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, '. STRUCTURAL CHARACTERIZATION OF UNDOPED AND DOPED GaAs: A COMPARATIVE STUDY OF 
FOUR TECHNIQUES 

E.D. BOURRET, A.G. ELLIOT,· B.-T. LEE, AND J.M. JAKLEVIC 
Center for Advanced Materials, Lawrence Berkeley Laboratory, University of 
California, 1 Cyclotron Road, Berkeley, California 94720 

• Hewlett-Packard, Optoelectronics Division, 370 Trimble Rd., San Jose, CA 
95131 

SUMMARY 

Dislocations, striations and microprecipitates have been imaged in undoped 
and doped GaAs single crystals using four different techniques: chemical 
photoetchi ng, synchrotron radi at ion topography, photo I umi nescence mi croscopy 
and electron mi croscopy. A compari son of the features observed by these 
techniques is presented. Photoetching was found to be the most sensitive 
technique to reveal electrically active structural defects specifically in 
cases where these defects do not produce significant lattice strain or do not 
act as recombination centers. 

INTRODUCTION 
A careful evaluation of the micro-structural features of as-grown crystals 

is needed for opt imi zat ion of the crystal growth process since structural 
defects affect the electronic properties of the crystals. The ultimate goal 
of the process opt imi zat i on is the abil ity to control growth parameters in 
order to achieve specific electrical properties in the crystal. Extensive 
acquisition of characterization data are also required for taking full 
advantage of recent advances in numerica.l model ing techniques that make 
possible direct correlations between crystal morphology and controllable 
growth parameters. For GaAs, the most commonly used techniques for structural 
characterization are still differential chemical etching and X-ray topography 
despite the development of roore elaborated mapping techniques such as optical 
and infra-red absorption or photoluminescence topography (i.e. 1,2). 

An ideal characteriZation technique should reveal the structural 
inhomogeneities as well as the variations in the electrical characteristics 
associated with such inhoroogeneities and should be non-destructive. As a step 

toward finding this ideal technique, we have conducted a comparative study of 
features obtained on both undoped, semi-insulating, and doped GaAs through 
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differential chemical etching with emphasis on photoetching, X-ray topography 

and high resolution scanning photo-luminescence. Transmission electron 

microscopy with Energy Dispersive X-ray Spectroscopy (EDXS) and Electron 

Energy Loss Spectroscopy (EELS) were also used to identify some of the 

microdefects revealed by the previous techniques. The strength and weaknesses 

of the techniques are outlined and illustrated with images obtained on 

selected samples. Specifi.c features, not reported previous ly, are presented. 

DIFFERENTIAL CHEMICAL/PHOTOETCHING 

Structural defects are commonly revealed using specific etchants that are 

sensitive to local changes in impurity concentration or atomic arrangements in 

the lattice. Etching is usually performed on wafers cut perpendicular or 

parallel to the growth direction along a well-defined crystallographic plane. 

While many etching solutions have been found to produce well-defined pits on 

the (l11)A face of GaAs (3), only molten KOH (4) and molten KOH-NaOH binary 

eutectic mixtures (5) have been found to produce well-defined faceted pits on 

the (100) plane. Molten KOH is widely used for dislocation density 

measurements and dislocation network analysis on (100) GaAs wafers, and was 

used in this study to precisely locate dislocations revealed by other 

techniques. 

Compositional growth striations which are due to impurity segregation and 

are produced by fluctuations of growth rate, are often used to investigate the 

sol id-l iquio growth interface morphology. Striations are easi ly revealed by a 

selective photoetching technique. Photoetching effects have been obtained 

from different chemical solutions under illumination. Among the solutions 

used are: HCL (6), the AS etch (7), HZS04:HZOZ:HZO (8) and the Sirtl 

etch in diluted forms (9). Photoetching of (100) surfaces with diluted Sirtl 

etch-like mixtures has been the topic of detai led investigations by Van der 

Ven, et a 1. (9,10). Their model (11) imp lies that local differences in ho Ie 

and electron concentrations affect the effectiveness and the differential 

behavior of the etch. As a direct consequence we can expect the photoetch to 

reveal not only structural imperfections such as dislocations and striations 

but also any variations in the electrical characteristics associated with such 

defects. 

A 150101 Xenon lamp was positioned 30 cm from the sample for photoetching. 

