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Abstract. This paper reports the photocapacitance (PHCAP) measurement results at 20 K of 
Te-doped GaAs crystals, which were rapidly cooled after annealing under various arsenic 
vapour pressures. The E, - 0.485 eV and E, - 0.492 eV deep donors which are peculiar to 
Te-doped GaAs are considered to arise from the presence of arsenic vacancies (VAJ and 
the donor impurity Te. The level density of the E, - 0.485 eV and E< - 0.492 eV donors 
decreases monotonically with increasing arsenic vapour pressure. The deep donors, which 
are classified into E, - 0.717 eV and E, - 0.737 eV levels, are considered to be associated 
with arsenic interstitial atoms (IAs), and their level density increases monotonically with 
increasing anenic vapour pressure P,,(GaAs). The E. - 0.72 eV deep donor is commonly 
seen in various n-GaAs bulk crystals with different dopant impurities. Good spectral MI- 
respondences between the results Of PHCAP. deep-level transient spectroscopy and deep-level 
photoluminescence (PL) measurementsare also presented. The PHcAPand PLmeasurements 
showthat the E? - 0.72eVonsetmayoriginatefromthepresenceofagreaternumberofI*, 
with a more strained configuration than the so-called EL2 level. 

1. Introduction 

In the last few years, intense experimental theoretical attention has been directed 
towards the understanding of the deep levels in view of their important role in the 
resistivity of semi-insulating GaAs and the degradation of optoelectronic devices. Nish- 
izawa and coworkers [I] pointed out in their early work on pyrite the importance of the 
stoichiometry control of compound semiconductor crystals and suggested the existence 
of interstitial arsenic atoms (IAs) in GaAs [Z]. Recently the deviation from the stoi- 
chiometric composition of 111-V compound semiconductor crystals has become of 
interest because of its association with the ‘ELT level. 

Many methods have been applied in order to characterize the deviation from the 
stoichiometric composition. The x-ray quasi-forbidden diffraction method [3] detected 
the IA,and revealed the spatial distribution of interstitial arsenic atomsI,,. X-ray double- 
beam diffractometry [4] showed the expansion of the lattice parameter with increasing 
‘ELT density. These experimental results are almost the same as those of x-ray anom- 
alous transmission measurement and x-ray double-crystal diffractometry [SI. Optically 
detected ESR investigations [6 ]  have been carried out to clarify the lattice symmetry of 
the I&-related defects. Conventional optical absorption [7], photocapacitance (PHCAP) 
[8] and deep-level transient spectroscopy (DLTS) [9] have also been applied to investigate 
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the stoichiometry-dependent deep levels. More recently, the thermal conversion of 
semi-insulating GaAs is shown to be due to the reduction in the ‘EL2’ density and 
introduction of native acceptors [lo]. 

The present authorsapplied the PHcAPmethod in order todetermine the level density 
and the activation energy of deep levels. The PHCAP method shows many advantages 
over other thermal activation methods [ll]. Williams [12] applied the PHCAP method to 
GaAs crystals, but he measured the total level density, because non-monochromatic 
light was irradiated onto the electrolyte-semiconductor junction. Later, Furukawa 
and Ishibashi [13] reported similar results on the transient behaviour of the junction 
capacitance using monochromatic light irradiation. The PHCAP method was also applied 
to the so-called DX centre in GaAs [2) and AI,Ga,_,As [14] by the present authors. 

This paper reports the stoichiometry-dependent deep levels in Te-doped GaAs 
mainly in thespectral region below 0.75 eV, andshows the P,(As)-dependenceof each 
level density in quasi-thermal equilibrium. Spectral correspondences be tween the results 
of PHCAP, DLTS and deep-level photoluminescence (PL) measurements are shown. From 
the experimental results, the stoichiometry-dependent defect structure is alsodiscussed. 

2. Experimental technique 

2.1. Sample preparation 

The samples used were Te-doped horizontal Bridgman (HE) and horizontal gradient 
freeze (HCF) GaAs crystals with a carrier concentration of 4 x lor6 Chemically 
cleaned and etched wafers and arsenic metal (purity, 99.9999%) were set apart in a 
dumb-bell-type quartz ampoule connected with a fine tube [15], and then sealed after 
evacuation. Annealing was carried out at 900 “C for 67 h in an electric furnace with two 
temperature zones (T,,,,, and TAh). To prevent contamination during the long-time 
annealingat high temperatures, aquartzliner tube wasused withN,gasBow. Nishizawa 
andcoworkers [2] have alreadyreported that the defect density reacheditsquasi-thermal 
equilibrium value after annealing for 67 h. 

