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Influence of CH 4/H, reactive ion etching on the deep levels of Si-doped
Al,Ga;_,As (x=0.25)*
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M. Van Hove, M. de Potter, and M. Van Rossum
IMEC vzw, Kapeldreef 75, B-3001 Leuven, Belgium

(Received 7 December 1995; accepted 29 March 1996

We study the passivation and recovery of shallow and deep levels in Si-doped AlGaAs exposed to
CH,/H, and H, reactive ion etchingRIE). The carrier concentration depth profile is determined by
capacitance—voltage measurements. The activation energy to recover the silicon donors is found to
be 1.1 eV for samples exposed to £H, RIE and 1.3 eV for samples exposed toRIE. We study

the behavior oD X centers in Si-doped AlGaAs layers after RIE exposure and subsequent thermal
annealing by using deep level transient spectroscopy. FQfHGHRIE a new emission is detected

at the high temperature side. We identify this emission a®i8 center, which is assigned tdaX

center with three aluminum atoms surrounding the Si donor. Db{senter is only detected on the
samples exposed to GHH, RIE. We explain the formation of this deep level to the highly selective
removal of Ga atoms in favor of Al atoms. Consequently Al-rich regions are created near the
surface. ©1996 American Vacuum Society.

[. INTRODUCTION around 2.1 eV for each of the different dopant specigis
Ge, Sn, S, Se, and Jebut varied as the strength of an iso-

The incorporation of atomic hydrogen can cause signifijated hydrogen-donor species bond. Their results were ob-
cant changes in the electrical properties of IlI-V compoundained from Hall measurements on samples annealed at dif-
semiconductors. The passivation of shallow and deep levelgrent temperatures. The activation energy for recovery of
results from the formation of complex radicals between hythe donor electrical activity obeys the first-order kinetics as-
drogen and donors or acceptors, as well as the annihilation guming only the dissociation of hydrogen-donor complexes.
dangling bonds and defects by hydrogénPearton and Cho and co-workef& have shown that the dissociation of the
co-workers have studied the effect of plasma hydrogenationhydrogen—silicon donor complexes can be enhanced by the
on different shallow levels in GaAs and AlGaAs. They ob- presence of an electric field and in this case the donor reac-
served that Si, Ge, Sr, S, Se, and Te are passivated by hydrgvation can be obtained at lower temperatures. Zufidels
gen. The depth of passivation is determined by the hydrogeshown that conventional annealing experiments in the ab-
diffusion, which is inversely proportional to the dopant con-sence of an electric field tend to overestimate the thermal
centration. They observed that the shallow acceptors Be, Mgstability of dopant-H pairs because of the presence of signifi-
Zn, and Cd in GaAs are not affected by hydrogenation, withcant reassociation of these charged species. Roos and
the exception of Si acceptors in AlGaAs, which showed aco-workers® have studied the thermal dissociation of Si—H
strong passivation. The formation of Si—H bonds correlatedomplexes under high electric field. They have measured a
with the neutralization of the shallow levels has been identidissociation energy 0f1.2x0.1) eV and a dissociation at-
fied by infrared absorption spectroscopy in hydrogenated Siempt frequency of 6.810° s 1. Also they suggested that
doped GaAs, for bottp andn type®® Detailed theoretical hydrogen can diffuse in-type GaAs as a negatively charged
calculations have been carried out by PaYésifudying the species H. The same procedure was repeated by Pearton
presence of hydrogen in undoped and doped GaAs, based and co-workers' and they obtained similar results. Modeling
first-principles calculations in the local density approxima-the hydrogen diffusion in GaAs, Morrdwshowed that the
tion within a supercell approach. He found that the stablalissociation energy of hydrogen-shallow defect complexes
configuration for the H-donor complex in GaAs is an anti- decreases from 2.1 eV to zero with increasing hydrogen con-
bonding donor site, and for the H-acceptor complex is a siteentration or defect concentration. From this result, one
along the bond near the bond center. In both cases, lattiogsould expect that the recovery activation energy is depen-
relaxation is necessary to obtain the passivation of the impudent on the plasma conditions, exposure time, and reactor
rities. Different charge states of hydrogen in GaAs have beedesign?>16-19
identified® 1% having either acceptor or donor deep level The effect of hydrogen plasma exposure on deep levels
characteristics, which depend on the dominant shallow levepresent in GaAs and AlGaAs has also been studied by deep

