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Several series of Te-doped GgAgP, layers grown by liquid phase epitaxy and vapor phase epitaxy are
analyzed by deep-level transient spectroscpiTS), photoluminescence, and thermally stimulated capaci-
tance techniques. In addition to thell-establishedle-DX center(trap A), DLTS spectra reveal two distinct
peaks labeledB and C in the literature. These two traps, of unknown origin so far, but shovidXglike
fingerprints, are actually donor-relat€X centers generated by Si and S residual contamination. This finding,
supported by results in Si- and S-implanted samples, clarifies a long standing question about the origin of these
traps and their suggested relation to local environment effects. For the first time, to our knowledge, fingerprints
(thermal and optical barrier®f the Si-relatedDX centers in GaAs ,P, have been established. A warning is
given about the high risk of experimental data misinterpretation in cases where residual contamination is
present. Aclear and strong statement about thexistence of Te-DX centers ®BaAs, _,P, alloys has to be
made against recent published works, to avoid more confusion in the future.

I. INTRODUCTION moving atom may be either Ga or Al. They also suggest the
existence of up to four groups of levels in Te-doped
Most of the early research omtype GaAs_,P, alloys  GaAs_,P,,'2 since the ionic barrier for the emission process
focused on S- and Te-doped material, grown either by liquids now formed by As and P atoms. Then, unlike the case of
phase epitaxy(LPE) or vapor phase epitax¢VPE). Early = Si-doped A}Ga _,As, DLTS spectra in Te-doped
studies onDX centers in GaAs ,P, related these traps to GaAs _,P, might reveal quitedifferent emission energies
extended defects and dislocatidrfsS-DX centers, character- from various local configurations. Then the presence of traps
ized by Crafordet al2 and Craven and Finhhave thermal A, B, and C, observed by DLTS in Te-doped GaAsP,,
emission and capture barriers of 0.35 and 0.15 eVgould be taken as evidence of these local environment ef-
respectively Te-DX centers have thermal emission and cap-fects.
ture barriers of 0.17 and 0.06 g¥%apA).>~8 Two more traps On the other hand, the model that describes electron emis-
have been detected very frequently in this material, dependsion from DX centers through a two-step procdsggative
ing on the sample and/or epitaxial reactor, with thermalU) has never beewlirectly corroborated by DLTS or any
emission energies of 0.2#apC) and 0.38 eMtrapB). Both  other technique, to our knowledge, and there is a controversy
electron traps have typicaDX-center fingerprints;® and  about the interpretation of recent experimental data formerly
trap C was suggested to be a secdd¥ center related to Te taken as evidence of a two-photoionization pro¢éssThe
donors because of its concentration scaling to that of trapack of reliable information on the stability of tHaXx° state
A%7 However, the precise origin of trag® and C remain  and its thermal energy makes it difficult to select DLTS ex-
unclear to date. perimental conditiongtemperature, window ratio, sampling
The effects of the local environment oDX centers, time) to detect it. It is also hard to predict what the signal
shown by the splitting of the emission deep-level transienintensity, expected from this emission, should be. These
spectroscopy(DLTS) signal in Si-doped AlGa,_,As>'® facts, together with the concentration ratio found between
restored the interest dbX centers inn-type GaAs_,P,. trapsA and C in Te-doped GaAs ,P,.>’ may lead us to
Following Chadi’s modet! Si donors in  speculate that these two traps are the signature of a two-step
Al,Ga, _,As generate one group of four split levels becausghermal emission process.
it is the Si atom that moves along tlig11] direction and In this work we demonstrate that the three main electron
senses either Al or Ga atoms as near neighbors. On the otheaps, usually measured by DLTS in Te-doped GaAPB,
hand, Dobaczewskiet al'? propose that Te donors in (labeled as trap#, B, and C), correspond to the emission
Al,Ga, _,As generate two distinct groups of levels, since theprocess fromDX centers generated by the dominant donor
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TABLE |. GaAs,_,P, samples characteristics.

_ % P
Sample  Growth Doping level
No. method Donor (cm™3) Nominal (PL) Remarks

1 LPE Te 9.% 10" 35 (31)

2 LPE Te 4. 106 42 (48)

3 VPE Te 9.% 10 40 (38

4 VPE Te 2.x 10" 40 (41)

5 VPE Te 2.0 106 40 (39

6 VPE Te 8.0k 1047 40 (39 Zn—diffusedp™ —n LED

7 VPE Te 2.x10Y
+ 40 (41) Former No. 4 with Si implantation
Si 5.0x101% 2

8 VPE Te 2.x10Y
+ 40 (41 Former No. 4 withS implantation
S 5.0<10% 2

9 MOVPE Si 1.0< 104 21 (20 Test sample

Total dose(cm™?).