The arsenic vapour pressure PA,(GaAs) applied is given by 

f‘,(GaAs) = PA,(As)(TG,A,/TA,)”* (1) 
where P,(As)istheequilibriumarsenicvapourpressuredetermined bythe temperature 
TA,of the metal arsenic, and TGaAs is the temperature of GaAs. The equilibrium arsenic 
vapourpressureisbasedon the dataofHonig[16]. Afterannealingfor67 h,  theampoule 
was cooled rapidly in water. X-ray or etching inspection revealed no slip lines due to the 
rapid cooling. Prior to the fabrication of metal-semiconductor diodes, about 100 pm of 
the inhomogeneous surface layer was removed by chemical etching. Accordingly, we 
measured the stoichiometry-dependent deep levels in the bulk region under quasi- 
thermal equilibrium conditions. 

Diodes were made by electron beam evaporation of AI in ultra-high vacuum. To 
prevent the restoration of the defects and a serious reaction between metal and semi- 
conductor, sample diodes were mounted on stems at ordinary temperatures [17]. 

2.2. Photocapacitance measurement 

We applied the PHCAP method to the annealed samples because of its advantages over 
other thermal excitation methods. When the ion density is asymptotic towards the 
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saturation value, the photo-induced change AV,, in bias voltage is directly related to 
the ion density of deep levels: 

AVpb = AN,  w’qJ2~ = (q~/2C&.,,) AN,. (2) 
Equation (2) is valid when the hole emission rate and the thermal emission rate are 

ignored. Indeed the deionization due to thermal effects is negligible in the spectral 
region below 0.76 eV at 20 K. Here, ANt is the ion density of deep levels, w is the 
thickness of the depletion layer, E is the dielectric constant and C,,,, is the junction 
capacitance to be kept constant during the PHCAP measurement. 

For accurate determination of the level density and the activation energy, it is 
necessaryto excite neutraldeep levelsoptically at each wavelength. In order toneutralize 
every deep level, repetitive forward-bias injection was performed before each photo- 
excitation. The asymptotic bias voltage after forward bias in the dark was obtained as 
!Idsrk. The constancy of Vdark verifies the photoexcitation of fully neutralized deep levels 
at each wavelength. 

In the PHCAP measurements, it should be noted that some of the deep levels might 
already be ionized before monochromatic light irradiation and that the distinct increase 
in ion density might be caused by a spread of the excitation probability of the same deep 
level. To remove these difficulties, we applied automatic alternative control of the 
irradiating wavelength superimposed on the steady increase in photon energy during 
the PHCAP measurements. A precise description of this technique has been given else- 
where [IS]. 

Sample diodes were placed on the variable-temperature cryostat. The mono- 
chromatic light fed from a grating monochromator was irradiated from the back of the 
sample diodes. The junction capacitance was measured with a capacitance meter and 
controlled so that it was constant by adjusting the bias voltage automatically regardless 
of the ion density. Thus the width of the depletion layer is kept constant during the 
~ ~ c ~ ~ m e a s u r e m e n t .  Detailsof the measuring apparatus have been described elsewhere 
[181. 

