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In this work, we investigae the deep levels presen in ion implantad ard rapid thermd annealed
(RTA) InP p*-n junctions The sample were implantel with magnesim or coimplant@ with

magnesim ard phosphorus The® levels were characterizé using deg levd transient
spectroscop (DLTS) ard capacitane-voltage transiem techniqe (CVTT). Sevan majority deep
levels locatad in the uppe half of the bard gap were detecte in the junctiors by using DLTS

measurementdour of which (at 0.6, 0.45 0.425 ard 0.2 eV below the conduction band result
from RTA, while the origin of the othe three levels (at 0.46 0.25 ard 0.27 eV belowv the
conductian band can be ascribel to implantation damageAn RTA-inducel origin was assignd to

a minority deg levd at 1.33 €V aboe the valene band From CVTT measurementsseveral
characteristis of ead trap were derived Tentatie assignmerghawe been proposé for the physical
natue of all deg levels © 1997 American Institute of Physics [S0021-897€97)03407-5

I. INTRODUCTION

Indium phosphi@ has becone acompounl semiconduc-
tor of consideral# interes from atechnologichviewpoint It
has bee an excellent candida¢ for the fabrication of opto-
electroni¢ microwave and high-powe ard high-sped elec-
tronic devices due to its outstandig physica properties,
sud as the high electrax mobility ard high breakdown field.

lon implantation combinal with subsequenrapid ther-
md annealiig (RTA) seens to be apromisirg doping tech-
nology for InP. In particular p-type implant are required in
device applicatiors to obtan low specift contad resistance
or shap p*-shallov gates in junction field effect
transistors:2 For this kind of implant, electrica activatian is
usualy less than 50% and the maximum achievab¢ hole
concentratia is abou 5x10'® cm™32 In addition a broad-
ening of the implart profile as well as an inward and outward
diffusion of p-type dopans (Be, Mg, ard Zn) are detected
after elevatel temperatue treatmers even when RTA is
employed® In orde to achieve shap p-type profiles some
authos hawe propose the use of coimplantatio of electri-
cally inactives species sudh as Ar, or complementar spe-
cies suh as P, as an alternatie to single-species
implantation®~8

The main disadvantag of ion implantatian is the intro-
duction of lattice damag in the semiconductoresultirg in
high densities of deg levels On the othe hand RTA-
inducad defecs in InP haw bee illustrated in the
literature®° which are believe to be eithe intrinsic defects
or impurity-relatel defecs activatel by the therma anneal-
ing. Becaus of the large numbe of residu impurities ex-
isting in unintentionaly doped InP'* ard their migration dur-
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ing therma treatment$!2 specia attention shout be paid
to thes lag defects.

Onre of the main questios abou ion implantation from
the viewpoinss of the fabricatian proces and optimizatian of
semiconductodevices is the characterizatio of the residual
damag after annealig in regiors locatad not only nea the
p-n junction or at the implantad layer, but also deepe into
the bulk. In addition to conventionaDLTS, the capacitane—
voltage transien techniqe (CVTT) has been showr*™° to
be ausefu methal to characterie the dee levels existing in
semiconductomateriat even when DLTS is complicatel by
systemat distortions.

The main aim of this work is to study the deeg levels
located in the uppe half of the bard gap in InP p™-n junc-
tions producel by Mg implantation and subsequenrapid
thermd annealing In orde to establid the effedt of coim-
plantatian on the junction characteristis and on the trap dis-
tributions Mg/P dud implantatiors were carried out A spe-
cia effort was also devotal to determinirg the trap origin:
whethe the startig materid or the sequentih stefs in the
diode fabricatian technologichprocessesA detailed discus-
sion abou their physicd origin has been carried out in order
to propo® tentative assignations.

IIl. SAMPLE DESCRIPTION

The substrats useal in this work were undopel n-type
LEC-grown InP from MCP Ltd. with a ne unintentional
dopart concentratia of 1x10™° cm 3 measurd by using
standad C—V profiling at room temperature.

