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Mott barrier behavior by enhanced donorlike level neutralization
in semi-insulating GaAs Schottky diodes
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The Mott barrier behavior of metal-semi-insulating GaAs diodes is explained by the compensation mecha-
nism due to bulk donorlike centers. In such diodes the quasineutral region extends from metallization to a
buried space charge region and widens with increasing bias. To assess the dependence of this behavior on the
electronic levels associated with bulk deep donors, their density was increased by proton irradiation. We
observed that the net space-charge density decreases and, correspondingly, the quasineutral region extent
increases. The correlation between electric field distribution and deep levels confirms the strong influence of
defects on the compensation process.
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Mechanisms responsible for the electric field behaviordiodes were 10@:m thick and the Schottky contacts were
and charge compensation in semi-insulat{®&j) GaAs are obtained by Au metallization. Irradiation was carried out at
still the object of debate in the scientific community in spite '00m temperature with 24 GeV protons with fluence equal to
of experimental and theoretical studies carried out in the last-2% 10" cm™2. All the diodes were analyzed before and af-
two decades. The spatial distribution of the electric figld ter _|rrad|at|0n. T_he determination of the electric field _d|str|-
across Sl GaAs Schottky diodes has been extensively inve%—thlon was carried out by surface poten(ah) and optical
tigated. Theoretical and experimental stuéiebave allowed eam induced currefOBIC) measurements. Energy level

for a better understanding of the intervenin mechanism%osmons in the gap and defect concentrations were obtained
- 9« 9 y different kinds of junction spectroscopy.The experi-
although no definite conclusions have been drawn yet.

Attention has been mainly focused on the defect EL2, themental details together with the spectroscopy results are re-

, - ported elsewher&?
dominant donor trap located ‘EC 0.75 eV, commonly The diodes exhibit a Mott barrier behavior both before
found in concentrations of ¥dcm™. This defect is believed

to control the electrical properties of GaAs given that itand after irradiation, but with markedly different features.
; Prop : 9 .'ﬁhe main differences are the following:
strongly determines the compensation degree together witl

the residual bulk impuritielts peculiar property is an elec- (1) Mott barrier behavior is evident for voltagg > 30 V
tric field enhancement of the capture cross sectimereas- in nonirradiated diodes and fdr,>10 V in irradi-
ing its ability to capture electrons, thus neutralizing it. EL2 ated onegFig. 1);

neutralization occurs fo€ higher than a threshold value of ~ (2) the quasineutral region widtl, which corresponds to
some kV/cm and, as a result, a quasineutral region originates  the extent of the electric field plateau, widens after

at the injecting contadt:3 Across such a quasineutral region irradiation and the electric field valugat the plateau
the electric fieldS is constant, giving rise to a plateau at the decreasesrig. 1); - .

edge of which an approximately square space-charge-region (3) W increases with bias and approximately doubles after
exists, characteristic of a Mott barrfehis buried space- irradiation? _ _ _
charge-region contains a charge density resulting from the (4) the buried space charge region of thickndsgig. 1
net effective chargdley=Ny"+Ng , ~N,~, whereN,* is the and inset thereinhas a net effective carrier density
density of donors shallower than ELR, ," is that of ion- Neyr that almost halves after irradiation, as does the
ized EL2 andN,” is that of ionized acceptors. However, the surface charg®=JgNe«(x)dx (inset in Fig. 3.

net charge carrier density measurerieasults much lower Hu and co-workersmodeled the above findings on the

(on the order of 18 cm3) than what was predicted consid- electric field and the buried space charge distribution. They
ering EL2 alone. This finding clearly implies the presence ofmodified a previous model of McGreget all with the as-
levels other than EL2 that also act upon compensation. Corsumption that the triggering of a field enhancement of the
sequently, studying diodes with different defect densities, agL2 capture cross section takes place even for low electric
occurs before and after irradiation, would help to determindields (on the order of 1 kV ciit). Moreover, with low en-
the actual role of EL2 and other defects. To achieve this goakrgy positron annihilation techniques, they observed that the
this work deals with a comparison of the electric field distri- electric field dependence on the applied bias is well repro-
bution and defect density in as-prepared and protonduced withNgs on the order of some ®cm, in agree-

