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We present electrical data to show that, after nitrogen implantation, GaAs films become resistive
after high-temperature annealing. The activation energies of the resistance are determined to be
0.34, 0.59, and 0.71 eV after annealing at 500, 700, and 950 °C, respectively. The increase in the
activation energy with increasing annealing temperature can be explained by the results of traps
detected in deep-level transient spectroscopy, where two traps at 0.32 and 0.70 eV are observed in
the samples after annealing. The intensity of the trap at 0.32 eV is found to reduce by annealing. By
comparing to the result of the x-ray diffraction, we suspect that this trap is related to the
lattice-expansion defects. The trap at 0.70 eV is observed only in samples annealed at high
temperatures. Since this trap contributes to the high-resistive effect, we believe that it is associated
with the nitrogen ions. €2000 American Institute of Physidss0003-695(00)04716-]

Recently, the band gap of GaAsN, has been substrate peak. These lattice defects can be annealed out as
observed to decrease with increasingand is consistent seen by the movement of the lattice-expansion peak toward
with a theoretical predictioh An emission at around 1.3 eV the GaAs peak. From the separation of these two peaks, the
(Ref. 5 was observedta2 K by high-energy, high-dose N lattice expansiom\a/a was estimated to be 0.22%, 0.17%,
implantation into GaAs. In addition, nitrogen is a relatively and 0.09% for the as-implanted and samples annealed at 200
light ion so high-energy nitrogen implantation can produce aand 300 °C. After annealing at 500 °C, the lattice-expansion
buried layer. Because this highly damaged layer can be eapeak disappears and the GaAs peak almost recovers to the
ily removed, it can be used as a sacrificial layer for three-original broadness, indicating that annealing can effectively
dimensional microstructurin’ Moreover, nitrogen implan- reduce the lattice-expansion defects and recovers the crystal-
tation after annealing has been shown to compensagee  linity.

GaAs (Ref. 8 that possesses highly resistive properties, and As previously observet,annealing after implantation
this implanted layer can be used for electric isolation. De-has the effect of increasing the sample’s resistance. After
spite these studies, little is known about the effects of anneaknnealing at 500 °C, the measured current was less thah 10
ing on the structural and electric properties and their relatiorA at 100 V on implanted semi-insulating substrates. Because
to the deep trap$.Therefore, we present in this letter the it was difficult to measure such low current at a reasonable
structural and electrical properties in nitrogen-implantedvoltage, electric characterizations were performed on an-
GaAs samples annealed at different temperatures. nealed samples using™-GaAs substrates. Figure 2 shows

A nitrogen implantation at energy of 160 keV with a the ohmic current—voltagd V) characteristics of a sample
dose of 210" cm 2 was performed at room temperature after annealing at 500 °C. The current consists of two distinct
into (001 n*-GaAs substrates with a carrier concentration ofregions: a linear low-voltage region and an exponential high-
1x10*® cm 3 grown by liquid encapsulated Czochralski voltage region. The inverse of the slope in the linear region
(LEC) and semi-insulating GaAs substrates. After implantawas taken as the resistance, shown by the solid lines. Simi-
tion, the samples were annealed in a furnace between 2Qfrly, resistance was taken for samples after annealing at 700
and 700°C for 30 min in Bflowing ambient. During the and 950 °C and the results are shown in Fig. 3.
furnace annealing, the samples were set face to face with As can be seen from Fig. 3, samples annealed at differ-
GaAs wafers. For annealing temperatures higher than
700 °C, rapid thermal annealing was used for 30 s. Following
implantation, Au/Ge alloys were used as ohmic contacts and substrate
Al was used for Schottky contacts in an area 1Qaf in

- as-implanted
diameter. The N-implanted region was determined to be E ' : 200°C
about 0.65um thick with a peak at about 0.34m by sec- %‘ MW
ondary ion mass spectroscof$IMS). No redistribution of g W

g 700°C

N was found even after 950 °C annealing and no pileup of N :

was observed at the surface. M
Figure 1 shows the results ¢d04) x-ray diffraction of

the substrate, as-implanted and annealed samples. The peak

at 33.03° originates from the GaAs substrate. The N implan-

tation produces significant |att_i(_39'eXpanSi0n defects ag|g. 1. Results 0f004) x-ray diffraction of the substrate: as-implanted and
shown by the presence of an additional peak to the left of theamples after annealing at different temperatures.
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FIG. 2. Temperature-dependdntV characteristics of the sample after an- FIG. 4. Schottkyl -V characteristics at 300 K of the as-implanted sample
nealing at 500 °C. The resistance was converted from the slope of the cuand samples after annealing at 500, 700, and 950 °C, respectively.
rent in the linear region, shown by the solid lines.