The uppe 300-nm-thik p™ layers were producel by Mg
implantatian at 80 keV with adose of 1X10™ cm 2. In order
to study P coimplantatio effects ion implantation of this
elemen was carried out at 120 keV with a dos of 1x10*
cm™ 2, which resuls in overlappimy profiles with those of the
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Mg implantation All implantatiors were performel at room
temperatue with the substratse tilted 7° with respet to the
bean to avoid channelilg effects.

The sampls were RTA anneald by using acommercial
systen from MPT Corp equippé@ with graphit susceptor.
During annealing samples were placel face down on a Si
wafer. The annealilg was dore at 875 °C for 5 sin flowing
Ar, which resulte in layers with excellert crystallire quality
and surfa@ morphology?

Ohmic contacs for the n- ard p*-type layers were pro-
ducal using evaporatd AuGe/Au and AuZn/Au, respec-
tively, alloyed at 420 °C for 1 min.

The junctiors were definal by conventiona photolitog-
raply method with differernt areas The resuls presentd in
this article correspod to devices having an area of 500x500
wum?. Isolation betwea devices was obtainel by wet etching
using asolution of 1 H,0,:1 H,SO,.

In orde to be able to separat the effects of ion implan-
tation from those of RTA processig or even the potential
native defecs of the “as-grown” compouml semiconductor,
contrd sample were always kept for comparisonone unim-
planted non-RTA treatal n-type InP sampé and one unim-
planted sampk subjecté to an RTA proces of 875 °C for 5
swere used Schottly diodes on thes crystak were produced
by evaporatio of a 300-nm-thid& gold film in an ultrahigh
vacuun system.

Ill. EXPERIMENTAL TECHNIQUES

DLTS measuremestwere performel using a Boonton
72B capacitane mete and a Tektronk TDS 320 digital os-
cilloscope was useal to recod the complet capacitane tran-
sients The fillin g pulses were introducel using a Tektronix
PG20D pulse generator A rever® bias of 2 V was pulsed
bad to 0 and to 0.5 V forward bias for 10 ms to investigate
majority (electron and minority (hole) traps respectively,
involving aregio in the n side of the junction tha extends

betwea 1and 2 um from the junction. Samples were cooled

in darknes from room temperatue to 78 K at zero biasin an
Oxford DN1710 cryostat.

DLTS is awidely usal techniqwe tha has proven to be
very usefd becaus of its high sensitiviy and ea® of inter-
pretation Yet, it has bee evidencd that it is complicated
when transiens becone nonexponentiaas aconsequereof
different effects tha take place in the space-chamgregion of
the junction, for example the Pook—Frenke effect nonho-
mogeneos distributiors of shallov impurities and/a deep
levels refilling effecs in the edge zore of the space-charge
region and so on1®!” On the othe hand the DLTS tech-
nigue provides information abou the defecs in the portion
of the depletin region scannd with the correspondig pulse
height Thus “average’ information abou the simultaneous
processs tha are occurrirg throughot this region is ob-
tained In orde to determire the spatiad distribution of some
trap characteristicssud as their emissian coefficiert or con-
centration point-to-poirt acros the space-chamgregion the
capacitane—voltage transiem techniqe (CVTT) was used.
This techniqe has been describel elsewheré?
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FIG. 1. (a) and (b) Dopart profiles for Mg and Mg/P implanted sample at
78 K ard a room temperature(c) Electric field distributiors acros the
space-chamgregion correspondig to the (a) and (b) dopart profiles For all
the curves the emissia time was selecté to be high enoudn so tha emis-
sion transiens were saturated.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Figures 1(a) ard 1(b) show the dopart profiles of the
implantad samples obtaina by usig CVTT a 78 K, at
which all dee levels are filled with electrons ard at room
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FIG. 2. Majority DLTS specta for the contrd samples.

temperaturgat which all levels are emptied Thus the rela-
tion betwea the totd trap concentratio and the dopart con-
centration can be estimated As can be sea from these
curves only a smal contributian of the dee leveks to the
totd dopan concentratia is suggestedOne importart ob-
servatim is tha at 78 K the dopan profiles hawe anonuni-
form distribution increasitg towad the bulk, and with a
highe gradien for the Mg implantel sample Thus we can
conclucke tha the coimplantatiomn proces provides a more
abrug junction This resut agres with SIMS profiles re-
ported previously'®