Initially, Pearton and co-worketshowed that the activa- level transient spectroscopy (DLTS).2°"2?2  Dautre-
tion energy for recovery of the donor electrical activity was mont-Smitf° observed that, for GaAs after plasma exposure,

donors and deep levels were passivated. The donors were

*Published without author corrections. recovered after annealing at 400 °C, while deep levels were
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still passivated for temperatures below 600 °C. Essentialljjayer was grown. Before RIE exposure the diode areas are
this effect comes from the fact that the deep levels in GaAslefined by photolithography and AuGe:Ni/Au is used as the
are related to crystal imperfections or residual impuritiesohmic contact. The samples are exposed tQ/@KRIE con-
originating from the growth conditiorS. In the case of ditions defined as follows: 15% GHn H,, a dc self-bias of
Al-GaAs, the nature of the deep level is directly related to—310 V, a pressure of 36 mTorr, and a total gas flow of 75
the donor atom itseff*~2° This effect causes a strong lattice sccm. All the plasma exposures are carried out at room tem-
relaxation accompanied by bond breaking of the donor atonperature. The samples are etched for 5 min in order to re-
This deep level is the so-calledX center. The structural move the undoped GaAs cap layer. Thermal treatments are
rearrangement induced by the formation of & center done between 250 and 550 °C using a halogen lamp rapid
will also be dependent on the configuration of the neighborthermal annealing system in a forming gas ambig6#s N,,
ing atoms around the silicon donor transformed in the dee0% H,). For comparison, HRIE has been done using the
level. Different local configurations of gallium and alumi- same power density. In this case a lower dc self-bta60
num atoms around the silicon donor will form different deepV) is measured during the RIE process. BeforeRHE ex-
levels. For an aluminum concentration lower than 22% theposure, the samples are etched in a solution of
DX center level is situated in the conduction band. ForH,SO,;H,0,;H,0 (1;8;1000 with a calibrated etch rate of
higher aluminum concentration, tH2X center has a stable 400 A/min to remove the undoped GaAs cap layer. This
position in the band gap. procedure is also used for the preparation of the nonplasma

The passivation of th®X centers is believed to proceed exposed reference sampleS—V measurements are per-
via the formation ofDX—H complexeg’ It has been found formed using a 4275 Hewlett—Packard LCR analyzer. The
that the stable position of hydrogen is the antibonding posidimensions of our diodes are measured to be®0)um? by
tion of the silicon atom in th® X center, independent of the scanning electron microscopy.
surrounding aluminum. This process is in fact similar to the The kinetics ofDX centers passivation and recovery in
passivation of silicon donors. Nabity and co-workémmea-  Si-doped A} ,Ga, -As exposed to CiH, and H, RIE sub-
sured 2.0 eV as the activation energy for the recovery of thenitted to different annealing temperatures are studied by
DX centers, which is comparable to the activation energy oDLTS. Capacitance DLTS has been performed in a DMC
the silicon donorg2.1 eV). DLS-82E system by using a rate window of 100 Hz, pulse

The effect of reactive ion etchin@RIE) on GaAs and width of 500 us, reverse bias of-1 V, and forward bias of
AlGaAs in mixtures of hydrocarbon€CH, and GHg) and 0.5 V. The measurements are carried out between 77 and 293
hydrogen has been shown to behave as a hydrogenatidfy with the samples mounted on TO 5 holders. The tempera-
process®-1828-34Thijs is due to the relatively low hydrocar- ture is measured by a thermocouple beside the sample
bon concentratior{15%—25% normally used, making hy- holder. The warm up rate is around 1 K/min. The thermal
drogen the predominant specimen in the plasma. The dona@rctivation energies and the capture cross section are obtained
reactivation can be obtained after annealing temperaturdsy taking the temperature of the maximum emission at dif-
around 400 °CG8-1828303n it follows the same kinetics as ferent frequencies. For these measurements, the frequencies
observed for hydrogenation. It is important to mention that toare 100, 250, 500, and 1000 Hz. The deep |geeltrap
our knowledge, deep levels introduced by methyl radicals irconcentratiorNt, is estimated by
the plasma have not been identified before.

