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We present a detailed study of the electrical properties of the de€F Facceptor in InP by deep-level
transient spectroscopy. The Fe acceptor transition has been observed in electron and hole emissind in
p-type InP. A study of the electron emission signature reveals an electric-field enhancement of the emission
rate, which is best explained by a polarization potential model. At 300 K electron and hole capture cross
sections of 1.%107 17 and 4x 10718 cn? were determined, respectively, indicating the Fe acceptor being a
recombination center. The capture cross sections were found to be temperature dependent in agreement with a
multiphonon emission process with activation energies oftI3BmeV for electron and 16115 meV for hole
capture. Measurements of the 3F&" electron capture cross section at electric-field strengths above
4% 10*V/cm reveal an approximately 70 times higher value afI0~® cn? than without an electric field due
to an electric-field-induced lowering of the capture barrier. This increase of the capture cross section is most
likely due to a decreased capture barrier for electrons i thialleys. Since the capture barrier is close to zero
when an electric field is applied, the apparent activation enerdy6f0.62 eV, determined by deep-level
transient spectroscopy from the carrier emission in an electric field, has not to be corrected by the zero-field
capture barrier energyS0163-182607)03139-1

I. INTRODUCTION Il. EXPERIMENT

For DLTS measurements we used Fe-doped InP samples

Fe is still the commonly used dopant to fabricate semi-grown by metal-organic chemical-vapor deposition
insulating (si) InP, a key material for high-speed electronic (MOCVD) and liquid-phase epitaxyLPE). All MOCVD
and optoelectronic devices. Due to its importance in devicsamples were p*-InP-substrat@-InP:Znh*-InP:Si and
fabrication and the availability of Fe-doped InP the proper-n*-InP-substrate/-InP/p*-InP:Zn or n*-InP-substrate-
ties of Fe in InP were widely investigated in the last two InP/Sip*-InP:Zn diodes with intentional or unintentional Fe
decades. The energetic position of this transition metal doping of the lowp- or n-type doped InP side. The LPE
(TM) has been established to be close to midgap in InP atample used was @ -InP-substrat@-InP:Znh*-InP:Te
Ea(1.3 K)=Ey,+0.79 eV? A wide understanding of the op- sample with an unintentional Fe doping due to a contamina-
tical spectra has been obtaifdalit some essential electrical tion of the source materials. On some samples secondary-
properties, necessary for modeling the transport of InP:Fdpn-mass-spectroscopy measureme(®MS) were made
are not understood. Deep-level transient spectroscopwith an ATOMICA 6500 using an oxygen primary beam.
(DLTS) measurements were made by several grdups, For DLTS measurements Ohmic contacts were evapo-
mostly focusing on the Fé&’** electron emission signal, rated on the top and bottom of the layers and mesa diodes
which is easily observed. Slightly differing activation ener-were fabricated using photolithography and wet chemical
gies and emission signatures are reported. In addition, Baletching. To enable optical generation of electron-hole pairs
inski, Korona, and Hennel studied the pressure dependende the highly doped top layer the Ohmic top contact was only
of the emission rates of the Fe centerpnandn-type InP,  covering a small part of the mesa diotle6%).
and observed that the hole emission is strongly pressure de- DLTS measurements were made with a computer-
pendent and that the electron-capture cross section must leentrolled setup using a Boonton 7200 capacitance bridge
larger than the hole-capture cross secfi@ased on photo- and a HP 8115A pulse generator. For optical excitation of
luminescence experiments Klein, Furneaux, and Henry corcharge carriers we used commercially available GaAs,
cluded that the low-temperature hole-capture cross section Saln; _,N,and GaN light-emitting diodes operating around
smaller than the electron-capture cross sectibonok deter- 940, 560, and 450 nm, respectively. Full transients were re-
mined the electron-capture cross section by photoconductivcorded and analyzed by computer simulating a boxcar win-
ity measurements to 310 *°cn?.*® Turki, Piccoli, and  dow or by directly evaluating the capacitance change in the
Viallet postulated from the-V characteristics of si InP:Fe isothermal transient data.
samples that the electron-capture cross section and emission
rate is dependent on the electric-field strerigth.