The surface of the sample was 0.4 cm below the free surface of the etchant 

containeo in a shallow Teflon dish. The composition Cr03:HF:HZO (5:1:12) 

was found to give extremely clean etched surfaces for bothn-type and 

semi-insulating GaAs. P-type GaAs can also be etched with this composition, 

however, the etch rate is extremely slow. This difference makes it possible 

to determine the 'type' of a wafer or to reveal pin transitions. 
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(a) (b) 

Fig. 1. (a) Polycrystalline GaAs after polishing and 
photoetching. (b) (111) A surface of an undoped 
wafer after photoetching. 

A polycrys-
talline sample is 
shown in Fig. l(a), 
after photoetching. 
The etched surfaces 
are randomly orien
ted. Dislocations 
and striations are 
revea 1 ed on a 11 of 
the grains. The 
etch features are 
rounded and similar 
to those obtained 
on (100) surfaces. 
In contrast, well

defined faceted etch pits, corresponding to dislocations intercepting the 
surfaces of the sample, were observed on (111)A surfaces as shown in Fig. 
l(b), but not on (111)B surfaces. This is in contrast to the data in the 
investigation Ref. 12. Faceted pits were not observed, however, neither the 
etch composition, nor the etching plane [(111)A or (111)B], were stated, 

TABLE I 

Summary of features observed after etchi ng in the dark and under 
illumination. The measurements in ~m refer to the average height of the 
etched features and were obtained by using an Angstrometer. All samples were 
etched for 15 minutes in the dark and 15 minutes under illumination. 

Striations Dislocations 

Sample Dark Light Dark Light 

lIn-doped low contrast low contrast medlum contrast enhanced contrast 
< 0.075 ~m < 0.075 ~m 0.15 ~m < 0.075 ~m 0.25~m 

~ --Y"'C-
Si-doped low contrast low contrast low contrast enhanced contrast 

< 0.075 ~ < 0.075 ~m < 0.075 ~ 0.6~m -- ~ 
~ndoped low contrast strong contrast medium contrast enhanced contrast 
semi- 0.3 ~m 

--./\.,-
0.3 ~m 1.2 ~m 

insulating ---Vtr-
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Dark Illuminated which makes comparison with 
our observations difficult. 

The series of photomic-
rographs in Fig. 2{a-c) 'J 
shows the etch features 
obtained from semi-insulating 
GaAs, GaAs:Si and GaAs:In 

(a) samples with etching per-
formed successively in the 
dark and in the Xenon 
light. Characteristics of 
these etch features are 
sunmarized in Table 1. 

Differences in the etching 
behavior between dark and 
illuminated conditions were 
used to .identify etch 

i features which are optically 
i active, since such features (b) ~ 
=. r should be related also to - electronic inhomogeneities. 

All three samples were (100) 
oriented slabs cut parallel 
to the growth direct ion from 
LEC-grown crystals and 
contain dislocations and 
striations as major struc-
tural defects. The etch 
rate was found to vary with 
doping element and concen-
tration and with 1 i ght 

(e) intensity (13) • As a 
general rule, a longer etch \J 

time is required for 
revealing striations than \, 
for revealing dislocations 
only. 

Fig. 2. Etched surfaces of: ( a) GaAs:Si (100); (b) GaAs: In (100) ; (c) 
semi-insulating GaAs( 100). Left: etching in dark. Right: etching under 
illumination. 
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The contrast of rotational striations due to silicon and indium doping is 
surprisingly not affected by illumination. However. the striations in the 

undoped semi-insulating sample appear with a very strong contrast only after 

etching under illumination. These striations were. in fact. unexpected. 

Measurements of their periodicity indicate that they are indeed of rotational 

origin. Since the crystal was not intentionally doped. their origin must be 

either a low level of impurities or stoichiometric variations. In the case of 

photoetch i ng. a 1 oca 1 increase in etch rate is re 1 ated to a 1 oca 1 increase in 

the hole concentration which promotes dissolution of the GaAs. 

The contrast around dislocations in all the samples is enhanced by etching 

under illumination. The etch profiles around dislocations are sketched in 

Table I. The widths of the differentially etched areas around the 

dislocations vary from about 20 to 100 11m for the undoped and the In-doped 

samp 1 es and correspond to typi ca 1 wi dths of "denuded areas" found by other 

techniques. It has been suggested that these areas arise from gettering of 

impurities and point defects by the dislocation cores (14). The area around 

the dislocations is etched more rapidly than the area at the dislocation core 

and the ratio depth-to-height is about 25 percent for both the un doped and 

In-doped samples. It must also be noted that reverse contrast (i.e. slower 

etch rate on the dislocations) has been observed in the tail end of the same 

Si-doped ingot which suggests a different electronic environment around 

dislocations present in more heavily doped samples. 