In this article we study the passivation and recovery of
shallow and deep levels in Si-doped AlGaAs exposed to Ny=2(Np— NA)— 1)
CH4/H, RIE. In Sec. lll A we discuss the recovery kinetics
of Si donors in AlGaAs layers. In Sec. Il B we study the
behavior ofDX centers in Si-doped AlGaAs layers after RIE
exposure and subsequent thermal annealing by using de
level transient spectroscopDLTS). We compare ChH,
RIE with H, RIE in order to extract the effect of the addition
of CH, in the gas mixture.

In Sec. IV we summarize the conclusions.

whereAC is measured from the peak heig@y is the initial

pacitance of the diode under reverse bias, getN, is
the free carrier concentration obtained from eV mea-
surements. This equation is the well-known Lang’s formula.
It is valid only for Nt<<Np—N,.

Il. EXPERIMENT Ill. RESULTS AND DISCUSSIONS

The passivation and recovery of Si-doped AlGa25%
Al) exposed to CHH, and H, RIE are studied by deducing
the carrier concentration from capacitance—volt&Ge-V) It is well accepted that the passivation of the Si donor in
measurements on metal—-AlGaAs Schottky diodes. Th&aAs is due to the formation of silicon—hydrogen
AlGaAs layers were grown on a semi-insulating GaAs sub-bonds?®’11:283%nyolving the electron which was donated
strate by molecular beam epitaxiyIBE). A sequence of a to the conduction band. The electrical reactivation of the
1-um-thick undoped AlGaAs buffer layer, followed by 2000 silicon donors can be obtained after thermal treatments at
A Si-doped AlGaAs layer, and a 200 A undoped GaAs captemperatures higher than 400 °C. The kinetic mechanism of

A. Recovery kinetics of Si donors in Al ,5Gag 75AS
after CH ,/H, and H, RIE

J. Vac. Sci. Technol. B, Vol. 14, No. 3, May/Jun 1996
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Fic. 1. Carrier concentration depth profile obtained®yV measurements

: ) Fic. 2. Fraction of recovered carrier concentratifwy/N,) of Si-doped
as a function of annealing temperature after,EH RIE. ! /No) P

AlGaAs exposed to CjiH, RIE as a function of annealing temperature. The
dots are the experimental data and the line is the model fitRed. 395. The
activation energy(Ey) and the dissociation attempt frequendy) are 1.0
+0.1 eV and 1.1810° s %, respectively.

this process is based on the dissociation of the silicon—

hydrogen bond, which follows the first-order kinetics as pro-

posed by Chevallief® ing temperature, we estimated the activation energy for re-

Ng Eq covery of the silicon QOnoirs, based on the first—ordgr_kinetics
N~ 1—exp{ —tfy exp( - k_T) } (2) proposed by Chevalli€?. Figures 2 and 3 show the fitting of

0 this model to our experimental data for the samples exposed
where N4/N, is the fraction of recovered donors,is the  to CH,/H, and H, RIE, respectively. The activation energies
annealing timg(s), f is the frequency of Si—H bond disso- and dissociation frequencies were found to(b®+0.1) eV
ciation attemptss ), T is the annealing temperatut&),  and 1.2<10° s™* for CH,/H, and(1.3+0.1) eV and 1.0x10’
and E4 is the dissociation energyeV). Pearton and s ! for H, RIE. These values are comparable to those ob-
co-workers have studied the neutralization properties of hy-tained by the other authdrs* using biased diodes. In our
drogen as a function of the donor species in GaAs andase we have not applied any electric field but our samples
AlGaAs. They found that the passivation mechanism wasvere annealed with Schottky metal on top. We believe that
associated with the bond strength of the donor species tthe electric field created by the metal-semiconductor junc-
hydrogen, and that the dissociation energies were dependent
on the donor element. In their experiments, the samples were
exposed to the kplasma for a long timé€30 min) at a high
temperatureg(250 °Q. The electrical reactivation of silicon
donors in GaAs exposed to GHi, RIE has also been stud- 1.0-
ied by Collo£® and Camerori® Collot's experimental results
were in agreement with a dissociation energy between 1.
and 1.8 eV and a dissociation attempt frequency df 0.
On the other hand, Cameron has not found good agreemerg§ 4 g