In this work we present a detailed study of the Fe acceptor Il. RESULTS
in InP by DLTS. We have directly measured the electron-
and hole-capture cross sections and the electric-field depen-
dence of the electron-capture cross section. Further, the elec- DLTS spectra of Fe-doped-type InP samples reveal an
tron emission signature was studied in detail and revealed @ectron emission signal around 300(Kig. 1). This is the
field enhancement of the emission rate. well-known DLTS signal correlated to the $& transition

A. Electron emission inn-type InP:Fe

0163-1829/97/5@.6)/102418)/$10.00 56 10241 © 1997 The American Physical Society



10 242 A. DADGAR, R. ENGELHARDT, M. KUTTLER, AND D. BIMBERG 56

@ ¢
a —
5 2
m S’
UI) 1 1 1 1 ..q_p')
H 30 35 40 45 &U
o 1/T (1000/K) p
1=62.47ms o
_1 Il 1 1 . 1 1 %
250 300 350 400 450 I=
L

Temperature (K)

FIG. 1. DLTS spectra oh-type InP:Fe for increasing filling
pulse lengthgfrom bottom to top: 100 ns, 200 ns, 400 ns, 600 ns,
800 ns, 2us, 4us, 10us, and 10Qus). The inset shows the Arrhen-
ius plot and a comparison with literature values foP®& [ ¢,

05 10 15 20 25

(this work, @ (Ref. 3, A (Ref. 4, W (Ref. 5]. F (10° V/em)

having an activation energy ofE(,—0.62£0.01) eV. The FIG. 3. Electron emission rates vs electric-field strength. A fit
electron-capture cross sectiom,, as obtained from the with a polarization potentialfull line) and a phonon-assisted tun-
Arrhenius plot for 1T=0 yields 1.3<10~ 14 o neling model(dashed lingis shown. Fit values are a polarizability

Measurements of the field dependence of the emissiof Of 2.8x 10" *® cm® for the polarization potential and, for the pho-
rate were made on two differently dopewitype InP:Fe non assisted tunneling modéRef. 17, E,=620 meV, iw=48
samples. In Fig. 2 double-correlation deep-level transienf’€V: Huang-Rhys paramet8r-2.4 and fit parametey=1.2 (Ref.
spectroscopy (DDLTS) spectra are shown for different

field strengths ranging from 1:610° to 2.6<10° V/cm. In .
- j : : . 1 ,0f magnitude lower than the value found by Tasch and Sah
higher n-type doped samples suited for higher electric fleldf  the Au center in St A fit with a phonon-assisted tun-

strengths a negative DLTS signal can be observed at th i del’” which i idel d del t lai

low-temperature side. This is caused by the known exchan eling modet,” which IS a widely used model 1o explain

of Fe and Zn at Fe/Zn interfacéscausing a small electron emission enhancement from a neutra! impurity, do_es not
yield such a good correspondence with the experimental

emission signal from the high-fielp*-type InP:Zn layer . : ! R
which is nominally undoped with Fe. To avoid the exchangedagg’ ESpeC'a"y at higher field _str_eng(lutashed line in .F'g'
)."° We assign the small deviation between experimental

of Fe and Zn at the metallurgical junction the sample usetﬁ. . o :
for field strenaths up to 2361C° V/em was qrown with a igh-field data and the polarization potential to a small nega-
g b 9 tive electron emission signal from the tqp -type InP:Zn

75'?”.] n-type InP:§| spacer. layer between thetype layer as described above. Obviously the 75-nm “spacing” is
InP:Si+Fe and thep™-type InP:Zn layers. - ;
- AR not sufficient to prevent completely any Fe to diffuse from
The emission rate for the E&%" emission inn-type InP the n-tvne InP:Fe to the* -tvpe InP:Zn laver. However. a
at 300 K increases from 11 5at 8.3<10° Viem to 325 at negati\)//g signél is not ael;():tua)lll?/ obse.rved ;ls é negative,peak
2.2¢10° Vfem (Fig. 3. The data can be best explained by Aput it probably overlaps with the positive DLTS peak and

. . . _ 4 . _
polgbrlzdatlt?n ch;tAenUgI o;ihez fc;;n’\/(r)z— RA]{r 1 first gle does shift the DLTS peak maximum to higher temperatures,
scribed by *-a ”51299 — 4 alSmeos, (Ref. 13 and @ ¢ rather seems to lower the emission rate at a given tem-
value of A=1.3x10 2° eV cnf". A is here about one order

perature.