In Fig. 1(c), the electrc field distributiors obtainal by
integratirg thes profiles have bea plotted The nonuniform
distribution of dopans detecte at low temperatue produces
a nonlinea dependene of the electrc field distribution
acros the space-chargregion as it correspondto agradu-
ally dopel junction This behavia is more apparehin the
Mg-implantal sampk whete the junction occuis more gradu-
ally. At room temperature the electrc field distributions
shov an almog linea dependencecorrespondig to a uni-
form dopan distribution The slope chang observe at the
lowegd values of the field is due to the fact thet in this zone
(Debye tail region, a nonzeo free electrax concentration
exist tha compensatethe dopart charg density Regarding
the electrc field values at 78 K, the absolué values are
similar in both sampleswhich could indicae asimilar con-
centratian of ionized centes below this temperatureOn the
contrary at room temperatue aclea differene is noticed,
which may be causeé by a highea concentratia of ionized
levels at this temperatue for the Mg-implanted samples.

In Fig. 2, DLTS specta of the unimplantel and unan-
nealel sampé and the RTA-anneald sampé are shown As
can be seen no dee levels were found in the unannealed
sampeé by using DLTS. This resut was confirmel by the
overlappim of the dopart profiles obtainal by standad C—V
profiling recordel at room temperatue ard at 78 K. In
contrast therma treatmem brings abou four electron
traps whos correspondig energis are the following:
Eg1=Ec—06 eV, Eg,=Ec—0.45 eV, Eg;=E-—0.4%5 eV,
Egs=Ec—0.21 eV. Indeed becaus thee samples are
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FIG. 3. (a) Majority DLTS specta for the Mg ard Mg/P implantel p*-n
junctions DLTS spectrun for the annealedunimplantel sampé was also
included for comparison(b) Minority DLTS specta for the Mg ard Mg/P
implantel p™-n junctions A 400 wA/mm? forward curren pulse was in-
jectad during 10 ms.

Schottly barriers only majority carrie defect are revealed.
DLTS specta for electrm traps of Mg-implanted and
Mg/P coimplantel sample hawe bee presentd in Fig. 3(a),
along with tha of the anneald and unimplantel sampé for
comparison Up to six electran traps were detecte with
the following emission energies:Eg;=E-—0.6 eV,
Eg,=Ec—0.45 eV, Eg,=Ec—02 eV, Egs=E-—0.46 eV,
Egg=Ec—0.25 eV, amd Eg,=E-—0.27 eV. Due to their
similar enery and pe& position the levels E1, E2, ard E4
seen to be the sane as the levels induced by the RTA pro-
cess It is importart to note tha the E4 pe& amplituce de-
crease with respet to tha of unimplantel samples As a
consequencea lower E4 deep-leveconcentratia in the im-
plantal sampls is indicated Furthermore three new traps
(E5, E6, ard E7) were detectedwherea E3 vanished.
Minority DLTS specta of the implantel samples were
measurd and the resuls are shown in Fig. 3(b). All the
abowe de@ levels were observe with the exceptio of E1.
This cente was replaca by a negative pe& tha corresponds
to ahole trap (H1) whos correspondig energy ard concen-
tration were estimated byE,;=E,+1.33 eV and
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Nyy;~0.8—1.5x10" cm™3, respectively This level might
be the sane levd involved in the 1.3 eV transitian reported
by photoluminiscene measuremestin a previows work 2

Using the DLT S results the dego levels can be ascribed
in two groups relatal to the technologich proces respon-
sible for their origin: RTA inducel centes (E1, E2, E3, and
E4) and ion-implantatioy inducel centers E5, E6, and E7
levels As minority DLTS specta canna be recordel in an-
neale and unimplantel samplesno compariso betwea the
RTA only proces ard the RTA plus implantation process
can be made Sq at this stag of the study, we cannda pro-
pos ary origin for the H1 trap.

CVTT curves recordel at temperature nea DLTS
maxima provide information abou ead particula center.
From their analysis severa characteristis of ead trap were
derived in orde to obtan further insight into its physical
nature In orde to compae the experimentharesults CVTT
curves for ead cente in different samples were recordel at
the sarre temperatureThe discussia is organizel according
to the considerd deep-leve properties damag@ concentra-
tion profile and emissiam coefficients.

