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Abstract:

Current-voltage (I-V), capacitance-voltage-freque(-V-f) and conductance-voltage-
frequency (Gb-V-f) measurements at room temperature are usstlitty 50 kGy°Coy-ray
electrical properties irradiation dependence oAtiilGaAs Ny Schottky diodes with 0.2%;
0.4%; 0.8% and 1.2% nitrogen dilution. Thisay irradiation induces a permanent damage
that has increased ideality factor and seriestegsis for all samples. It was accompanied by
a decrease in Schottky barrier height with nitrogentent up to 0.4%N and remained
constant thereafter. Radiation was also found ¢patke the reverse leakage current.

At high frequency (1 MHz), capacitance and condumtadecreased after radiation due to a
decrease in net doping concentration. Interfade siiensity and series resistance were
determined from C-V-f and @£V-f characteristics using Hill-Coleman methodsehface
states density exponentially decreased with inangdsequency confirming the behavior of
interface traps response to ac signal.

Series resistance increases after irradiatiortnbuatied to carrier's removal effect and
mobility degradation. It has two peaks in the acalation and inversion region for some
diodes (0.4%N, 0.8%Ny-ray irradiation produced traps levels and recormtiom centers
that reduce relaxation time. An increase in %N epnhtan impede irradiation damage with
even some compensation when the percent of dihitezjen is high (1.2%N).
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1. Introduction
GaAsN Schottky diodes are used in laggfsterahertz emitters [2] and optical amplifi¢d$
for harsh radiation environments such as spacscratititary weapons and nuclear power
generation stations. In all these applicationsaks/should be resistant to radiations that can
create two significant effects: lonization damagd generation of free carriers. The latter
may stay in the device some time after the endradliation. lonization damage leads to
lattice displacement and hence is a permanent damabe form of point defect vacancies
and interstitial defects that introduce energy leue the band gap. These damages change the
electrical properties of devices through a chandeaind gap, series resistance and interface
state density [4].



Tataroglu et al. [5], Belyaev et al. [6], Katarask [7] have reported on the effectyof
radiation on the electrical properties of metal memductor (MS) and metal insulator
semiconductor (MIS) structures. They showed a reoluan barrier height and an increase in
leakage current, ideality factor and series rescgaHowever, Bobby et al. [8] found a
decrease in series resistance and in idealityrféotdu/n-GaAsy irradiated diodes.

Recent experimental studies on particles irradiagitbect on Ti/Au/GaAsN diodes have been
undertaken by Shafi et al. [9] and Al Saqri e{HD]. Shafi used Laplace Deep Level
Transient Spectroscopy (LDLTS) technique to ingzd the effect of hydrogen irradiation
on deep traps in GaAgNy. They found that hydrogenation of as-grown Gafk epilayers
passivated most deep levels. However, for sample @8%N concentration, hydrogen
irradiation passivated some of the defects andcesttithe concentration of others; it also
created new defects. In the work of Al Saqri efH)], they investigated the effect pf
irradiation on the deep levels traps in Gaf using I-V and LDLTS techniques. They
found that for samples with N =0.2% - 0.4%, the benof traps decreased after irradiation,
whereas for samples with N = 0.8% - 1.2 %, the nemalb traps remained the same. Ma et al
[11] have shown that some traps states becomevaactDLTS measurement when the
barrier height is less than 0.62eV, however sugpstiare active traps states under bias and
have an impact on transport properties of the @etfiat need to be investigated.

Hence, this paper reports on the effectg-@y irradiation on the electrical properties of
GaAsN Schottky diodes using current-voltage (l-d§pacitance-voltage-frequency (C-V-f)
and conductance-voltage-frequency{&/-f) measurements at room temperatyreay
irradiated devices have 0.2%, 0.4%, 0.8% and 1.286ri¢entration contents. Parameters
studied are ideality factor, series resistancajdryaneight, relaxation time and interface states
density. Cheung [12] and Hill-Coleman [13] methads used to determine some of these
parameters.

2. Experimental details

The Schottky diodes are made of an n-GaAs subsiratep of which is grown a Oym

thick epitaxial buffer layer of GaAsN Si-doped1@®cm™) followed by an epitaxial tm
thick active layer of GaAsN Si-doped (3'4@®). At this stage, the wafers were ion
irradiated at room temperature in a gamma cell @atadiator at a dose of 50 kGy with a
dose rate of 5.143 kGy/h. Then devices are prodeagie form of circular mesas with
different diameters for electrical characterizatiarGe/Au/Ni/Au layer was evaporated and
alloyed to form the Ohmic contact to the bottonthaf n- GaAs substrate. Schottky contacts
were formed by evaporation of Ti/Au on top of thapdd epilayer.