. . h different t twre d d eV and a capture cross section of 7&10° 8 cn?. The
ent temperalures have ditierent temperature dependencegy,q group, denoteB2, was observed around 300 K in 700

Their activation energies were determined to be 0.34, 0.59 :
= "and 950 °C annealed samples. Their parameters were deter-
and 0.71 eV for samples annealed at 500, 700, and 950 Qi 04 to be 0.71 eV andr—=8.88x 10~ 12 cn? from the

respectively. After annealing at 500 or 700 °C, the resistancg50

°C annealed sample. Since the peak of the trap was not
of the samples was found to be about the order Sf QCat o ;
300 K, which is more than two orders of magnitude higherclearly seen for the 700 °C annealed sample, its parameters

were instead obtained from the capacitance—frequency

than ‘:‘i“ fr]: as-w_nplalmt?ddsan&ples. T?edhlgh rIeS'S_taEC? 0%’ —F) spectra shown in the inset of Fig. 5. Two trapping
SErved in the as-implanted and anhealed samples IS DIV o5 can be seen, with the high-frequency capacitance

to be the result of carrier depletion due to capture by trap§Irop corresponding to th&1 trap and the low-frequency
created by implantation. Because the background electro rop corresponding to tHe2 trap. The parameters of
concentration is about 110°® cm™® for n*-GaAs sub- trap were determined to be O 69 eV ame 2.4x 1012 crr?
Stfa‘es' the trap conce ntration_ is. expecteq to be higher thE\Which are close to those observed in the 950°C annealed
this value to exhibit highly resistive behavior. .sample. Therefore, the high-temperature traps observed for

The resistance obtained from ohmic contact samples 1$00 and 950 °C annealed samples are treated as the same
in general consistent with that estimated from Schottky con;

L traps.
tact samples. The Schotthky-V characteristics at 300 K are P

shown in Fig. 4 for the as-implanted and annealed samples % Based on the results of traps, the increase in the activa-
: § i ; ergy of th istance with i [ ling tem-
500, 700, and 950 °C. After annealing, forward current is n energy © resistance with Increasing anneaing tem

N . - “perature can be explained. For 500 °C annealed sample, only
significantly suppressed at large bias, characteristic of reS|$

. . . rap E1 was observed and its activation enef@y32 e\ is
tance loading effects. The resistance was estimated by S"ale%tl'ose to 0.34 eV of the resistance. If a single acceptor trap is

'\;‘9 :t%h\e/ ?Errent at{a_ Iartg)]e ];OIWGYEX? voltage. ::or exarr;?jle,ta ssumed in this sample and its concentration is large enough
5&) °C’ i\ir::ur;; (')Sf Zbgldt 16 O ovrvﬁics:ﬁrrspii 2”?:‘;?6:: to pin the Fermi level, the measured activation energy of the
ith th, tgf gth hmi tact ' le sh 9 Fig. 2 resistance should be the energy difference between the trap
Wi FigilrerOSm shgvx(/)s Tr:(é C(;J:e?acleflzzn?raenzieor:,;mslpnectlrgo.sc.opgosmon and the minimum of the conduction band. For the
) o 00°C annealed sampl&l (0.32 e\ and E2 (0.70 eV
(DLTS) spectra for 500, 700, and 950 °C annealed SChonk}fraps were observed, both of which should contribute to the

contact samples. The specira were taken after sweeping tI?gsistive effect so that the measured activation en€dgp9

voltage from 0 to—2 V. The fill ime was seta 5 s at 0 V. eV) of the resistance is the combined effect of these two
The measurement frequency was kept at1®® Hz. As can

be seen in Fig. 5, two groups of traps were detected. One

group, denoted1, was observed around 200 K in 500 and 1
700 °C annealed samples with an activation energy of 0.32 0
£
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10 20 25 30 15 FIG. 5. DLTS spectra of samples after annealing at 500, 700, and 950 °C,
: : : : respectively. The rate window is 0.42''s Shown in the inset is the
1000/T (K'[) temperature-depender@—F spectra of the sample after annealing at

700 °C, where two trapping effects can be observed, with the high-
FIG. 3. Temperature-dependent resistance of samples after annealing at 5@®aquency one corresponding to the trap and the low-frequency one
700, and 950 °C, respectively. corresponding to th&2 trap.
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