The electron capture cross sectie(iT)was measured by
T gl Fe™* 10% using short.filling pulse$>10(g ng jn a sample with a low
= ) F n-type doping level KNp<10Y cm™3). The capture cross
g 1=62.47ms L 10F section was determined by yarying the DLTS filling pulse
B 4ol Nri”wa_ length and after a Debye tail correction of the data as de-
@ e scribed in Ref. 19 using
5' s B 102_ 1 1 1
Q 5ol S _F o 30 35 40 1
2 : 1000/T (1/K) o(T)=——, (1)
(? 7-CNUtherma\I
0| T T TN . . .
H o op— TS where 7, is the capture time constanly the bulk carrier
@)

250 300 350 concentration, and yema the thermal velocity.o varies

from 1.3x 10 to 3.4<10' cn? in the temperature range

275-368 K(Fig. 4). The observed capture behavior agrees
FIG. 2. DDLTS spectra of the B&3" emission with field well with a multiphonon emission procéSsvith an activa-

strengths ranging from 1:610P to 2.6x 10° V/icm. The inset shows  tion energy of(138+15) meV and ac-, of 1.8x 10 ° cn?

the Arrhenius plots for different field strengths. (Fig. 4.

Temperature (K)
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of 10 13 cn? or, in samples with a high- or p-type back-

i ground doping level, when the minimum filling pulse length

of typically 50—100 ns as in conventional DLTS is already

] too large. Here the carrier concentration is a function of the
] light intensity, or rather the current.

To exclude errors caused, for example, by the generation
of electron-hole pairs in the space-charge region, which can
4 occur when using light with photon energy only slightly
above the band gap, we mostly used a green LED with a
wavelength around 560 nm. The light penetrates InP here
approximately 400 nm (&/length. More than 90% of the

0 1 2 8 4 light is absorbed in the 800—1000-nm-thigk layer well
1000/T (1/K) before thep™/n junction and the current measured is domi-

FIG. 4. Electron-capture cross section of thé'#& transition nf"‘ted by the e'efitfon c;yrrent. We further used a nu.mb'er of
without (M) and with (#) an electric field E>4x 10* Vicm) and  different light intensities, samples, and electric-field
of the hole-capture cross section without an electric fiekl strengths and found no difference in our capture data. Since

the incident light intensity from the LEDs used was rela-

To determine the electron-capture cross section in an eleéively low, the capture time constants were usually of the
tric field we used a method first described by Willighmasnd ~ order or larger than the repetitive emission time constants.
in more detail by Prinz and co-worke?%? In the samples We were correcting our capture data taking into account re-
used in our work electron-hole pairs are generated in th&mission from the traps during capture and, as far as neces-
highly p-type doped top layer using short light pulses. With Sary, the repetition frequency of the measurement. Due to
a partially metallizegh* -type InP top layer of 800—1000 nm these corrections the experiment is limited to data below 300
thickness and a sufficiently short light wavelength, onlyK. since a small error in the determination of the emission
electron-hole pairs several hundred nm from ien junc- ~ 'ate at higher temperatures yields a significant difference in
tion are generated. Some electrons and holes diffuse to tHB€ calculated capture rates. _
space-charge region and, since there is a barrier for holes, The observed electron-capture cross sections were ap-
only electrons can be expected to drift through the spaceroximately 70 times larger than in conventional DLTS mea-
charge region. Subsequently, these electrons can be capturg¢féments where carrier capture occurs during the filling

by deep levels. The carrier densiipe in the space-charge Pulse in a region without an electric field. The electron-
region is capture cross section in the temperature range 240-300 K is

approximately (1= 0.2)x 10" *° cn? at field strengths above
| 4x10* V/icm and shows no field dependence up to a field

E <18 meV

E,=138 meV

E =161 meV

10-18 I !