(Te) and totwo other donor speciethat are present in the x10'2cm™2 A rapid thermal annealingRTA) process at
alloy due to contamination during the growth process,875°C during 10-s activated Si and S donors. Another
namely, Si and S. A significant Si contamination has beecaAs P, (21% test layer, doped with Si to 1
found to be very common in gGa ,As layers grown by  x 10" cm2 (sample No. ® was grown by metal-organic
metal-organic vapor phase epitaxWlOVPE);*® however, yvapor phase epitaxfMOVPE).

GaAs _,P, samples studied in this work were grown either

by LPE or standard VPE. These results highlight the above

speculations as clear examples of a dramatic misinterpreta- lll. RESULTS AND DISCUSSION

tion when potential residual contamination is not assessed
and considered.

A. Photoluminescence characterization

PL measurements were first carried out in all samples to

Il EXPERIMENT precisely determine their alloy compositions. Figure 1 shows

GaAs _,P, single layers and homojunction light-emitting —_ — —
diodes(LED's) from various manufacturers, grown either by 35F %P || x5 _ ]
liquid phase epitaxyLPE) or vapor phase epitax{¥PE) on sl X300 Hapeio ]
n-type GaAs substrates, were studied. All compositions were —~ e POWER = 2mW ]
in the range of 35—42 % phosporo@r®omina) and Te dop- T o5t 38% P /3%.,,1 ]
ing levels varied from low 1% to 1x 10'® at/cm 3. Table | SOt A ]
lists the samples characteristics. Schottky barriers were de- & 5, 300 “ ]
posited on GaAs P single layers, whereas LED’s had a > M o ]
ring top ohmic contact. The active areas of these devices g 15 48%P 33):}5»: .
were different and the absolute values of the capacitance @ | e #5 20%P ]
cannot be compared directly. PhotoluminescefRle, con- Z 10} 39% P 8
stant voltage DLTS, thermally stimulated capacitance & | J\u )
(TSCAP), and photocapacitance versus wavelen@@hiw) 5 UL .
measurements were performed. DLTS conditions were the s
same for all measurementsV/;=0.5 V, V,=-0.5V, of |, *E — P L ]
t;=300 ms, and,/t;=4/2 ms. 600 650 700

In order to clarify the origin of trap8 andC, two pieces WAVELENGTH (nm)
of sample No. 4Table |) were implanted with $? and $? at FIG. 1. Photoluminescence and electroluminescence spectra of

150 and 80 KeV, respectively, with a total dose of 5 Te- and Si-doped GaAs,P, samplegsee Table)l
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GaAs _,P, samples in the dark and under light excitatisee text
FIG. 2. DLTS spectra of LPE and VPE Te-doped GaA®; Al spectra were recorded at zero bias. Persistent photocapacitance
sampleg(see Table)l (PPQ effects due to different traps are present. Total capacitance

) values at zero bias and 300(K,) are given.
PL data of some representative Te-doped GaAB,

samples. All VPE layers exhibit similar compositions and .
high PL intensities. LPE ones show broader signals with sig- Elgure 3 shows TSCAP measurements of sample Nos. 1-
5 with and without light. Samples were cooled under forward

nificantly lower intensities, even considering that they areb. :
as of 0.5 V and measured when warming at 0 V. At 20 K
not corrected by the setup response. The actual phosphoryhge light was turned on for 5 min, then svﬁtched off. Light

content of sample No. 2 is about 480kable ) beyond the excitation above 1.35 eV ensured the photoionization of

crossover, which could partially explain the low PL intensity. Te-DX centers(trap A) (Refs. 4 and Yand SPX centerg

However, the broad signals of both LPE samples point to : .
rather poor crystalline quality. PL and electroluminescencgb ersistent photocapacitan@@PQ effects are present, and,

(EL) from sample No. 6, @"-n Zn-diffused LED, reveal depending_on the sample, TSCAP curves in t_he dar_k show
transitions involving the, Zn acceptht. Sample N,o. 9 a steps at different temperatures. The connection points be-

MOVPE-grown layer, shows a PL spectrum with a transitiontwe‘?n curves in the dark and aftgr light excitation a'?’o appear
related to carbon coﬁtaminatiéﬁ at different temperatures. We will see below that this is well