A. Damage concentratio n profile

1. E1 and H1 levels

Regardimy the origin of the E1 trap at 0.6 eV, Feis an
impurity presemin undopel InP tha introduces an acceptor
leve at an enery of 0.6-0.65 eV,'° which matche the en-
ergy of EL The outward-diffusio mechanim of Fe induced
by high temperatue processes can explah the existene of
the center only after the RTA treatment.

The E1 emissia transiens of the implanted sample ob-
tained by CVTT display an anomalos behavior as shown in
Fig. 4(a) for the Mg-implanted sampe at two differert points
of the depletil region After an apparentf norma initial
pat of the transient they becone “collapsed” in certain
points of the space-chamgregion and eventually they re-
cove their amplitudes This behavio was also found in the
anneald and unimplante sample.

At this point, we mug keep in mind the existene of the
El and H1 deeg levels both appearig at nearly the same
temperatue range We propog the following mechanim to
explan this distortion at the beginnirg of the transientelec-
trons trappel at the E1 cente are emitted and read the con-
duction band As the H1 cente is locatel very nea this
band the captue of thes electrors by the H1 deg levd may
be energeticall favored yielding a decreasig transient.

From thes transientsreliable damag profiles ard emis-
sion rate distributiors acros the depletio region canna be
derived The damag profile obtaine&l from the transiemn am-
plitude [Fig. 4(b)] can only be considerd as “apparent.” As
can be seen the profiles shov a similar behavio with a
relatively uniform concentratio and a clea depletion at
well-located space-chamgregion points Finally, they tend to
recove their origind values At the depletimn points the
electro captue due to H1 becoms dominant Following
this idea the depletiors found in the dopan profiles at room
temperatue [Fig. 1(b)] may be interprete as aresut of the
H1 ionization chang during its captue process.
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FIG. 4. (a) Emissia transiens of the E1 dee levd for the Mg-implanted
sampe as afunction of the emissia time at differert positiors acros the
space-chamgregion (b) CVTT damag concentratia profile of the E1 deep
leve for the Mg ard Mg/P implantel samples.

Severaimportart conclusios basel on the distortion of
the E1 emissio transiens in all the sample can be ex-
tracted First, the RTA proces induces the H1 level, ard any
possibe influence of the implantation proces shoutl be ex-
cluded And, secondthe emissia proces of the E1 cente is
completey distorted by the H1 leve captue proces tha is
taking place simultaneouslyAs aconsequengemod of the
parametes derived for E1 mug be considerd as merey ap-
parent becaus of the E1-H1 interaction.

2. E2 and E3 levels

The levels E2 ard E3 at energies of 0.45 ard 0.4%5 eV,
respectively could be related to phosphora vacancis (Vp)
or complexs with Vp, which are the mog probabé defects
createl in InP after annealing?® Severa studies®?1?2 sup-
port this assignment.

The E2 and E3 levelk of the anneald ard unimplanted
sampé show similar profiles (Figs 5 and 6). In both casesa
slightly decreasig profile along with similar concentrations
are observed However importart differencs mud be
pointed out for the implanted samples For the E2-labeled
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FIG. 5. CVTT damag concentratia profile of the E2 dee levd for the Mg
(O) and Mg/P (OJ) implantal samples|n the insert the E2 damag profile
for the anneald ard unimplante (contro) sampé has bee included for
comparison.

center large trap densiy gradiens are found in the im-

planted sample (Fig. 5). The shap descendig slope appears
before in the space-chamgregion for the Mg/P coimplanted
than for the Mg implanted sampe (at arourd 2.1 and 2.4 um,

respectively. Moreover the E2 concentratioa in these
samples are similar and lower than tha of the control

sample A comple defed involving sone residud impurity

presen in the InP substra¢ shoutl be not excluded The

abrug drop of the concentratio may be indicative of an

outward-diffusion proces of this impurity. As the profile

depletion appeas befor in the space-chamgregion for the

coimplantel (mog damagedl samples we sugges tha the

residud impurity may be sone transiticn metd whos fast
diffusing interstitiak are more mobile when going through
heavily damage regions*! Conversef to E2, the E3 level

disappeas after the implantation process A chang in its

natue may be propose to explan this behavior.