Npg= , (2)  strength of 1.&410° V/cm (Fig. 4).
VarieAQ
with q the elementary chargé, the area of the diodd, the B. Hole and electron emission inp-type InP:Fe
current, andv 4 the drift velocity. Inserted in formulél), _
only the measured curreht the area of the dioda, and the __For p-type Fe-doped samples DLTS spectra for different
capture time constant. are needed to determine the capturefilling pulse lengths are shown in Fig(. A small majority
cross sectionr(T), hole emission signal is obtained for §hort filling pulse
lengths, which shows overlap for longer filling pulse lengths
Aq by a strongly increasing electron emission signal at a slightly
o(T)=—. €) lower temperature. The DLTS spectrum of a sample with
7l different Fe doping in the lovp-type doped InP is shown in

Fig. 5b). The region 250 nm close to the metallurgical junc-

In contrast to the assumption of Prinz and Rechkuffov, tion was nominally undoped with H&ig. 5(c)]. In the DLTS
Utnermal IN EQ. (1) was replaced by 4. At large electric  spectra obtained from this sample a smaller negative DLTS
fields as here withF >4x 10" V/icm v 4 can be expected to peak for longer filling pulse lengths can be obseryEit.
be larger thaw erman SINCEV1herma CANNOL be determined by 5(b)]. So the negative electron emission signal has its origin
usingv = '3k T/m* with the effective electron mass at the in a region close to the metallurgical junction. The remaining
point, as done by Prinz and RechkurfdvFor electrons at negative signal in the second sample is due to the fact that Fe
such high electric fielde"* is much larger because the elec- diffuses strongly inp-type InP!® Thus always some Fe dif-
trons get scattered to tHe or X valleys. Despite the lower fuses to the nominally Fe-undoped region close to the met-
mobility of electrons in thelL valleys, vy for such hot allurgical junction resulting in the negative DLTS signal.
electrons is—already per definition—always larger thanThe emission behavior observed in DLTS experiments is
viermai@nd @ second experiment to measure the drift velocityquite rare and it will be shown later that it is due to the
can be avoided. difference of the electron- and hole-capture cross sections of

The electric-field dependence of the capture cross sectioiiie F&™/3* transition and not to a signal from the"-type
can be thus easily investigated, since the carriers are capturéaP layer. However, a determination of the hole-capture
in the space-charge region of the diode. It is, further, possibleross section in a sample with such an emission behavior is
to measure the capture cross section even if it is of the ordarot possible.
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FIG. 6. DLTS spectrum of the LPE-growp-type InP:Fe

0.0F sample. Due to a nonuniform Fe doping only the positivé™{2&
hole emission peak is observed. Peakis due to an unknown
Fe2% contamination of the doping source. The?#&" emission peak is
N L € L increasing with increasing filling pulse time,(jsc=2us, 4 us, 10
240 270 300 330 360 us, 20us, 40us, 100us, 200us, 400us, 2 ms, 10 ms The inset
shows the hole emission Arrhenius pi@, Fe""/2") in comparison

Temperature (K) to electron emission Arrhenius plots for#&*, [ # (this work), A

(Ref. 4, @ (Ref. 9].

o
N
T

 n-InP:Si |

pInP:Zn+Fe | o Fe#*®*hole-capture cross section could be determined from
: this sample to vary from 810 8 to 7.2x 10 8 cn? in the
temperature range 284-334 K. The data are in agreement
with a multiphonon emission procé8svith a capture barrier
of Eg=161 meV. The value fotr,, determined from the fit
is 2.5x10 ¥ cn?. Unfortunately no measurement of the
field dependence of the hole emission signal could be made,
: since, for the LPE grown sample without the negative elec-
. s tron emission signal, the residual hole concentration was
05 10 15 20 very low (9x 10" cm ). In higher doped samples suited
depth (um) for such measurements the electron emission signal would
dominate the DLTS spectrum as in the MOCVD-grown
FIG. 5. DLTS spectra for two MOCVDp-type InP:Fe Samples. Also, a determination of the hole-capture cross sec-
+Zn/n*-type InP:Si samples, which are identical except for the Fetion at high electric-field strengths with the method described
doping profile. The DLTS spectrum ifa) is of a sample with a  for electron capture was not possible. However, we could
completely Fe-dopep-type region. The DLTS spectrum {b) isof ~ determine if the hole-capture cross sectignis smaller or
a sample with a 270-nm nominally Fe-undopedype InP:Zn re-  larger than the electron capture cross sectign Using a
gion close to the metallurgical junctide). The influence of the Fe bplue GaN LED that mostly generates a hole current in the
content close to the metallurgical junction can be clearly seen in thjunction, no hole emission peak could be observed and only
DLTS spectra for increasing filling pulse lengthtg {e=200 ns, 2 3 small electron emission signal appears, probably due to the
us, 20us, 200us, 2 ms, 20 me very few electrons that are still generated in the depletion
Fegion. In a second experiment, with a GaAs LED, both elec-

p-InP:Zn

SIMS-Concentration (cm™®)