3. Results and discussion 

Figure 1 shows the PHCAP spectrum at 20 K of Te-doped GaAs annealed at 900°C for 
67 h under an arsenic vapour pressure P,(GaAs) of 6 Torr, in which the increases 
in ion density at photon energies of 0.485 eV and 0.492 eV is revealed. The PHCAP 
measurements were performed at 20 K followed by forward injection in the dark at 
70 K at each wavelength to ionize neutral deep levels. Figure 2 shows the P,(GaAs) 
dependence of the level density at E, - 0.485 eV (DD1) and E, - 0.492 eV (DD2) 
levels. These deep levels were shown to be formed by annealing at low P(GaAs). As 
reported previously [18], the DD1 and DD2 levels were not detected in undoped HB 
GaAs (n  = 4 X loL6 cm-”). In addition, the present PHCAP measurements clarified that 
the conventional HB, liquid-encapsulated Czochralski (LEC) and vapour-phase-con- 
trolled (VPC) GaAs 1191 doped with Si also did not contain these deep donors. Accord- 
ingly, it is reasonable to consider that the DD1 and DD2 levels associate with at 
least the arsenic vacancies (VAS) and donor impurity Te. Decreasing the irradiating 
wavelength without forward-bias injection during PHCAP measurements gave rise to a 
constant ion density. This means the instantaneous ionization of the DD1 level occurs 
when the DD2 level is ionized by monochromatic light irradiation. 
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Figure 1. Accurate PHCAP spectrum of Te-doped 
HGF GaAs crystal annealed at 9W "C for 67 h at 
P,(GaAs) = 6Torr. 
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FigureZ. P,,(GaAs) dependenceof the level den- 
sity at E, - 0.485 eV and E, - 0.492 eV for Te. 
doped HGF GaAs crystals (n  = 4 X 10l6 cm-l) 
annealed at 9W 'C for 67 h under various arsenic 
vapourpressures: N.D.. not detected. 

Theenergy levelofthe otherstoichiometry-dependent deepdonor wasabout 0.72 eV 
below the conduction band. PHCAP investigation at 20 K thus classified the donors into 
the0.717 eV(DD3)and0.737 eV (DD4) levels,respectively, asshown infigure3. When 
the irradiating wavelength was increased without forward-bias injection, the constant 
ion density was maintained. Therefore, instantaneous ionization of the DD3 level took 
place upon photoionization of the DD4 level. Accurate PHCAP measurements at 20 K 
were also carried out after forward injection in the dark at 70 K i n  order to neutralize 
every deep level at each wavelength. Some other deep donors were also commonly 
detected in the annealed samples, but our work deals with the specific deep donors 
detected in the annealed GaAs. In contrast with the DDl and DD2 levels, the 
E, - 0.72 eVdeep donors were detected also in intentionally undoped HB GaAscrystals 
[IS]. The present PHCAP measurements can reveal these levels commonly at about 
0.72 eV below the conduction band in the conventional HB, LEC and vpc GaAs under As 
vapour pressure [19]. In the intentionally undoped HB GaAs crystals, the E, - 0.72 eV 
donor density increases monotonically with increasing PA,(GaAs). In Te-doped HGF 
GaAs, the E, - 0.72eV level density also increases monotonically and is saturated in 
the high PA,(GaAs) region as shown in figure 4. The dependence of the E, - 0.72 eV 
level density on PA,(GaAs) is similar to that in the intentionally undoped HB and 
Czochralski GaAs crystals with residual impurity concentrations of 4 X loi6 and 
1.2 X 10i'cm-3, respectively [lS]. From the experimental results mentioned above, it is 
interpreted that the E, - 0.72 eV level originates from the intrinsic defects formed by 
the excess arsenic atoms and is not associated with any impurities. 

We shall refer to some interesting features of the E, - 0.72 eV level obtained in the 
present PHCAP investigation, i.e. the large difference between the optical and thermal 
activation energies. 

In order to obtain the energy difference, the PHCAP, deep-level PL and DLTS measure- 
ments were carried out on the same sample. Figure 5 shows the DLTS spectrum of the 
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Figure4. P,,(GaAs) dependence afthe levelden- 
SityofE, - 0.72eVforTe-doped~G~GaAs(n = 
4 X IOL6 m-’) annealed at 900 “C for 67 h under 
various arsenic vapour pressures. 

intentionally undoped HB GaAs crystal before annealing. Three majority carrier traps, 
designated as PI, P, and P, here, were detected. Their thermal activation energies were 
determined to be 0.37 eV, 0.48 eV and 0.78 eV, respectively. The P, level is the so- 
called ‘ELT level. 