3. E4 level

Severhauthoré*>?*hawe found alevd arourd 0.24 eV
below the conduction band which could resembd the E4
center However no origin was suggested.
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FIG. 6. CVTT damag concentratia profile of the E3 dee levd for the
anneald and unimplantel (contro) sample.
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FIG. 7. CVTT damag concentratia profile of the E4 deep levd for the Mg
(O) and Mg/P (V) implanted samples|n the insert the E4 damag profile
for the anneald and unimplantel (contro) sampé has been included for
comparison.

In Fig. 7, we showv E4 levd profiles for three kinds of
samples unimplanted Mg implanted and Mg/P coim-
planted Two experimenth resuls shoutl be pointed out.
First, the nonunifom distribution of the damag concentra-
tion of this levd in the contrd sample in contras to the
relatively uniform charactefor both implanted samplesand,
secondthe notably highe value of the damag concentration
in the former sampé with respetto the othess (two ordess of
magnitude. This conclusio agres with the grea discrep-
ang/ found in the DLTS pe& amplitudes Although the
physica origin of this cente is directly related to the thermal
treatmentit is difficult to assigh amore precie microscopic
origin. For the implanted samplesno densit gradient is ob-
serval in the scannd area of the space-chargregion There-
fore, migration of residud impurities seens nat to be directly
involved Moreover no important difference are observed
betwea implanted and coimplantel samples Also, the E4
levd is not affected by phosphors coimplantation It has
been showrt! tha thermd treatmers induce outward migra-
tions of residud impurities initially locatal at indium sites.
Sqa a layer of indium vacancie exists deg into the bulk
after annealing Simultaneously Mg-implanted dopans un-
dergp an inward diffusion base&l on an interstitial-
substitutionh mechanisnt! Mg interstitias penetrag into
the bulk ard becone substitutiongl occupirg indium sites.
Thus the indium vacang concentratia diminishes Because
of the notabk reductin of the dama@ concentratia of the
E4 levd tha is experimental} observe in the implanted
samples we sugges that the E4 origin might be related to
thes indium vacancies.

4. E5 level

The E5 level, which appeas as ashoulde of the domi-
nart E1 cente in the Mg-implanted sampké and becomes
very clea in the Mg/P coimplant& sample could be similar
to the leve reportal by Levinsa et al.,?® althoud they es-
timated an activation energy arourd 0.7-0.9 eV. A better
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FIG. 8. CVTT damag@ concentratia profile of the E5 dee levd for the
Mg/P implanted sample.

coincidene in the enery value is obtainel when comparing
it with the levd located at 0.45 €V belowv the conduction
bard describe by Kringhoj.2®

As this trap is observe distinctly from E1 only in the
coimplantel sample CVTT curves were not recordel in the
Mg-implantal sample.

Similarly to the E1 center the E5 emissia transients
were collapsél at certan points of the space-chamgregion.
The profile plotted in Fig. 8 indicates a uniform damage

concentratio until 2 um. Afterward, an abrupt decrease, lo-

catal at the space-chamrg region and followed by a rapid
recovery is observed Again, no clea E5 characteristi can
be extracta from its emissia transiens becaus of the dis-
tortion induced by the captue proces of H1.

If a detailed comparisa of the dopart profiles of E1 and
E5 for the Mg/P coimplantel sample [Figs 4(b) and 8] is
carried out, a different spaci& location of the profile deple-
tion can be noticed This fact is due to the differert tempera-
ture at which the CVTT measuremestwere recorde& (room
temperatue and 260 K, respectively. When the temperature

rises the extensim of the space-chamg region decreases.

Thus the edge zore of the space-chamgregion where free
carrig electrors exist, shifts in position Therefore the deli-
cake balane betwee the E1 electron emission and the H1
electran captue may be unbalancd by the temperatue and,
therefore the location of the depletian profile varies.