In LPE grown Fe-doped samples the described negativ . g
electron emission signal is not observable due to a nonun fons and holes are generated in comparable_ concentration in
form and much lower Fe doping in thetype layer(Fig. 6). he depletion region and an electron emission peak is ob-
The hole emission signal around 300 K could be Clearlysirved' Cogydermg the fECt that‘:.(’”n ;’;md CP:UPdp’h |

identified to be caused by the #&* emission, by compar- erec, andc, represent the respective electron- and hole-

ing the hole emission Arrhenius plot with the electron emis—fﬁpture rlat?ﬁ, ?_net can d_eterrP![r;]eagl |stlarger or STaLligr
sion Arrhenius plo{Fig. 6, inset. For a recombination cen- anop . In the Tirst expenment the electron concentratimon

ter the emission rates and thus the Arrhenius plots ar ust be smaller than the hole concentratiphereas for

expected to be the same since the observed emission rate if i, S€cond experiment~p. Since in both cases no hole

DLTS experiment is the sum of the electron and hole emisfe,miSSion signal is observed and only a strong electron emis-

sion rates® A further proof of the identity of this trap is SN Signal is seen in the second experimery, must be
given by the F&3* electron emission signal in DLTS mea- smaller thano, in an electric field. Otherwise, i,=0, a

surements after electron injection. As a result, the positiv1!e emission signal should be observed in both experiments.

Fe-related h_oIe_ emission peak is superlmpqged by a negative V. DISCUSSION

electron emission signal at the same position. The second

DLTS peak in Fig. 6 labeled\ is related to an unknown Since the Fe level in InP is known to be the 3+ mid-
contamination of the doping material used. Thegap acceptor level, attracting positively charged carriers, one
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could expect a large hole and a small electron-capture cross
section. For example, the 3{*" midgap donor in InP, 0.03 L
which can be expected to attract electrons, was found to have
an electron-capture cross section nine orders of magnitude
larger than the hole-capture cross secfibin contrast to
that, the hole-capture cross section of the Fe acceptor in InP
is found to be smaller than the electron-capture cross section.
Qualitatively this observation was already made by Babinski,
Korona, and Hennel, and Klein, Furneaux, and Hétty.
However, the values of Klein, Furneaux, and Henry for the \ .
electron- and hole-capture cross sections determined from  0.00 o
time-dependent photoluminescence measurements are abou 0.0 01 02 0.3
one order of magnitude larger than ours. It can be excluded depth (um)
that the error in our measurements is so !arge, that the values ;5 7 simulation of the P& occupation in the-type InP:Fe
must indeed be a factor of 10 larger. Since we could Very,mpie of Fig. £). The hole-capture cross section is lower than the
exactly determine the sample parameters net carrier ConCeBrectron-capture cross section, thus evep-type material only 1%
tration and the temperature and capture time constants negt the Fe centers in the capture and emission region are in fHe Fe
essary to calculate the capture cross seclsge formula charge state while the rest remains in thé'Feharge state, result-
(D], it is most likely that the values of Klein, Furneaux, and ing in the small DLTS hole emission signal in Fig. 5. Another
Henry are too large. However, the ratio of the zero-fieldimportant and unusual consequence of the electron- and hole-
electron- and hole-capture cross sections we found to beapture cross section ratio is the electron emission region close to
about 25, which corresponds to the low-temperature ratithe metallurgical junction causing the negative DLTS signal for
found in the work of Klein, Furneaux, and Herﬁﬁabinski, longer filling pulse lengthgfull line, equilibrium; dashed lines, af-
Korona, and Hennel showed that the hole-capture cross setsr filling pulses oft,,se=200 ns, 2us, 20 us, 200us, 2 ms, 20

tion increases and gets larger than the electron-capture crogs.