Current-voltage (I-V) measurements were carriecusirtg an Agilent precision
semiconductor parameters analyzer (4156C). Thecitapae—voltage—frequency (C-V-f) and
conductance —voltage—frequency (G-V-f) measuremeate carried out with an Agilent
LCR meter (4980A). The capacitance—frequency (&af) conductance—frequency (G-f)
measurements were carried out with a Wayne Kegistom Impedance Analyzers (6500B).

3. Resultsand discussion
Alloyed Ti/Au Schottky contacts have been madestgrawn and-ray irradiated GaAsN
samples. Figure (1) shows room temperature |- Yadtaristics of these Ti/Au/GaAsN
Schottky diodes for different N concentrations.Bialtage was varied in the range -1.5V to
+ 0.5V. At forward bias voltages, In(l) charactéads are linear, and only start to deviate from
linearity with the effect of series resistaretglarge applied voltages. This behavior is more
pronounced in irradiated Ti/Au/GaAsN diodes.



All diodes show rectifying behavior at room temgera. Table 1 showse rectifying ratio for
Ti/Au/GaAsN diodes at 0.5 VI he rectifying ratio is found to be dependennitiogencontent
and irradiation. This ratio decreased with incnegsiitrogencontent andrradiation. It is known that
nitrogen induce deep defects levels in band[§&plrradiation is also known to induce defects in
the structure of devices and reduce rectifying biemd6,10].

In diode with 1.2%N, the current quickly become duated by series resistance. The series
resistance is important in the down curvature efftrward bias. The trap levels reduce the
free carrier density which in turn leads to an @& in the resistivity of the diode.

Reverse leakage current is the parametenshatost affected by-ray irradiation. As grown
samples have low leakage current compared to atediionesSuch increase has been
attributed to the increase of generation recomlmnatenters and image force barrier
lowering [9, 14]. Reverse leakage current alsolaidstrong dependence on the N
concentration. Irradiated diodes with 0.4 % N cahtnd 0.8% N content have non-
saturating leakage current behavior as a functidnas and hence degrade rectifying
properties of diodes. Here again interface defaedelieved to be responsible for this
behavior.

0.2%N 0.4%N 0.8%N 1.2%N
As grown 1.33 x10 7x1G 8.67x10 3.6x1d
irradiated 5.80 x10 2.04x10 7.2x10 1.45x16

Table 1: Rectifying ratio for Ti/Au/GaAsN Schottkjodes at +0.5 V.

According to thermionic emission theory the currisrgiven by [15]:

I'=1Io.(exp(q(V = RsI)/(nkT)) — 1) (1)

Wheren is ideality factorRs is series resistance, alyds saturation current given by:
Io = AessA'T? exp(—qDpo/(nkT)) (2)

WhereAqs is the diode area (1.25x%6n7), k is the Boltzmann constant (1.381%20/K), A*
is the modified Richardson constant & 4mqk?m*/h3 = 48.064/cm?K?) with m* =
0.04m, [16, 17].A* is assumed constant after irradiatidns the temperature in Kelvin.
Using the method developed by Cheung [12]:

d(V)/d(InJ) = RAcss] + (kT /q) 3)
The ideality facton can be obtained from the intercept on y-axis fiéan (3) as:

n = (q/kT)(@V/o(ln))) 4 (

The extracted diodes parameters are summarizeahle 2. The value of ideality factor
varies from 1.08(1.12) to 1.41(1.51) after irradiatfor 0.2%N(0.4%N) samples. The ideality
factor value after irradiation is greater than lickhindicates a contribution from
recombination current, besides the main thermipracess, to transport mechanism [10,
18,19,20]. The ideality factarexhibits an increasing trend with increasing com@ion.

The series resistance is a very important paramétechottky barriers. It is evaluated from
the slope of equation (3). The resistance increfrsed 0.6&2 to 1.072 for 0.2%N samples
and from 2% to 10&2 for 1.2%N samples. Such increase can be due tieisaremoval
effect, mobility change or reduction in free caisleeoncentrations [21, 22].