5. E6 level

Two levelks reportal in the literature could resemb the
E6 level the 0.24 eV levd of Susk et al.,?” the 0.22 eV level
of Levinsa et al.?®

In Fig. 9, damag profiles for this levd display a non-
uniform distribution ard the gradud decreas penetrating
dee into the space-charmgregion mug be noticed More-
over, the concentratia is highe for the Mg-implanted
sample than for the Mg/P coimplantel ones Radiatian dam-
ace may be proposd as a probabk origin for this trap. It
would be expectd tha when damag increasestrap concen-
tration does alsa Therefore this dama@ densiy shoutl be
increasd for the coimplantel samples Yet, this argument
does not agree with the profiles shown in Fig. 9. Another
option can be proposed taking into accoun tha the level
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FIG. 9. CVTT damag concentratia profile of the E6 dee levd for the Mg
ard Mg/P implanted samples.

only appeas for the implanted samplesthe Mg dopart may
participat in the formation of dee levels Moreover com-
plex defecs of Mg with othe specieswherre intrinsic defects
are excellenn candidatescanna be discarded The densely
damaged regiors of the Mg/P coimplantel sampé prever a
deepe penetratio of the Mg interstitials® Therefore alower
concentratia of Mg is found dee into the bulk. Thus we
may conjectue tha a certan interaction appeas betwea the
implantad ions ard intrinsic defects sud as the annealing-
inducal E3 level, which vanishal in the implantad samples,
giving rise to a comple defect.

6. E7 level

The 0.28 eV levd of Kringhoj?® found in n*-p InPjunc-
tions mace by Ge implantation and RTA, as well as the
frequeng dispersim in the gain of a fully ion-implantel InP
JFET with an activation enery of 0.28 eV reportal by
Kruppa et al.,® may be correlatel with the E7 center.

The nonuniformiy of profilesin Fig. 10, increasimy their
concentratia toward the bulk, shoutl be pointed out It is
worth remarkirg tha the analogos evolution of the profiles
occus for both samples Similar dama@g concentratia val-
ues are found althoudh this damag tends to be slightly
highe for the Mg-implanted one From thes results some
potentid physica origins may be excluded First, as the
coimplantatim does nat produ@ a clearly highe damage

E7 DEEP LEVEL

DAMAGE CONCENTRATION { x 10™ cm™)

18 20 22 24 26

DEPTH (um)

FIG. 10. CVTT damag concentratia profile of the E7 deg levd for the
Mg and Mg/P implantel samples.
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concentrationradiation-inducd defecs seen nat to be im-

plicated And, secondthe increa of the profile toward the
bulk seens to suggestha Mg-implantel atons do nat par-
ticipate in this level. Owing to the abrug profile evolution
acros the space-charmgregion clustes or even dislocation
loops associaté with implantation and diffused by subse-
guert annealiig might be suggested.

B. Emissio n coefficients

Deep levels in semiconductomateriat are often charac-
terized by measurig the thermad emissiam and captue rates
of carries in the depletio region It has been extensively
observe tha the emissia rate depend on the electr field
in the space-charmg region when this field reachs high
enoudn values Severd physicd origins hawe been proposed
as caug of the electric field dependeneof the emissiam rate,
namely Pook—renke barrier lowering tunnelirg effects,
and electron-phono tunneling?® For the highes electric
fields (>10° V/cm), pure tunnelirg is the dominan effect,
wherea for lower values the otha mechanismm are
prevalent® The fields existing acros the space-chargre-
gion in the presen work neve exceel the value of 2x10*
V/cm nea the junction Therefore the secorn mechanim is
unlikely to occur In addition to the electric field dependence
of the emissim coefficients othe physicd phenomenasuch
high dee levd concentrationsnonunifom distributions re-
filling effects ard so on!®!’ can produ@ nonexponential
emissia transients As an importart result the emission
transiens showal a single exponentih characte for all the
centes and sample studied.

In Figs 11(a) ard 11(b), we shav the emissia rates
distributiors for the differert dee levels at temperatures
whete they emit electrons Two differert groups can be dis-
tinguishel accordirg to their emissia rate profiles For E2,
E3, and E6 levels no importart changs of the emission
coefficient are detected For E4 and E7, this paramete in-
creass going to the bulk; this trerd is more evidert for E7.