section when applying uniaxial stress:prtype InP:Fe they

observed a smaller DLTS signal than one would expect fronfield region of the space-charge region, but it makes no
the electrically active Fe concentration, and only when apdifference if the electron-capture cross section is of the order
plying pressure the DLTS peak increased. They determinedf 10~ 1’—10 ° cn? to model our results, since we would
that the ratio of the electron- and hole-capture cross sectiorsbserve the electron emission signal for both values of the
is about 30 around 300 KThis is in agreement with our capture cross section. By comparing the increase of the ca-
results onp-type InP:Fe where the amplitude of the DLTS pacitance signal with increasing filling pulse length for both
peak corresponds to approximately 1% of the Fe concentraralues of the electron-capture cross section, we concluded
tion as determined by SIMS. We performed numerical simuthat the electron-capture cross section is indeed larger than
lations of a diode structure as used in our experiments. 110 % cn? in an electric field. It can also be shown that the
these simulations the electron and hole concentrations in thelectron emission signal described here can only be observed
space-charge region ofgdn* diode are calculated including in bipolar diodes. In Schottky diodes, which are difficult to
the free-carrier Debye tail. First of all, the population of the fabricate on InP, the electron emission signal is much weaker
deep level is determined at reverse bias and then for applyingnd appears only for very long filling pulse lengths, because
a filling pulse of defined length taking into account electronof the lower electron concentration close to the metallurgical
and hole capture and reemission processes. The populatigunction.

shown in Fig. 7 is the trap population in thermal equilibrium  The capture barriers in the field-free case, determined to
and at the end of filling pulses of different lengths when thel38 meV for electron and 161 meV for hole capture, are in
reverse bias is reapplied. Our simulations clearly demongood agreement with a multiphonon emission proégss.
strate that the strong negative electron emission peak ikRrom these relatively large values one can assume a small
p-type InP:Fe is due to electron capture and reemission iperturbation of the InP lattice vibrations close to the Fe ac-
the p-type region close to the metallurgical juncti@fig. 7). ceptor and thus a small displacement of the energy parabolas
This result agrees with the conclusions drawn from DLTSIn the configuration-coordinate schertfég. 8. The values
spectra obtained from the two differeqi-type InP:Fe determined for the capture barrier might be lowgf) than
MOCVD samplegFig. 5 where, in the sample with a lower the real barrier Eg) since tunneling through the barrier at
Fe concentration close to the metallurgical junction, thelower energies is very likely for a configuration with a small
negative electron emission signal in the DLTS spectra iglisplacement of the energy parabolas. Some relative dis-
smaller. The shift of the negative electron emission signalplacement of the parabolas agrees with the results of
which is originating in the high-field region of the diode, is Bremondet al. and Fung, Nicholas, and Stradling, who de-
due to the field-induced emission enhancement of théermined for the F&’3* center in InP a rather small Franck-
Fe*3* electron emission. For these simulations the value€ondon shift energy~100 me\j.2>2?® In contrast to that

for the capture cross section for the field-free case were apFakanohashi and Nakajima determined a Franck-Condon en-
plied since the hole capture occurs in the field-free regiorergy shift of zerd’’ A Franck-Condon energy shift of zero is,
and the ratio of the zero-field capture cross sections is imhowever, impossible because then the capture by a mul-
portant to explain the small hole emission DLTS peak ob-<iphonon emission process, which implies a displacement of
served. The electron capture, however, occurs in the higtthe energy paraboldsand which was already observed by
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cross section by using a configuration coordinate model and
calculating the tunneling probabilities between the bound-
and free-electron parabolas. They demonstrated that electron
heating usually results in a decrease of the capture cross
section of a neutral center, as the>F&" electron capture
transition is. This is, however, in clear contrast to our results.
A second model for the field dependence of the capture
cross section by Abakumoet al. proposes a change of the
energy parabolas in the configuration coordinate schigme.
In this model the parabola for the free electron gets closer to
the parabola of the bound electron by applying an electric
field. This is the case if the deep level shows a field-
enhanced emission rate as the Fe acceptor in InP%idés.
Thus the tunneling probability and, as a consequence of that,
the capture cross section increase and the observed capture
FIG. 8. Configuration coordinate scheme of thé'#¥ transi- ~ barrier decrease§ig. 8). But for Fe in InP this lowering is,
tion without an electric fieldfull line) and in an electric field as- €specially at field strengths below *10//cm, negligibly
suming carrier heatin¢dashed lingor an electric-field effectdot- ~ small. So this model cannot explain the increased electron-
ted line (apparent or measured capture barkigy , capture barrier ~ capture cross section.