0.8

ed l:a?“iers

between his experimental data and the fitting parametersg
(dissociation frequency and enejgys obtained by Cheval- &

AlGaAs:Si 25% Al
H, RIE

f,= 1.0x10's"

. . 0.4 -1
lier and co-workers® His results show the same error as E - 1.3:0.1 eV
. . . . . -
observed for the calculations of the dissociation energies ofg
donors—H inn-type GaAs. In fact, the reassociation of ¢ 0.2~ 7
donor—H complexes has never been considered in the calcu-
. . o 1
lations mentioned above. oo e 50 o0 P

We have studied the carrier depth profile in Si-doped
AlGaAs layers as a function of annealing temperature after
CH,/H, and H, RIE exposures. Figure 1 shows the carrier

Temperature (°C)

profile obtained byC—V measurements for the samples ex-Fec. 3. Fraction of recovered carrier concentratifw,/N,) of Si-doped

: _AlGaAs exposed to KHRIE as a function of annealing temperature. The dots
posed to Cl#H, RIE. It can be seen that the carrier concen re the experimental data and the line is the model fittRgf. 395. The

tration increases with annealing temperature. Using the deptf.yation energy(E,) and the dissociation attempt frequendy) are 1.3

averaged values for the carrier concentration for each anneat-0.1 eV and 1.&10’ s, respectively.
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Fic. 4. DLTS spectrum of Si-doped AlGaAs saml,=7x10" cm3).

The deconvoluted peaks are obtained by fitting to Gaussian curves. Fic. 5. Arrhenius plot oD X1 andDX2 emissions. The thermal activation

energies and the capture cross sections are 0.39 eV ard .2 cm 2 for
DX1, and 0.42 eV and 4410 ** cm™2 for DX2.

tion can influence the kinetics of Si—H complex dissociation.

Morrow!® has shown that the activation energy for hydrogen

diffusion in Si-doped GaAs and the dissociation energies of

hydrogen-defect complexes are dependent on the concentrigith the same aluminum concentration. They attributed the

tion of hydrogen. Also, hydrogen has been found to diffusefirst emissionDX1, to theDX center having one aluminum

deep into GaAs when plasma exposure is done at high tenatom neighboring the silicon donor involved in the formation

perature and at long times. Our results show thaRHE has  of the deep level, and the oth&X2, two aluminum atoms.

a higher activation energy and dissociation attempt freThe thermal activation energies and capture cross sections of

quency than ClH, RIE. This could be due to the fact that these deep levels are obtained from an Arrhenius plot of

hydrogen diffuses deeper for,idompared to ChiH, RIE. In(e,/T?) against KT (Fig. 5, wheree,, is the emission rate,
The dissociation frequencies obtained from our datar is the temperature corresponding to the maximum deep

(10°-10" s™%) are comparable with the values obtained bylevel emission, and is the Boltzmann constant. The values

Roos® but orders of magnitude lower than the valuesof thermal activation energies and capture cross sections are

(10"-10"* s™1) obtained by Peartolf. This behavior sug- 0.39 eV and 5.X10% cm 2 for DX1, and 0.42 eV and
gests that the donor recovery and hydrogen outdiffusion in4.1x 10" cm™2 for DX2.

volve a more complicated procé&s’ than the dissociation
and recombination of Si—H complexes. The existence of a
multistep reaction sequence can significantly alter the ther-
modynamic process. In our case, this could be explained by
the dissociation of $i—H complexes and the formation of
hydrogen molecules. The combination of these reactions can
explain the effective activation energy and dissociation at-
tempt frequency observed our experiments.

B. Donor deep level ( DX center) behavior after
CH,4/H, and H, RIE exposure and subsequent thermal
annealing

AlGaAs:Si 25% Al
H, RIE

Intensity [a.u]

1. DLTS spectra and activation energies: Reference
samples

Figure 4 shows a typical DLTS spectrum for Si-doped 6L
Al ,:Ga 7sAs reference samples. This spectrum shows a ] |
broad and asymmetric emission, where we can clearly re- 100 150 200 250 300
solve two different emission peaks centered at 200 and 220
K. The spectral deconvolution is done by considering a
Gaussu'_;m _approxmatlon for the d_eep level em|55|or_1. Thes iG. 6. The annealing temperature dependenc® ¥f center emission in
two emissions are in agresgment with the results published by;.goped AlGaas samples exposed toRIE. The annealing temperature is
Mooney and co-worker82° for the deep levels in AlGaAs varied from 380 to 530 °C.

