  e lec t roca ta ly t ic  (15-18) 
and photovol ta ic  (6, 19, 20) propert ies .  The resul ts  
suggest  tha t  accurate  profiles, wi thout  ar t i facts  f rom 
beam damage,  can be obtained.  Data  f rom annealed  
samples  provide  informat ion  about  diffusional degrada-  
t ion of the film assemblies~ 
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Experimental 
The samples were  p repared  by  physical  vapor  depo-  

sit ion in a vacuum of less than  10 -6 Torr  using a com- 
merc ia l ly  avai lab le  bel l  j a r  (Var ian  Model 3117). Firs t ,  
s i lver  (3000A) was deposi ted onto 1 • 1 in. microscope 
cover glasses (Corning No. 2) held  at  room t empera -  
ture. This l aye r  was in tended  to provide  for the rmal  
and e lect r ica l  conduct ion away  from the semiconduct-  
ing thin layers  (--800A each) of two different  meta l  
phthalocyanines ,  which were  vapor  deposi ted nex t  at  
ra tes  from 0.5 to 1 A-sec  -1 from quar tz  or a lumina  
crucibles  heated to --400 ~ . Changing of the deposi t ion 
source necessi tated exposure  of the samples  to the 
a tmosphere  be tween each step. F i lm thickness and 
deposi t ion ra te  were  moni tored  by  a quar tz  crys ta l  
balance  (Sloan DTM-200) and verified by in te r fe rom-  
e t ry  (Var ian  A-scope) .  

Analys is  was done at a typical  background  pressure  
of 2 • 10 -9 Torr  wi th  a scanning Auger  microprobe  
(Physical  Electronics Model 545). Exci ta t ion  was by  a 
coaxial  3 keV elect ron beam, typ ica l ly  of 2.0 ~A. The 
e lect ron beam of 20-40 ~m diam) was ras tered  over  an 
area  app rox ima te ly  167 • 167 #m to reduce the average  
cur ren t  density. Ion etching was obta ined  with  60 #A/  
cm 2 of 1 keV argon from a single, 20.7 ~ off-normal  ion 
gun at a ra te  of app rox ima te ly  20 A/min .  We wil l  use 
the  t e rm sput te r ing  with  caution in the cur ren t  context  
of molecular  solids. Argon ion etching of polymers  has 
been shown to be a ve ry  complex process, involving 
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