understood if the number and relative concentration of deep
traps present are considered.
A striking result is observed in DLTS spectra of Fig. 2
Figure 2 represents emission DLTS spectra of Te-dopeffom the LPE sampleéNos. 1 and 2 namely that trafB is
sample Nos. 1-6, either single layd&chottky or LED's  clearly dominant over trafA (Te-DX), although Te is the
(p*-n). TeDX centers are always presefitap A) with an ~ main donor. TSCAP data provide a clear explanation. Curve
emission energy of 0.17 eV, and a capture barrier of 0.07 e\ in Fig. 3 (sample No. 1 withiX=0.31) shows no significant
in VPE samples with 40% P nominal. Tr&phas an emis- carrier freeze-out and no decay at temperatures below 75 K.
sion energy of 0.27 eV and a capture barrier of 0.15 eVThis indicates that the TBX center is barely occupied, in
(X=0.38. Both trap fingerprints are in very good agreementagreement with the fact that trafp (Te-DX) becomes reso-
with previous results in similar sampl&sTrap B has an nant for X=0.303° It also agrees with a rather small PPC
emission energy of 0.35 eV and a capture barrier of 0.15 e\éffect. The thermal depth of trap, expressed as the differ-
(X=0.32), in perfect agreement with tr&DX center finger- ence between the emission and capture barriers, is twice as
prints reported by Craven and Fifiit is important to notice  deep as in trag\, which also contributes to its larger DLTS
that trapsB andC show up depending on the specific sample:signal. The TSCAP signal decay, starting at 150 K, is due in
trap B is clearly present in sample Nos. 1, 2, and 3, barelythis case to electron freeze-out in trBp
seen in sample Nos. 5 and 6, and not detectable in sample However, curveb in Fig. 3 (sample No. 2 withX=0.48
No. 4. However, traf is only seen in sample No. 5 and it is first shows a moderate decay at 150 K followed by a strong
possibly masked by traB in sample No. 2. freeze-out below 75 K. These two “critical” temperatures

B. DLTS and TSCAP characterization
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are characteristic of electron freeze-out in trapsand A,
respectively. This behavior is expected when considering that
the maximum thermal depth f@X centers occurs for alloy
compositions close to 45% P. Since Te is the main donor, the
strong carrier freeze-out produces a dramatic increase of the
sample series resistance at temperatures where the DLTS sig-
nal of the TebX shows up. Then the capacitance, as well as
the DLTS amplitude, decrea$®ln addition to this effect, the
possibility that the traf8 concentration is comparable to the
main donor one, in the range of f@&m3, cannot be disre-
garded.

Finally, in all VPE samples, with compositions close to
40%, the dominant DLTS signal is due to tragFig. 2), and
there is always a moderate freeze-out below 78-1g. 3). It
is worth mentioning that, for sample No. 4, there is only the
DLTS signal of TebX centers, as well as only one step de-
cay of the TSCAP signal at 75 Kurved in Fig. 3). On the
other hand, for sample No. 5, there are two DLTS peaks
(trapsA andC) as well as two distinct temperatures at which
the TSCAP signal decreas@sirveein Fig. 3). These results
allow us to determine three “critical” temperatures that de-
fine the electron freeze-out in trapsB, andC in alloys with
similar compositions. These critical temperatures are related
to the capture barrier energies of each trap.

At this point, it should be clarified once again that donors
generate different effective-massliKkEM) states linked to
each conduction-ban@B) minimum, with thermal depths
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FIG. 4. DLTS spectra of GaAs,P, samples:(curve a) Te-

that depend on the effective-mass values. In the case @fped(No. 4); (curveb) Te-doped(No. 5); (curvec) Te-doped and
GaAs Py, Al,Ga _,As, and other IlI-V compounds, do- sj-implanted(No. 7); and(curved) MOVPE-grown, Si dopedNo.

nors, generate deep stat@x center$ whose thermal depths g).
depend strongly on the alloy composition. Then, when the
DX center is resonant with the CB, its occupation is very
small and almost all electrons interact with the shallow,
effective-mass-likel’ (or X) states. Consequently, small
DLTS signals and PPC effects are observed. However, this
does not mean that the layer is free fr@X centers, since a
corresponding electronic state does exist: evidence from ex-
periments with hydrostatic pressure is overwhelming. A
similar situation arises when tHgX center presence cannot
be ascertained, i.e., by DLTS at low temperature when there
is a strong freeze-outigh DX center thermal depihThe
claim of DX center-free layers, often found in the literature,
is misleading and it should read “free BX center effects,”
since the physical meaning and implications are quite differ-
ent. This is especially significant in the case of Te-doped
GaAs _.P,, because there are still authors denying the exist-
ence of TebX centers as deep donor states. This misinter-
pretation is often due to improper experimental conditions
(temperature not low enoughsample selectiofthe DX cen-
ter is resonanf® or just because the TBX center finger-
prints are not properly identifiet:?® We will come back to
this point below.