The zero Bias barrier heighdf, ) can be obtained by Equatibi{J) as

H() =V = (nkT/Q)In(J/(A'T?)) )
And

H(J) = RAgrr] + g 6) (

The 0.2%N diode barrier height decreases aftediatn from 0.74eV before irradiation to
0.68eV after irradiation. As expected, the densftinterface states was also affected by
irradiation. It is known that gamma irradiationuks in Fermi level pinning at defect level.
However diodes with 0.8%N and 1.2%N concentrat@nain insensitive to irradiation. This
is consistent with DLTS measurements observed Wyafyri et al [10]. Whereas the Schottky
barrier height increases with decreasing conceotr§9].

arameters 0.2% N 0.2% N 0.4% N 0.4% N 0.8% N 0.8% N 1.2% N 1.2% N
p As-grown Irradiated As-grown Irradiated As-grown Irradiated As-grown Irradiated
n-factor 1.08 1.41 1.12 1.51 1.05 1.37 1.11 1.46
series resistanc@) 0.68 1.07 0.75 181 1.95 0.98 25 106
barrier height (eV) 0.74 0.68 0.77 0.60 0.69 0.64 .640 0.62

Table 2: Variation of n-factor, series resistaand barrier height with %N content apdadiation.

Figure (2) shows the variation of capacitance fametion of bias voltage for as grown and
irradiated samples at differeNtcontent [0.2% - 1.2%]. A small ac signal with aquency
between 100 KHz and 1 MHz was added to dc biaidw @eep traps to capture and release
electrons [13]. A capacitance curve has three regeorresponding to accumulation,
depletion and inversion. In accumulation regioe, ¢apacitance increase with decreasing
frequency due to a continuous distribution of dignsi interface states (Nss) and series
resistance [22].

The capacitance decreased after irradiation. Bhastributed to a decrease in the{Ni)
concentration and to a change in dielectric constathe metal semiconductor interface after
gamma irradiation [7, 23, 24]. The peak capacitasdewer for irradiated diodes. These
peaks shift to the negative bias region due tat positive charge at the interface [25-28].

A bump is observed close to the accumulation regiben the bias is swiped from
accumulation to depletion. In depletion region ¢hpacitance decreases with increasing
reverse voltage for all devices. In inversion regahen the bias is highly negative, the
density of activated deep trapsrjitart to contribute to the total electron densihjch

change from(Np) to (Np+N~) [15].

From figure (3), the values of the conductancedgase with increasing voltage for all
samples. However, its value decreases after gamathation. This effect can be attributed to
the decrease in the net ionized doping concentratradiation generates deep levels
which trap conduction electrons and reduce dhgier concentration[26, 28, 29]. From
Figure (3) the conductance decrease with incredsaggiency due to capture and emission of
carriers by interface states [13].

The C—-Vcharacteristics have been measured at frequeneiegén (100 KHz to 1MHz), but
the barrier height and doping concentration weleutated from these measurements at 1
MHz. This frequency has been chosen to reduce &ffpst. C*has been plotted as a
function of voltage using the relation [12, 15, 18, 30].



1/C% = (2/(A*qNpes))(V; = V) (7)

WhereA is the diode area (1.25.3n?), q is the electron charghl is the donor
concentrationy; is the diffusion potential at zero bias, whiclidétermined by the intercept
along voltage axisg is the static dielectric constant of GaAs (£3191/C— V plot shown in
figure (4) is a straight line proportional to)\f indicating a uniform doping concentration
for 0.2% and 0.4% N diodes. For higher negative hian-uniform doping concentration for
0.8% N and 1.2%N indicates that there are a degpléwvels created by high N content and
radiation damage. There slope is proportional teH¥) ™" [15]. The barrier height was
calculated from the relation:

¢p =V; + (kT/q)In(N¢/Np) — Asg (8)

HereNc is the effective density of states in conductiandbfor GaAg«-Ny at room
temperature given by [31]:

N, = 2((2m*kT)z/h%) ©)

The images Force barrier lowering and maximum etefield are given by:

A®p = \/(qEn)/(4meseg)  and Ey, = /2qNp(V; — kT/q)/(ese0) (10)