irradiated metal-GaAs diodes. ment with our SP results.Figure 2 shows our experimental
We investigated SI GaAs grown by the liquid encapsu-data and those obtained by Hu and co-workers.
lated Czochralski method, unintentionally dopétQ0) ori- The low value ofNg brings into play a stronger compen-

ented, with n-type resistivity p=1-3x 10’ 1 cm2. The  sation, which can be explained only by including other de-
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14 z TABLE |. Deep level spectroscopy results concerning the traps
S w most influenced by irradiation: energy levels and densities in as-
12 | z processed dioded;*") and in irradiated diode@\,") are reported.
L Details of such findings have been already published by the authors
10k 8 in Refs. 9, 12, and 13.
i
§ sl o X (um) Er Ec-0.15eV  Ec-0.37eV  E:-0.75eV
z a -
3 0-0-0-0-0-0\o-0_, & N, (cid) 4x 1013 1.2x 1016
L c08e-g_g o = N (cmid) 2x105 1.2x10' 9x 1016
3 AN
Q
2 a4l e LN X (um

Ec—0.75 eVY'213 as reported in Table I. These levels are
common inn-type GaAs and are well-known to be donorlike
traps. Namely, the level dE-—0.75 eV is identified with
EL2, Ec-0.37eV corresponds to EL6 in Martin's
X (um) notation?®, and also the trap &:-0.15 eV has been widely
studied!® In our diodes the level &:—0.15 eV is absent in
FIG. 1. Electric field as measured beforsguarep and after  as-processed diodes while its density ig 20'° cm™ after
(circles irradiation for biases 20 \(full symbols and 40 V(open jrradiation. The density of the level &.—-0.37 eV increases
sym_bols)_. In the msc_at a schematic view of the Mott barrier spatial by two orders of magnitude and that of EL2 by about one.
distribution of electric fieldtop) and of space chargéottom). The It is well known that “compensation in GaAs means the

origin of thex axis corresponds to the metallization sideis the hani by which the b d elect d hol f shal
quasineutral region exterd, is the space charge distribution extent mechanism by whic € bound €lectrons and holes or shal-
; low donors and acceptors are transferred to the deep level
into the bulk. D .

EL2 where thermal excitation to the conduction or the va-

lence band is improbablé® This definition emphasizes the
fects further than EL2. Actually, other traps have been obimportance of including defect-related deep levels, present in
served as playing an important role in the determination otoncentrations on the order of *@m3, in the compensa-
the diode electrical characteristits!* Deep level spectros- tion model. Bearing in mind this definition, an explanation

copy reveals that in our diodes the electronic levels mostlyill be given below for the following findings:

affected by irradiation are &:-0.15 eV,Ec-0.37 eV, and (a) the neutral region extent increases after irradiation;

(b) the net effective charge density.¢ is orders of
magnitude lower than the density of ionized EL2
and further decreases after irradiation.

(a) Neutral region extentlt has already been observed
that the introduction of donors, even in concentrations sensi-
bly lower than EL2, can cause a dramatic shift of the Fermi
level E;.! For the purpose of clarifying the role of defects
shallower than EL2, we determined the Fermi level position
before and after irradiation employing Shockley diagrams
[Figs. @) and 3b)]. For this analysis, the charge balance
equation is graphically solved by plotting positive and nega-
tive charge as a function dg:. The interception between
these two diagrams provides the actual Fermi level position.
. We considered the densities of grown-in shallow dori8i%

2 and acceptorgC] in addition to the densities of the deep

o 10 20 Sgia::/) 50 &0 70 &0 traps EL2, EL6, andEc—0.15 eV as reported in Table I. The
0 . ; . ; . ; . ; : ; difference betweerky values explains the diversity in the

0 20 40 60 80 100 extent of the quasineutral regions before and after irradiation.
Bias (V) In nonirradiated diode&r is located at about midgaig.