Eg). Turki, Piccoli, and Viallet observed that the electron-
capture cross section increases in a small region of the
Klein, Furneaux, and Henr¥js not probable. electric-field strength around approximately *1&/cm .1t

Interesting and up to now only scarcely investigated is theThis field strength corresponds to the onset of negative dif-
difference of the capture cross sections of deep levels witfierential resistivity at which significant scattering of the elec-
and without an electric fielt2?3282%or Fe in GaAs such an trons from thel" point to thel valleys occurs. Taking into
investigation was reported by Prinz and Rechkufib¥hey  account our results it is therefore indicated that the capture
observed a strong field dependence of th8"£& capture barrier vanishes or gets much lower for capture of electrons
cross sections in GaAs that increased by about 4 orders afi the L valleys. Consequently, for field strengths below 10
magnitude. The increase for the 28" electron-capture V/cm the capture barrier can be expected to increase signifi-
cross section found in InP:Fe by applying an electric field iscantly, in a small region of the electric-field strength, to the
less than two orders of magnitude. We determined the valugalue determined in the field-free case. This is not explained
to 1xX 10~ % cn?, which is the same as found by Look from by any of the theoretical models discussed in this chapter
modeling results of photoconductivity measureméfits. since all these models suggest that a steady increase of the
Since a voltage and thus an electric field is applied in phocapture cross section over a wide region of the electric-field
toconductivity measurements the value found by Look musstrength should be observed. Such behavior would be in con-
agree with the value for electron capture in an electric fieldtrast to the results of Turki, Piccoli, and VialftHowever,

For an increase of the capture cross section in an electrigt high field strengths, as in our experiments, it is possible
field two different models are described in the literattird.  that a saturation value of the capture cross section occurs.
First of all, in a simple model, carrier heating in an electric  The observed field effect of the #¢>* electron emission
field can increase the capture probability since the hot elecaccounts for the scatter of the emission data in literatire
trons gain a higher energy and consequently the appareand the shift of the electron emission signal with respect to
capture barrier is lowereFig. 8). The electric-field strength the hole emission ip-type InP:Fe as described in this chap-
in our samples was higher tharx40* V/cm, resulting in  ter. The field effect can be best explained by a polarization
electron energies above the apparent capture barrier, so thistential model, which is a reasonable model for a neutral
process might explain the observed increase of the captudefect!*!® Since a fit with a phonon-assisted tunneling
cross section. Also, a dependence of the capture cross sectiorodel gave no satisfactory result a strong coupling of the
with further increasing electric-field strength cannot be ex-defect to the lattice is not probable. However, there must be
pected when the electron energy is already of the order of a& weak coupling, since a multiphonon emission process as
above the capture barrier energy in correspondence with owbserved by us, and a Franck-Condon shift as reported by
results. But, as Prinz and Rechkunov already pointed oupthers??®is due to a coupling of the defect to the lattfCe.
this simple model does not take into account that an increadé is thus very likely that both processes, polarization poten-
of the electron energy results in a shift of the free-electrortial and a weak phonon assisted tunneling process, occur, and
parabola to much higher energies up to thand X valleys the applied electric-field strengths were too low to observe a
where the hot electrons get scattered to. Thus the crossirpminating phonon-assisted tunneling process.
point of the energy parabolas for the free and bound electron For a determination of the activation energy of a deep
moves towards higher energies and, as a result, the captulevel the measured apparent activation energy usually has to
barrier will be significantly increased.So the capture cross be corrected by the capture barrier energy. This would give
section should even decrease in an electric field, which wasn activation energy oE,~E-—0.49 eV for the F&/3*
also theoretically evaluated by Abakumet al3! In their transition, which is in sharp contradiction with other experi-
semiclassical approach they determined the influence of theental results. The observed electric-field dependence of
charge of a deep center and of carrier heating on the captutbe electron-capture cross section explains why, for an accu-
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TABLE I. Activation energies and capture cross-section of the deep Fe acceptor level in InP as determined by DLTS measurements.