Temperature [K]
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Fic. 7. The annealing temperature dependence obtké andD X2 center 2
concentration of Si-doped AlGaAs exposed toRIE. The solid line is the E
model fitting (Ref. 35. ~ o8 .
a
=
) £ o6 DX2 Center .
2. Annealing temperature dependence of DX centers 2 f,= 1.7x10"'s”
in Si-doped AlGaAs exposed to H , RIE 2 o4 E, = 1.820.1 eV ]
Figure 6 shows the temperature dependendeXfcenter E
emission in Si-doped AlGaAs exposed to, RIE. For 2 ool i
samples annealed at temperatures lower than 380 °C, the 8
emission was below the detection limit. The DLTS emission | .

intensities increase with increasing annealing temperature 0';50 400 4150 500 550
and complete recovery is reached for temperatures high
than 470 °C. In the temperature range where@h€ center
emission can be detected two emissions are resolved, similar

to th f le. THeX t trati Fic. 8. (a) and(b) Fraction of recovere® X1 (a) andDX2 (b) centers from
0 Ihe reference sample. center concentrations are gaag exposed to KHRIE. The dots are the experimental data and the lines

estimated by using Lang’s formul&q. (1)]. are the fitting with the model proposed by Chevalligef. 35.
Figure 7 shows the annealing temperature dependence of

the DX1 andD X2 concentrations. From these data, we cal-

culate the activation energies to recover th& centers

based on the first-order approximatideg. (2)]. Figures 8a)

and 8b) show the fitting between the experimental and theo-

retical data foD X1 andD X2 centers. The activation energy

Temperature [°C]

to recover theD X centers and the dissociation attempt fre-
quency ofDX—H complexes aré€2.0+0.1) eV and 4.% 10" o BN IR
s 1 for DX1, and(1.8+0.1) eV and 1.X10" s * for DX2.
Our results of activation energies are quite comparable to the I
values obtained by Nab§ (2.1 eV). However, the dissocia- 3
tion attempt frequencies @X—H for bothDX centers, are =
lower than their value$1x10** s%). This discrepancy can Z ~  alesas:si 253 a1
be caused by differences in the hydrogenation process an§l CHJ/H, RIE o ;
also by the scattering of their experimental data. £ -6 00 AR 1
408
3. Annealing temperature dependence of DX centers -8 7
in Si-doped AlGaAs exposed to CH ,/H, RIE 425
Figure 9 shows the temperature dependendeXfcenter -i1o .:,o .,'r,o 2.',0 2ir.o 300

emission in Si-doped AlGaAs exposed to ZH, RIE. The
evolution of the emission recovery is quite comparable to the
samples exposed t0RIE. The DX center remains fu”y 1G. 9. The dependence of tH2X center emission on the annealing tem-

passivated for anne_aling temperatures lower th_a_n 350 °Goerature in Si-doped AlGaAs exposed to fH RIE. The annealing tem-
Complete recovery is reached at 450 °C. In addition to theerature is varied from 350 to 450 °C.

Temperature [K]
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On the other hand, we still observe a large difference
between our values obtained for the&X centers and the shal-
low levels independent of the hydrogenation prodgssor
- CHy/H, RIE). Since the formation of Si—H complexes in-
volves the capture of one electron from the silicon donor, the

; 4 i two electrons captured in thBX center will increase the
> AlGaAS:SI 25% Al probability to keep silicon bound to hydrogen. Also, the re-
= CH/H, RIE At i i
g T, = 450°C activation of silicon donors can be better explained by a mul-
o T tistep reaction process which can involve the formation of
hydrogen molecules or its capture by the deep levels.
_B_ -—
“10 I i ! ! IV. CONCLUSIONS
100 150 200 250