SCANNING PHOTOLUMINESCENCE MICROSCOPY: 

Photoluminescence (Pl) has long been used for characterizing GaAs 

materials. Spectrally-resolved Pl can give information about specific 

impurities. Amounts can be inferred from Pl intensity only after suitable 

ca 1 ibrat i on or ana lys is of a p laus i b le model for 1 umi nescence. Recently. a 

correlation has been found between the room temperature Pl intensity 

distribution for undoped. semi-insulating substrates and MESFET device 

threshold voltage distribution (15). Obtaining spatially resolved information 

typically has been a limitation for Pl. However. through use of a laser 

scanning microscope. high resolution scanning Pl can· be achieved. comparable 

to Cl. which allows resolving individual dislocations and their associated 

Cottrell atmospheres (16). Using this apparatus one can non-destructively 

evaluate the dislocation distribution throughout a wafer. as well as obtain 

spatially resolved information within 1 to 2 microns relating to impurity 

distribution •. Fig. 3 shows a high-resolution scanning Pl image for the 

undoped. semi-insulating GaAs sample shown in Fig. 2{c). The Cottrell 



(8) 

(b) 

Fig. 3. Photoluminescence image 
of the undoped, semi-insulating 
GaAs sample shown in fig. 2(c): 
a) low magnification b) higher 
magnification of area outlined on 
(a) • 

- 6 -

... 

(8) 
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,iii 
(e) 

(b) 

Fig. 4. GaAs:Si (100): (a) and (c) show 
photoetched areas; (b) and (d) are high 
resolution scanning PL image of the area 
shown in (a) and (c) respectively. 

atmosphere around the dislocations in the cell wall are clearly displayed as 
dark regions, while the zone denuded of non-radiative recombination center is 
bright and defines the cell wall. No evidence of growth striations could be 
found in this sample. 

High resolution scanning PL of Si-doped material is illustrated in Fig. 4, 
and compared with photo-etching of the same region. The region shown is a 
slip band occurring near the edge of a crystal and is observed in a (100) slab 
cut parallel to and through the growth axis. Photomicrographs of the 
photo-etched area are shown in (a) and (c), while (b) and (d) show high 
resolution scanning PL images. Note that two types of dislocations are 
present; one type is Characterized by a large, diffuse dark "region surrounding 
the core, while the other type appears having only the small, sharply defined 
Cottrell atmosphere of the core region. The former have probably served as 



Fig. 5. Dopant striations re
vealed in faceted area of a 
GaAs:Si (scanning photolumi
nescence image). 

(a) 

lbl 
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active sinks' at temperatures sufficient to 
allow observable diffusion to occur, and have 
depleted a large surrounding region of 
radiative recombination centers, thus 
rendering it much less luminescent. In the 
photoetched case this region appears as a 
broad, less etched region. 

As in the case for undoped GaAs, no growth 
striations could be observed by PL in the 
5i-doped GaAs material. This, however, 
reflects only an insufficient variation in 
dopant concentration -- as noted above, growth 
itriations appear clearly with photoetching. 
Dopant concentration variations, sufficient to 
observe with scanning PL, do appear in highly 
faceted areas, as shown in Fig. 5. This 
image was recorded from near the shoulder 
regi on at the crystal peri phery where (111) 
faceting predominates. 

Fig. 6 shows a very interesting doping 
effect. The sample is a wafer from a GaAs 
boule doped with [Ge] at 3xlO17 cm-3 

grown by the low-pressure LEC method. The 
free carrier concentrat ion, measured by the 
van der Pauw technique, is 5xl016 cm-3, 
n-type, with a mobility of 82 cm2 V-I 
sec-I. Germanium is a highly amphoteric 
dopant in GaAs, distributing itself nearly 
equally between arsenic and gallium sites. 
In the presence of dislocations, the relative 
site concentration of Ge may be changed and 
might be responsible for the bright and dark 
regions observed on the PL images shown in 
Fig. 6( a). This relative charge 
concentration effect is reflected in the 
photoetched sample as well (Fig. 6(b)) , 
consistent with the etching behavior 
described above. 