DLTS emission spectra in Fig. 4 demonstrate that €ap
is actually the SBX center in GaAs_,P,. Curve a from
sample No. 4 shows no traces of trapandC. Curveb from
sample No. 5 clearly shows the presence of €aurvesc
and d correspond to sample No. former sample No. 4
implanted with Si and to sample No. €Si doped. This last
spectrum was taken under hydrostatic pressliteKbap to
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FIG. 5. DLTS spectra of GaAs,P, samples:(curve a) Te

force the SiBX center to merge into the gap, since sampledoped(No. 4); (curveb) Te doped(No. 3); (curvec) Te doped and
No. 9 has only 20% P. The asymmetry of this peak is thoughs implanted(No. 8).
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. . tained by substracting the flat region of spectranfrom
FIG. 6. Photocapacitance spectra of various Te'd°pec§pectrab andd in Fig. 6.

GaAs _,P, samples.

IV. CONCLUSIONS

i These results provide additional evidence about the fin-

to be due to local environmental effects, more pronounce<t:[lerprimS of the Si- and ®X centers in GaAs P,, and
for low-P content. The emission energies and peak temper@arify the origin of the main electron traps in Te-doped
tures of trapC and the SIbX center are precisely the same. Gaas _,P,. More specifically, the photoionization threshold

Similar conclusions are drawn from data in Fig. 5, whereenergy and the thermal emission and capture barriers for
DLTS spectra correspond @the clean sample No. 4; o Sj-DX centers in GaAs ,P, have been established for the
sample No. 3 where trap appears; and, to sample No. 8, first time, to our knowledge. There is also clear evidence of
former sample No. 4 implanted with S. Again, there is acontamination in GaAs ,P, grown by LPE and VPE, that
perfect agreement of the emission and capture barriers beaight also be present in MOVPE material. Most important,
tween trapB and the SBX center. contamination in GaAs ,P, and AlLGa_,As (Ref. 16
might lead to strong misinterpretation of experimental data
when establishingthe microscopic structure of complex de-
fects, like DX centers. A clear example is shown in Fig. 7,
gvhere the photoionization process of Si- and%-centers
coincide at a given photon energy with quite different optical
cross sections. Then photoionization transients in a device

]:csample'\ll\lo.fplealln sta:jnpl).e;hCur\l;eb '(S_: from sample N(;)' ? containing both donor species, even present with a high con-
ormer No. 4 impianted with suffur. LUrve corresponds 10 - -qniration ratio, would be nonexponential, no matter the

samelg No. 5 a”f’ reproduc?s preViOI_JS results by CaIIeJ?echnique used to minimize other intrinsic sources of
etal’ in commercial red LED’s. Curvel is measured from  ponexnonentiality® These results could erroneously be
sample No. 7, former No. 4 implanted with silicon. All spec- (3ken as proof of a two-step photoionization process.

tra show a sharp photoionization at 6:6.6 eV that corre- Emphasis must be placed on correcting a recurrent misin-
spond to the well established threshold of¥-centers>”*"  terpretation about a long-established fact:O¥¢-centers do
Now, curveb reveals the photoionization process oDX-  exist in Te-doped GaAs,P,. Two examples must be con-
centers in GaAg Py, with a threshold energy around 1.2 sidered: a recent work from Lét al® in 1994, and a work
eV, in agreement with previous resufts.Curvesc andd  from Kaminsk?®in 1993. In the first case, TBX centers are
show the same process for BX centers in GaAs ,P, with  not recognized in Te-doped GaAsP, with 40% P, al-

a threshold energy around 1.05 eV. Notice that these valuesough the DLTS fingerprintsare clearly measured in their
are not the “exact” threshold energies, because they cannatork (LT peak in Fig. 1.b The authors attribute this peak to
be derived from a single photocapacitance séafiowever, residual implantation-induced defects, arguing that its shape
a very slow scan speed was selected so that the error must Isedependent on the annealing conditions. We have shown
quite small. Figure 7 shows in more detail the photoioniza-here that silicon contamination in VPE samples genefakes

C. Photocapacitance

Figure 6 represents the photoionization spectra of thre
Te-doped GaAgs P, samples. Curvea is obtained from
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centers with DLTS peaks at temperatures between the one$ complex defects, but neither traces of the ubiquitous
corresponding to Te- and BX centers. Any change of the Te-DX center as a simple substitional donor nor references to
annealing conditions can modify the relative amplitude ofprevious works where the presence of theseDReeenters
the existingDX centers. In their experiment, a DLTS spec- have been undoubtedly demonstrated. Let us suggest a much
trum of the Te-doped layer, prior to sulfur implantation, sim-pler explanation: trapkl, T2, andT4 are TeDX centers.
should be needed. We also show that 75 K is a critical temTl and T2 differ in temperature position and amp"tude,
perature for TEDX centers in GaAs 4P, 40% P, where ther-  \when the charge pulse is changed, due to local environment
mal capture and emission coexist; emission being a mucBffects®212324Trap T3 is just the sulfur-relate®X center.
slower process due to its larger activation end(igig. 3.

On the other hand, the work by Kaminski reveals a rough
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