FIG. 2. Experimental data as obtained by elual. (Ref. 4 by 3(a)'] and pinned to EL2, thus the'Mott barrier behavior is
the positron annihilation techniquepen trianglesand by SP re- Mainly controlled by EL2. Accordingly, the extent of the
sults (full symbols (Refs. 3 and 9 @ refers to unirradiated SI  duasineutral region is associated with the field enhanced neu-
GaAs cited in Ref. 3M refers to unirradiated S| GaAs cited in this tralization of this level and the buried space charge region
work and in Ref. 9,4 refers to irradiated SI GaAs cited in this initiates at the interception d&: with EL2 [Fig. 4@)].
work and in Ref. 9. In the inset the surface charge density as ob- The introduction by irradiation of donor levels shallower
tained by spatial integration of the buried space charge region fothan EL2, namely EL6 and-—0.15 eV, cause&r to be
samples cited in this work. Lines are drawn to guide the eye.  pinned at ELFig. 3b)], as reported in the literaturewhen

Electric field (kV/em)

Q(10"% cm?)
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this level is present in high concentration. When the EL2the contact, there exists another thermally activated process

energy level lies well belovE;, the defect is mainly in the neutralizing the net charge density in the space charge re-

neutral state and the space-charge region begins at the intgion.” The activation energy of this process &t

ception of Eg with EL6, as shown in Fig. @). =(1.03£0.15 eV, which could correspond to the levels EL6
(b) Net effective charge densityhe other crucial point or EL5'#*°located aE-—0.35 eV ancE—0.42 eV, respec-

of our investigation is that the net charge densMy; tively, known as strong recombination cent&t3hese levels

in the buried space charge region is of the ordercould then play a significant role in determining the electrical

of 102 cm™, further decreasing after irradiation from characteristics of SI GaAs Schottky diodes. Thus, a further

3.0x10%¥ cm™® to 1.6x 10" cm™3. When EL2 field en- mechanism of neutralization occurring in the space charge

hanced neutralization no longer exists, the compensation byegion can be invoked beside the compensation among the

other deep donors must intervene to justify the valNyg  different defects. This hypothesis is strengthened when con-

~108 cmi 3, sidering the similarity in the structures of the above cited
Recently, Linget al# analyzed the electric field decay as defects. Many models have been proposed concerning the

a function of temperature by positron lifetime spectroscopynature of the levels @c—0.15 eV andEc—0.37 eV10.16-22

and suggested that “apart from the processes of ionization dfut with no definite confirmations.

EL2 and the field enhancement of the EL2 capture cross Previously, the role of EL2 as being uniquely responsible

section which determine the electric field strength close tdor the properties of SI GaAs was questioned and a strong
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cally predicted for the complex defect AsV s has been
observed?® Such observations can provide the key to ex-
plaining why the Mott barrierlike behavior persists when do-
nors other than EL2 control the diode electrical properties, as
observed in Fig. 1. If EL2 were the only trap undergoing a
field-enhanced neutralization, we would expect that, when
the electric field is controlled by EL6, a standard Schottky
diode behavior would take place. Then a space charge would
originate from the metallization and widen with applied bias,
differently from what was observed.

Recent studies, however, suggest that the field-enhanced
neutralization may be related to the fully nonradiative relax-
ation multiple phonon emissio(MPE) capture process by
the Ag;, defects assisted by the applied electric fiél@on-
sequently, each defect containing this antisite should undergo
this process in high field conditions, giving rise to the ob-
served Mott barrierlike behavior. Since both EL6 aBd
-0.15 eV structures could contain As®22 their possible
field enhanced neutralization can be invoked to account for
the Mott barrier behavior observed after irradiation.

In summary, the Mott barrierlike behavior of SI GaAs
diodes is controlled by defect-associated electronic levels.
The study of the electric field distribution after irradiation
has been correlated to the changes in the defect population
induced by proton irradiation, generating levels B¢
—-0.37 eV andE;—-0.15 eV. The introduction of such donors
in addition to EL2 shifts the Fermi level towards the conduc-
tion band, significantly altering the ionization degree of EL2,
which loses its dominance in the control of electrical char-

FIG. 4. Band diagram simulation for the unirradiate and on - --H
irradiated(b) materials. The intercept of the Fermi level deep in the @Cteristics. Moreover a field-enhanced neutralization effect,

bulk with EL2 (before irradiatiop or EL6 (after irradiation deter- ~ such as for EL2, is supposed to act for these donorlike traps,

mines the quasineutral region extent. Calculations have been mad@nsistently with their proposed structure.

for V,;=0.8 eV.
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