Fig. 6. GaAs:Ge: (a) high resolution photoluminescence micrograph; (b) 
photomicrograph after photoetching of an area adjacent to the one shown in (a). 
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X-RAY TOPOGRAPHY 
Conventional X-ray Lang topography is widely used as a nondestructive means 

for structural characterization of whole wafers of GaAs even though the wafers 
prepared for subsequent processing, up to 760 11m thick for a 3" wafer cannot 
always be used as ,is. Transmission topographs typically require thin samples 
(= 350 11m). Reflection topographs are taken from thicker wafers, 3 to 4 mm 

being optimal to insure stress-free mounting. 
We used a synchrotron radiation source which provides an intense beam that 

can be highly coll imated and exhibits narrow wavelength spread. It is most 
suited for revealing lattice strain or sub-grain misorientation. In addition, 
the (420) weak reflection was chosen to obtain very narrow rocking curves that 
enhance the strain sensitivity. Of further interest is the fact that the 
amplitude of a weak reflection may be affected by stoichiometric variations 
and this property could eventually be exploited for further detailed crystal 
characterization (17). 

Dopant striations induce lattice parameter variations whicn are imaged in 
X-ray diffraction through shifts on the rocking curve position. Striations in 
indium and silicon doped GaAs crystals have been imaged as strong periodic 
contrast using both a conventional 'rotating anode X-ray source (18) and 
monochromatic synchrotron radiation source. For these doped samples X-ray 
topography and photo-etching provide two equivalent imaging techniques in 
regard to the dopant striations. 

(8) (b) 

Fig. 7. Undoped semi-insulating GaAs (same sample 
as the one shown in 2(c) and 3: (a) composite photo
micrograph after photoetching; (b) (420) reflection 
topograph of the same area as shown in (a). The two 
images are slightly tilted one from the other. 

Figure 7(b) Shows a 
(420) reflection 
topograph taken at 10 

the corres
photoetched 

keV. and 
ponding 
image (Fig. 7(a» 
obtained under illumi
nation of the undoped 
sample of Fig. 2(c). 
The striations that 
appeared duri ng etch i ng 
under illumination are 
not seen on the 
topograph indicating 
that there is no sig
nificant' lattice 
strain associated with 
these striations. The 
lattice parameter 

I 

'" 

I 
" 
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variation (.sa/a) detectable with our experi~ntal set-up was about 6.10-5 

which corresponded to stoichiometric variation of about 5x10-5• Therefore, 

it is believed that these striations are not due to fluctuations of 

concentrat ions of res i dua 1 impurit ies. As ment i oned in the previ ous sect i on, 

these striation~ did not produce luminescence contrast. Hall measurements of 

the sample in striated areas show a resistivity of 9.5x1Q5 ncm, a mobility 

of 2180 cm2 V-I sec-I, and a net carrier concentration of 3x109 

cm-3• Comparing these data to the data obtained by Holmes et al. (19) we 

find that this sample has a ratio of Ga to As for which minor fluctuations of 

stoichiometry could give rise to large fluctuations of resistivity including 

local pin transitions. These fluctuations of stoichiometry are evaluated to 

be of no more than 2.5xlO-5 (20) and cannot be imaged by X-ray topography. 

Nakajima et al. (21) have imaged striations by AS etch and (400) reflection 

topograph. In view of our results and calculations these striations were 

probably due to residual impurities. It appears that for the first time we 

have revealed by photoetching true non-stoichiometry related striations in a 

GaAs sample. 

IDENTIFICATION OF PRECIPITATES: PHOTOETCHING AND TRANSMISSION ELECTRON 

MICROSCOPY 

Observation of the photoetched surfaces at high magnification reveals the 

presence of small ell iptical features, generally located on the dislocation 

lines (Fig. 8). These features appear similar to those observed by others 

after AS etching (22), attributed to preferential etching of small As 

Fig. 8. Precipitates on dislocations are revealed by photoetching. The 
orientation of the long axis is along <110> independent of the orientation of 
the dislocation trace. 



Fig. 9. A faceted precipitate 
trace in undoped GaAs revealed 
photoetching. 