The electri field dependeneexhibited by the first group
of centes can be accountd for by suggestig that the fields
usel in this study were nat high enoudn to produe signifi-
cart differences However it is appropria¢ to mention here
that additiond mechanisra can alter and even suppres elec-
tric field-inducel barrie lowering Buchwat and Johnsor’
propose tha this behavia is relatal to athermaly activated
cross sectia for electran capture In this senseWada et al.??
hawe shown that different dee levels in InP exhibit this pe-
culiar behavia (their A, D, ard E-labelea levels. In particu-
lar, we hawe correlatel their E levd with our E3 one which
correspond to the groy of the levels where nonapparent
electrc field dependeneexists On the othe hand the rather
similar values of the emissiam rate for sample submittel to
different technoloy processe prove the identicd physical
natue of the correspondig centers.

As far as the E4 ard E7 levels are concernedtheir evo-
lution is contray to a Pook—Frenké mechanism A ther-
mally activatel tunnelirg mechanimm might be invoked to
explan the decreas of the emissio rate when the electric
field increasesThis kind of conduction mechanis was sug-
gestal in apreviows work®! to propery fit revere |-V char-
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FIG. 11. CVTT emissia rate distribution for: (a) E2, E3, and E6 deep
levels Abscisa coordinate for the E3 cente data (V) have been multiplied
by 2 in orde to be included in the sane range as E2 ard E6; (b) E4 ard E7
dee levels For the E2 ard E4 centersthe emissiam rate distribution for the
contrd sampé has been included in the inset for comparisonIn both (a)
and (b), full symbok correspod to the Mg-implanted sampls and hollow
symbok to the Mg/P implanted ones.

acteristic at differert temperaturg for similarly implanted
junctions The beg fitting obtainal by simulatin for the ex-
periment& resuls was achievel with an enery value of
arourd 0.3 €V which could agree with our E7 level
(Eg7=0.27 eV).

V. CONCLUSIONS

Seven electran levels (E1 at 0.6 eV, E2 at 0.45 eV, E3 at
0.4%eV,E4at02eV,E5a 0.46eV,E6at 0.5 eV, ard E7
at 0.27 eV belov the conductism band ard one hole level
(H1 at 1.33 eV abowe the valen® band hawe bee detected
in the uppe half of the bard gap in p™-n InP junctions
fabricatel by RTA of Mg or Mg/P implanted substrates.
Thes levels were characterize using DLTS and CVTT.

From the DLTS spectrathe majority traps were classi-
fied in two groups accordiry to their physica origin: E1, E2,
E3, ard E4 were associatd to RTA-inducel centersard E5,
E6, ard E7 were ascribel to ion implantation-induce levels.

From the CVTT analysis severd characteristis of each
trap were derived in orde to get further insight into its physi-
cd nature The E1 levd could be related to Fe Its electron
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emissia proces was totally distorted by the simultaneous
electran captue due to the H1 level, which appeas at the
sane temperatug range as E1 ard is energeticall located
quite nea the conductia band The H1 levd was ascribel to
a RTA-inducel origin, as the distortion of the E1 emission
transien aloo exiss for the anneald armd unimplanted
sample A similar distortion was found in the emissio of the
ES level Asthe E2 ard E3 levels were found to appea just
after a RTA treatmentthe traps are probaby related to Vp
or complexes with V. The remarkabé difference of the E4
dama@ concentratia betwea the unimplantel and im-
plantel sample suggest the tentatiwe relation of this center
to indium vacanciesThe E6 and E7 levels were tentatively
associaté with Mg implantal atons and implantation-
originatel clustes or dislocatio loops respectively.

As far as the emission properties of the centers two
conclusios were drawn First the emission transients
showe asingle exponentibicharacte for all the centes and
sample studied And, second two groups of centes were
considerd accordimg to the evolution of its emissia rate
acros the depletian region For the E2, E3, and E6 levels no
significant chang was detected Regardig the E4 and E7
levels athermally activatel tunneling mechanim was sug-
gestd to justify the emissia rate distribution increag with
increasilg dept in the bulk.
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