The values of barrier height, image force loweiang doping density are given in table 3.
These values were extracted fr@nV characteristics measured at high frequency (1 MHz),
so to avoid interface state charges contributiod(® 32]. We show a decrease in donor
concentration for 0.2%N and 0.4%N diodes. Barragghts extracted from C-V curves
increase after gamma irradiation for 0.2%N, 0.4%MN 4.2%N diodes and are higher than
those derived from |-V measurements. Such diffexemexplained by the presence of an
interface layer or due to the barrier inhomogengigy 19]. In other hand the extracted barrier
heights for the 0.8% diode decrease from 0.82eWrbeafradiation to 0.74 after irradiation.
The extracted parameters are not exact since @fe\l/plot is not linear. Several approaches
have been used to overcome this problem. Among sgthods that of Bryant et al [20]
assumes a capacitancgi@ parallel with the depletion capacitance. Theigaf G can be
found by plotting the measured capacitance asatiftmof V' and extrapolating the curve
to the limiting value of C as V0. The corrected capacitance is obtained by subtrac
Co.Goodman et al[33] and Senechal et al [34] shawatplot dV/dG against C gives a
straight line with an intercept at C = 0 that gitles value N+ Ny, However. Such
procedure it does not allow to extract the baiigght value.

0.2% N 0.2% N 0.4% N 0.4% N 0.8% N 0.8% N 1.2% N 1.2% N
As'—grown Irrédiated As-grown Irradiated As-grown Irradiated As-grown Irradiated
6.09e+16 1.11e+16 5.99e+16 1.62e+15 1.68e+1  1.57e+17 1.08e+15 5.56e+15
image Force (eV) 0.0351 0.0236 0.0352 0.0159 0.0251 0.0452 0.0167 0.0198
barrier height(eV) 0.82 0.94 0.83 1.30 0.82 0.74 820. 0.88

Table 3. Variation Donor densitypN image Force barrier lowering and barrier he@pduced from CV



Series resistance profiles can be obtained fror@the-f and Gbh—V—f curves. To determine
series resistance [7, 13, 35-38]:
R = Gm/(GEn + (wcm)z) (11)

whereC,, andG ,, are the measured capacitance and conductanee=ahd is the angular
frequency.

Figure (5) shows the voltage-frequency dependehtye series resistance determined from
equation (11). Notice that series resistance hpesak in forward bias for all diodes. Some of
the irradiated samples (0.4%N and 0.8%N) show tesgmce of another peak in reverse bias.
While the reverse bias peak shifts toward negatgeon, the forward peak shifts toward
positive region. The magnitudes of these peaksedserwith increasing frequency. The
frequency dependence of Rs is attributed to thicpdar distribution density of interface
states [14, 28, 39]. The series resistance ofralfliated samples has increased .The increase
of series resistance after radiation is attribuitethe decrease of carriers’ mobility and
carriers’ removal effect [40].

Figure (6) and figure (7) shows the variation giaetance and conductanae a function of
frequency for as grown and irradiated samplesfégrdntN content [0.2% - 1.2%] at 500mV
bias. In lower frequency the capacitance is almosstant for all diodes, up to a certain
frequency where it starts to drop to a lower camstalue. The difference between these two
values is due to the contribution of interfaceestdhat cannot follow the ac signal at high
frequencies. The shift towards high frequency afeenma irradiation is due to a change in
time constant of traps filling-empting. The condustepeak is an indication of the existence
of interface states. The peak position shifts talwdrigh frequency after gamma irradiation
and to towards low frequency when N% is increasedetating a kind of composition effect.
The relaxation time calculated from figure (7) dexges from 9 to 17us for diodes with
0.2%N content, from G5 to 42us for diodes with 0.4%N content, from g8 to 38us for
diodes with 0.8%N content and from 24 to 12us for diodes with 1.2%N conteitit.can be
noticed that the-ray irradiation decrease the relaxation time of all ge® are in good
agreement with results obtained by Tay et al [#l]s decrease is attributed to trapping and
recombination centers producedisay irradiation [42].

An interface state is an allowed level within tbebidden gap. It is a donor type when it is
above Fermi level and uncharged when it is belomnikevel. The density of interface states
(Nss) as a function of frequency was extracted f@#v—f and Gbh—V—f characteristics.

From Hill and Coleman method [13, 26, 27-32], teaslty of interface states {\Nis given
by:

NSS = 2/(qA)(Gm/w)max/(((Gm/w)maxCox)z + (1 - Cm/COX)Z) (12)

WhereA is the diode area is the angular frequencg,,, andGn,are the measured
capacitance and conductance which correspond foethle values, respectively, a@g is the
capacitance of the interfacial layer and it cambi&ined from C-V and @£V plots using
[28]:

Cox = Cmall + (Gma/(wcma))z] (13)

Many researchers [9, 43-46] have used DLTS, photwlescence and micro-
cathodoluminescence techniques to show that Gaves iative defects such as arsenic
vacancies (¥s ) , gallium vacancies 4 , interstitial gallium atoms (Ga interstitial
arsenic atoms (&) and anti-site defectslore traps can be introduced when incorporating
nitrogen atoms like (N-As) split interstitial andbstitutional oxygen on As site £©).