In this article we studied the passivation and recovery of
shallow and deep levels in Si-doped,AlGa, ;5AS exposed
Fic. 10. DLTS spectrum of Si-doped AlGaAs exposed o, RIE and to CH,/H, and H, RIE. We evaluated the recovery kinetics of

annealed at 450 °C. The deconvoluted peaks are obtained by fitting t& dONOIS in AJJ._szQ)JHAS after CH/H, RIE and supsequent
Gaussian curves. The thermal activation energy ofDi8 center is 0.47  thermal annealing b€ —V measurements. The activation en-

eV and the capture cross section isX10** cm™?. ergies to recover the Si donors were found to be 1.1 and 1.3
eV for CH,/H, and H, RIE, respectively. We assume that the
difference is related to the differences in the hydrogenation

two emissions observed for the reference sames]l and  process. The dissociation attempt frequencies were found to

DX2, a third emission is observed as a shoulder at the highe 1.2<10° and 1.0<10" s~ for CH,/H, and H, RIE, respec-

temperature side. Figure 10 shows the DLTS emission spetively. These values are much lower than the expected values

trum of the samples annealed at 450 °C after deconvolution(10*-10"* s™1) for a thermal dissociation process. This be-

The thermal activation energy of this emission is estimatedhavior suggests that the donor recovery and hydrogen outdif-

by the Arrhenius plot as 0.47 eV with a capture cross sectiofusion involve a more complicated process than a simple

of 1.2x10™* cn?. The thermal activation energy of this new dissociation. This could be explained by considering the re-
emission is equal to thBXD emission observed by BaB3, association of Si—H complexes and the formation gfbl-
which he associated to tH2X center where the local envi- ecules during hydrogen outdiffusion.

ronment surrounding the silicon donor is mainly composed We evaluated the recovery kinetics DX centers in Si-

of aluminum atoms. We believe that this emission is associdoped A} ,sGa, ;sAs exposed to K and CH/H, RIE and

ated to theD X center where the silicon donor is surroundedsubsequent thermal annealing by DLTS. For theRiE ex-

by three aluminum atoms as proposed by Morgan’s m&ldel. posed samples two emissions were observed which were at-

The position of this emission is close to the position of thetributed to DX1 and DX2 centers. These peaks were re-

shoulders observed by Mooney and co-workérS.For this  solved by considering a Gaussian approach. We considered

reason, this emission is labeled BX3. the multilevel structure oDX centers extracted from the
As morgan’s modéf states that this emission can be de-deconvoluted spectra, usually not taken into account by other
tected only for high aluminum concentration, and this emis-authors. We determined the thermal activation energies as
sion is not observed for the reference samples and sampl€s39 and 0.42 eV for th&® X1 and DX2 centers, respec-
exposed to HRIE, the presence of this emission can only betively. The activation energies to recover thd3¥ centers
related to the damage induced by the /4 RIE process. were found to be 1.9 and 1.8 eV for th&X1 and DX2
This can be explained by the more effective removal of thecenters. The dissociation attempt frequencies were found to
gallium compared to the aluminum atoms during RIE. This isbe 4.9<10'? and 1.7 10" s™! for DX1 andDX2 centers,
supported by the fact that the etch rate is strongly decreasedspectively. These are low compared to the expected values.
with increasing aluminum concentration. The presence oODnce more we believe that this feature is related to the hy-
aluminum-rich regions near the surface giving rise to thedrogenation process and different kinetics to recoveDtie
formation of thesdD X centers can be expected. centers. Thé X centers were completely recovered after an-
We evaluated the annealing temperature dependence néaling at 450 °C. For the GHH, RIE exposed samples, we
the density of the three differe@X centers:DX1, DX2, observed the presence of a new deep level at the high tem-
and DX3. The activation energy to recover the DX centersperature side with thermal activation energy of 0.47 eV. We
and dissociation attempt frequencies of ih¥—H bond are  attributed this deep level to tH2X3 center. The atomic con-

(1.940.1) eV and 2.%10'? s ! for DX1, (1.8+0.1) eV and figuration of thisDX center is formed by three Al atoms

3.5x10" s for DX2, and(1.9+0.1) eV and 3.%x10'2s™  surrounding the Si donor. The probability to observe B

for DX3. The activation energies and dissociation attemptenter is very low considering the Al concentration of our

frequencies obtained fddX1 andDX2 are comparable to sampleg25%). The formation of thi X center is due to the

the values obtained for the samples exposed t&RHE. high selectivity of the RIE in the removal of Ga atoms com-

Temperature [K]
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pared to Al atoms. Consequently Al-rich regions will be cre-

ated near the surface. This is the first time that such an effec

is observed.
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