- 10 -

precipitates. Also observed at higher 
magnification was a very low density of 
rectangular well-defined and sometimes 
faceted features (Fi g. 9). In order to 
identify both features we conducted an 
extensive survey of undoped and In-doped 
wafers. For this survey the precipitates 
were i dent ifi ed using transmi ss i on electron 
microscopy and its associated techniques, 
EDXS and EELS. TEM allowed us to image and 
characterize individual defects on a very 
fine scale (0.15-0.3 nm) providing back-
ground information on the identity of the 
studied defects. Fig. 10 shows a precipi

tate about 70 nm in size. The density of these preCipitates is about 108 

cm-3 and corresponds to the density of the elliptical features. It was 
confirmed by analysis of the diffraction pattern and of the EDX spectrum that 

."22.""CU.----

.~""l 
I 

3""". 
•• 1, .. 

". 

25""1
11 
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::::lutCoLJCo/! 1\ I 
"."j : Ii AI I I I' . 

" -~- - -. e 1.1 -11':-2 --:,":'". --:2,.,J0W
\I 

Fig. 10. Hexagonal As precipitate: 
TEM image, diffraction pattern and 
EDX spectrum. 

Fig. 11. As-rich precipitate: TEM Image, 
diffraction pattern and EDX spectrum. 

v 
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these precipitates are hexagonal As. A more detailed analysis of the 

diffraction pattern provided the orientation relationship between matrix and 

precipitate, namely (HO)AS II (llO)GaAS and (445)As II (OOl)GaAs' The 
anisotropy of the etched feature (Fig. 8) is such that the long axis of the 

ell ipse is always· oriented along a <110> direction with respect to the first 

relationship. It indicates that the (110) As plane parallel to GaAs <110> 

planes is more resistant to the etchant. 

Fig. 11 shows a second type of much less abundant precipitates. Detailed 

analysis of these precipitates was previously published (23). In summary, the 

EDX spectrum shows that these precipitates are As-rich and do not contain any 

other major elements with Z>10. EELS analysis indicates that no light 

elements are present either. No further identification could be made. It is 

suggested that these precipitates are either an unknown isomorph of elemental 

As or an ordered phase of Ga and As which is As-rich. It is suspected that 

these prec i pitates mi ght be respons i b 1 e for the rectangu 1 ar faceted features 

observed on the photo-etched wafers (Fig. 9), although no direct proof could 

be obtained. 

CONCLUSION 

Photoetch i ng, photo 1 umi nescence mi croscopy and X-ray topography have been 

used to image dislocations, striations and precipitates in doped and undoped 

GaAs. In addition, transmission electron microscopy was used for detailed 

investigation of the precipitates revealed by photoetching. A brief 

classification of the techniques is presented in Table II. It was found that 

photo 1 umi nescence microscopy and photoetchi ng provi de simi 1 ar informat i on 

on the structural and. electronic perfection of the wafers. A detailed 

theoret i ca 1 exp 1 anat ion of the mechani sms involved in enhanc i ng the contrast 

in the two techniques w;ll be presented elsewhere. Fluctuations of the hole 

concentration or minority carrier concentration are believed to be responsible 

for the observed behavior. Photo 1 umi nescence mi croscopy presents the uni que 

advantages that it is anon-destructive technique, camp 1 ete scanning of the 

wafers can be achieved in a short time, and there are no thickness 

requirements. The technique has the potential to be used on-line for quality 

control. Photo~tching, even though destructive for the surface of the wafer, 

is to be preferred if evaluation of density of precipitates and visualization 

of weak striations is necessary. Consistent identification of precipitates by 

photoetching requires initial TEM observation. After photoetching, the wafers 

could be repol ished for subsequent processing. X-ray topography is a very 

powerful technique for structural characterization, especially if a 

synchrotron radiation source is available. In addition to monochromatic 
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TABLE II 

Summary of the features revealed by photoetching, photoluminescence microscopy 
and X-ray topography (** indicates the best technique). 

Uis10cations Striations Precipitates Electronic in- Non-
homogeneities destruction 

Photo-
etching * ** ** ** * 

Photo-
1umines- * * not revealed ** ** 
cence 

XRT - * not revealed not revealed ** 

topography presented here, white beam topography provide a uni que means for 
rapid characterization of dislocations (Burgers vector analysis). The 
technique, however, presents major disavantages for systematic use in 
production, namely, long exposure time with conventional rotating anode 
generators and limited access to synchrotron facilities. 

This work was supported by the Director, Office of Energy Research, Office 
of Basic Energy Sciences, Materials Science Division of the U.S. Department of 
Energy under Contract DE-AC03-76SF00098. 
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