The interface states profiles (Nss) before and aftadiation determined from equation (11)
are given in figure (8). Density of traps showseaponential decrease with frequency. This
behavior is attributed to interface traps respogdmthe ac signal at low frequencies [17].
Gamma irradiation seems to have increased intestates for all diodes except that with
1.2%N. When computed at 100 KHz, interface stagesitly has increased by
3.3x13%V.cm? for diodes with 0.2%N content, by 6.74 x*4%0/*.cm? for diodes with
0.4%N content and by 1.01xf8V*.cm? for diodes with 0.8%N content. Instead, it
decreased by 7x1%&V*.cm? for diodes with 1.2%N content. One observes thaherease

in %N content inhibits irradiation damage with ewsemime compensation when the percent of
diluted nitrogen is high (1.2%N) .The as grown @ddl.2%N) contain already a high
concentration of point defects that are believeitieract with the radiation-induced ones.
This is also one of the reasons that the defedtsadiated diode are less than in as grown
diode.

Irradiation is known [38, 47, 48] to induce digm@aent of the host atoms to form vacancies,
interstitials, and antisite defects and annihitatesrs defects. Saqri et al [1Ruyret et al [49-
50] andGoodman et al [51- 54] found that gamma raiectron and alpha irradiation
enhance intrinsic defects like EL2 , which thegigised to arsenic antisite (&9 or arsenic
interstitial.

4. Conclusions

The room temperature electrical properties of Ti/&aAs Ny Schottky diodes have been
characterized using I-V and C/G-V-f techniques. Trivestigated parameters are ideality
factor (n), series resistance (Rs), barrier hei@g}, doping concentration @, relaxation

time and density of interface states (Nss). Forikavmeasurements show that thermionic
emission is the dominant transport mechanism. iyefakctor increased after irradiation due
to recombination current and series resistancetstfélowever, Schottky diodes’ barrier
decreased leading to a reverse saturation cumergdase. On the other hand, capacitance—
voltage measurements at 1 MHz indicate that treeaesiight decrease in carrier concentration
and an increase in barrier height after irradiatiscrepancies in barrier height between 1-V
measurements and C-V measurements are attributethtinear behavior in 16V curves

for samples with 0.8%N and 1.2%N due to deep tfegets.

C-V measurement, as a function of frequency, etshgmaks that shift their position towards
lower voltages with increasing frequency as thaemsity decreases with increasing
frequency, this behavior is attributed to interféegs responding to the ac signal at low
frequencies. The density of interface states anésresistance values has been obtained
using Hill-Coleman method. The density of interfatates distribution profile as a function
of frequency increased after radiation due to igtoh-induced defect. The series resistance
increase after irradiation and decrease with irgingafrequency due to carrier’'s removal
effect and mobility degradatiop-ray irradiation produce traps levels and recomimna
centers that reduce relaxation time.

The atoms’displacement damage was localized iemdifft sample under test by extracting
different parameters such as series resistanaggeblaeight and interface states density before
and after irradiation. One observes that an iner@a8oN content inhibits irradiation damage
with even some compensation when the percent affiedilnitrogen is high (1.2%N).
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Fig.1. I-V characteristics of Ti/Au/GaAsN Schottliipdes.

Fig. 2. C-V characteristics of Ti/Au/GaAsN Schygttdiodes at( ) 100KHz (---
) 400KHz( -.-. ) 800KHz (...) 1IMHz.

Fig. 3. G-V characteristics of Ti/Au/GaAsN Schottky diodds( __ ) 100KHz (-
--) 400KHz ( -.-. ) 800KHz (...) IMHz.

Fig. 4: 1/C-V characteristics of the Ti/Au/GaAsN Schottky désdat () 100KHz
(---) 400KHz ( -.-.) 800 KHz (...) 1MHz.

Fig. 5: Series resistance of the Ti/Au/GaAsN Sdtyottiodes at () 100KHz (---)
400KHz ( -.-. ) 800KHz (...) IMHz.

Fig. 6: C—f characteristics of Ti/Au/GaAsN Schottkpdes at 0.5V.
Fig. 7: G—f characteristics of Ti/Au/GaAsN Schottkgpdes at 0.5V.
Fig. 8: Interface states (Nss) of Ti/Au/GaAsN Stkytiodes.
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