Ea an(T) a'p(T) o,(T),Eg
from DLTS O Field effect Eg Eg F>4x10* Vicm
This work E.—0.62+0.01 eV 1.3x10 #cn? Polarization o, =1.8x10° 1 o, =2e—15cnt
Fe 3t F~8x10* Vicm potential et Eg=18 meV
a=2.8x10 ¥em?  Ez=138 meV
This work AE=0.63+0.03 eV 6.4 10 cn? o, =2.5x10° %
Fe’s+/2+ o sz
Eg=161 meV
FE3 (Ref. 3 E.—0.59 eV 4<10 ¥ cn? >5x 106 cn?
FE3 (Ref. 4 E.—0.62 eV 1.8 10" cn?
FE3 (Ref. 5 E.—0.63 eV 2X 10" cn?

Fe™?* (Ref. 7 AE=0.63+0.05 eV 1015 cn?
FE? (Ref. 8§ E,—0.65+0.05 eV
Fe™?* (Ref. 8 AE=0.57+0.05eV

rate determination of the activation energy, the difference ofiddition to the problems caused by precipitates and other
the activation energy, as determined from the Arrhenius plotdefects associated with high Fe doping it is not justified to
and the capture barrier, as determined from a separate stamse theo, value they measured in an electric field for a
dard capture experiment, cannot be used. This is in contragletermination ofr, without a field, since these samples are
to the common belief that a capture barrier is increasing th@urely n type, thus they have no built-in electric field.
apparent activation energy of a deep level as observed in a
DLTS measurement. Since the emission during a standard
DLTS measurement occurs in an electric field, the value of
the capture barrier at this field strength must be taken into
account. Consequently, if this value has not been determined,
a correction of the apparent activation energy might be We have studied in detail the electrical properties of the
wrong. For the F&3* transition, the barrier in an electric deep Fe acceptor in InPrable ). An investigation of the
field can be determined to be lower than 20 meV. Thus it carfield dependence of the Fé*" emission signature shows
be neglected within the error of the DLTS measurementthat the Fe center has a weak field dependence of the emis-
Additionally if observing both electron and hole emission sion rate. This field dependence can be best explained by a
processes, both processes should be taken into account for polarization potential model. For electron capture we found
accurate determination of the activation enefygince the an electric-field dependence of the capture cross section,
difference in the emission processes of a factor of 25 is relawhich increases from 1361017 to 1.0x 10~ ° cn? at 300
tively large, the hole emission process can be negle€t®d. K, when increasing the electric-field strength from zero to
from the low-field electron emission signature one shouldvalues above % 10* V/cm. This increase is due to a lower-
obtain the activation energy of this level without having aing of the capture barrier of a multiphonon emission
capture barrier correction, only with a little error due to theproces$’ from 138 meV close to zero and is most likely
electric-field effect. The uncorrected value for the low-field correlated to a different capture mechanism for hot electrons
activation energy of the B&*' emission at 300 K of in the L valleys. For hole emission we observed a much
620+=10 meV is also in good agreement with other valueslower DLTS signal than expected from the chemical Fe con-
found for the F&3" activation energy determined with centration and in most samples a negative electron emission
other methods, which are reported to be around 630 meV ajignal for longer DLTS filling pulse lengths. We have shown
300 K (see, for example, Ref)1 that this is due to an about one order of magnitude higher
In a recently published photoluminescence study bg-So electron- than hole-capture cross section. For an applied
erstran etal. an electron-capture cross section, of electric field we have shown that the electron-capture cross
1x10 ¥ cn? and a hole-capture cross sectian, of  section must be larger than the hole-capture cross section as
6 10715 cn? is reported® The value foro,, agrees with our  is the case in the absence of a field.
value in the presence of an electric field. Since the Fe-doped
si layers used for the determination of, were epitaxially
grown on am-type substrate, it is likely that the samples of
Saderstran et al. have a built-in electric field, bringing their
value into agreement with our result. For a determination of
o, N-type samples were used where the Fe doping level was We are grateful to K. Schatke for assisting with the LP-
at least a factor of 20 above the known maximum electricalyMOCVD growth and B. Srocka for providing the DLTS
active concentration of approximately<@.0'® cm3.¥ Thus  simulation program. Parts of this work were funded by the
precipitates may strongly influence their results, which wereDeutsche Forschungsgemeinschaft and the European Com-
calculated by usingr, determined in an electric field. In  munity.
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