The basis for the comparison between the PHCAP and DLTS spectra is the changes in 
the thermal emission rate of deep donors with measurement temperature. From the 
DLTS spectrum, fast thermal ionization of these deep donors is achieved above the 
temperatureranges 170-180 K, 200-275 Kand3.50-390 KforP,, P,andP,, respectively. 
This means that these deep donors stay in their neutral state below the specific tem- 
peratures mentioned above and are ionized thermally immediately after the removal of 
forward bias above the specific temperature. Next, the PHCAP measurements were 
performed at elevated temperatures at which large thermal emission occurs. It seems 
difficult to distinguish between several deep levels with a small energy separation from 
each other using the DLTS method, as the thermal ionization phenomenon is involved 
becauseof the high-temperature treatment. That is, the P, level isionized thermally even 
at lower temperatures as well as at higher temperatures where the thermal ionization of 
P, level dominates, and the thermal ionization of the P, level proceeds in the finite time 
required for the DLTS measurements. This leads to a serious inaccuracy in determining 
the activation energies and ion densities of deep levels. 

Figure 6 shows the asymptotic PHCAP spectra of the same sample measured at 77,220 
and285 K. From the experimental results mentioned above, we may conclude that there 
is a good agreement between the PHCAP and the DLTS spectra as follows. 

At 220 K, the P, level is ionized thermally immediately after removal of the forward 
bias; however, as deduced from the DLTS results, the P, and P, levels stay in their neutral 
state for a finite time because of their very small ionization probability. A few seconds 
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Figure 5. Conventional DLTS spectrum of an inten- 
tionally undoped I i B  GaAs crystal with a carrier 
concentration of 4 x 10" before annealing. 
Three kinds of majority carrier trap (P,. P, and 
P,) can be detected. 
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Figure 6. Conventional DLTS spectrum of an inten- 
tionally undoped HB GaAr crystal annealed at 
900 "C for 61 h at P,,(GaAs) = 421 Torr. 

later, the P, level is thermally ionized almost completely, but the P2 and P3 levels are 
partially occupied by electrons and finally approach a thermal equilibrium ion density. 
The results of the PHCAP investigation at 220 K confirm that there is photoionization of 
partially neutralized deep donors E, - 0.72 eV and ( E ,  - 1.0-1.51) eV but that of the 
E, - 0.66 eVdeepdonordisappears. Accordingly, the& - 0.66 eVlevel isattributable 
to PI,  which shows fast thermal ionization at 220 K. 

Similarly, the PHCAP investigation at 285 K reveals the photoionization only at 
E, - (1.0-1.51) eV, but photoionization of the E, - 0.66 eV and E, - 0.72 eV levels 
cannot be detected. That is, both E, - 0.66 eV and E, - 0.72eV levels are already 
ionized thermalIy before photoexcitation. Therefore, the E, - 0.72 eV level is attribu- 
table to P2, which is thermally ionized at 285 K. Finally, photoionization in the spectral 
range between about 1.0 and 1.51 eV at 285 K corresponds to P,, which keeps a neutral 
state partially even at 285 K. 

Good correspondence between the PHCAP and DLTS spectra was also verified by the 
results on annealed samples. As reported previously [18], annealing for 67 h at 900°C 
annihilates the ,Ec - 0.66 eV level in undoped HB GaAs because of the thermal instability 
ofthe1,-relateddefect.Thatis,boththeE, - 0.66eVandthe E, - 0.72eVlevelswere 
detected in the non-annealed samples; however, after annealing under a variety of 
P,(GaAs), only the E, - 0.72 eV level dominates the PHCAP spectrum in the spectral 
region below 0.75 eV. Figure 7 shows the DLTS spectrum of undoped HB GaAs annealed 
at 900°C for 67 h at P,(GaAs) = 421 Torr. The PI level disappeared in the annealed 
sample. Disappearance of the P, and the E, - 0.66 eV level after annealing also shows 
the validity of the correspondence between them. 
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Figure 7. Asymptotic PHCAP spectra measured at 
various elevated temperatures where the thermal 
emission rate of each level dominates. For an 
intentionallyundoped HBGaAscrystal with acar- 
rier concentration of 4 x 10'6cm'3 before 
annealing. 

The above-mentioned correspondences between the PHCAP and DLTS spectra can 
also be ascertained by the results of the deep-level PL measurements as follows. 

PL measurements were performed at 2.1 K using the 0.5145 pm line of Ar+ laser as 
the excitation light. A cooled Ge detector was used to detect the deep-level lumin- 
nescence. In the long-wavelength region, 0.84 eV and 0.77 eV PL bands were detected 
in the intentionally undoped HB GaAs crystal. The present PHCAP measurements de- 
termines the optical activation energies EpHcAp between the neutral deep levels and the 
conduction band. When the radiative transition occurs between the ionized deep donors 
and the valence band, the peak photon energy of the PL band may correspond to the 
energy separation E,, between the ionized state of the deep levels and the valence band. 
Therefore, with respect tothesamedonorlevel, thep~c~pmeasurementsinconjunction 
with the PL measurements eliminate the effects of the difference between the optical and 
thermal activation energies. This leads to a simple relationship between EpHCAp and EpL: 

EPHCAP + EPL = Eg (3) 
where Eg is the energy gap of the material. According to spectroscopic considerations, 
it is reasonable to consider that the 0.77 eV PL band is attributable to the radiative 
transition between the valence band and the ionized state of the E, - 0.72 eV level, 
because theenergysubtractionofE,,from Egisequal to0.72eV.Asmentionedalready, 
the thermal activation energy of the E, - 0.72 eV level was obtained as 0.48 eV using 
DLTS measurements. 

From the experimental results mentioned above, we conclude that good cor- 
respondence is achieved between the PHCAP and the DLTS spectra by using the PHCAP 
measurements at various elevated temperatures. Under the configuration coordinate 
model, the energy difference between the optical and thermal activation energies of the 
E, - 0.72 eV level was obtained to be 0.24 eV. This is twice that of the 'ELT level 
(0.12 eV) [ZO]. This means that the E, - 0.72 eV level has a more strained configuration 
than the 'ELT level has. 

4. Conclusion 

Using the constant-capacitance method, PHCM measurements were applied at 20 K to 
Te-doped GaAs crystals annealed at various arsenic vapour pressures. Some stoi- 
chiometry-dependent deep donors were detected in the spectral region below about 
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0.75 eV and P,,(GaAs) dependences of these level densities were also clearly shown. 
The& - 0.485 eVandE, - 0.492 eVlevelsmaybelargelyduetothepresenceofarsenic 
vacancies (VAS) and the donor impurity Te and proved to be formed by annealing under 
a low arsenic vapour pressure. The E, - 0717 eV and E, - 0.737 eV level densities 
increased monotonically with increasing arsenic vapour pressure. The energy difference 
between the optical and thermal activation energies was determined to be 0.24 eV by 
PHCAP measurements in conjunction with DLTS and deep-level PL measurements. 

From the experimental results on the P,(GaAs) dependences of the level density 
and the large difference between the thermal and optical activationenergies, it has been 
concluded that the origin of the E, - 0.72 eV onset is the interstitial As atoms (IAs) with 
a more strained configuration than the 'ELT level. 

References 

[I ]  Watanabe Y, Nishizawa J and Sunagawa I 1951 Kagaku 21 140 (in Japanese) 
Otsuka H, Ishida K and Nishizawa J 1968 Trans. Inst. Elecrr. Commun. Eng. (in Japanese) DD 111-28 
Otsuka H, Ishida K and Nishizawa J 1969 Japan. 1. Appl. Phys. 8 632 

[21 Nishizawa J,  Otsuka H. Yamakoshi Sand Ishida K 1974 Jopan. J .  Appi. Phys. 13 46 
[3] Fujimoto I 1984 Japan. 1. Appl. Phys. 23 U87 
[4] Fujisaki Y, Takano Y, Ishiba T, Sakaguchi H and Ono Y I985 Japan. 1. Appl. Phys. 24 L899 
151 Yamakoshi S 1975 Doctor's ThesisTohoku University 

Nishizawa J. Toyama N, Oyama Y and Inokuchi K 1983 Proc. 3rd Ini. School on Semiconducior 
Optoelectronics (Celniewo) ed M A Herman (Warsaw: Panstwowe Wydawnictwo Naukowe) 
pp 27-77 

[6] Weber E R, Ennen H,  Kautmann U, Windsheif 1, Schneider J and WosinskyT 1982 I .  Appl. Phys. 53 
6140 

171 Martin G M 1981 Appl. Phys. Lett. 39747 
[SI Mitonneau A and Mircea A 1979 SolidSinte Commun. 30 157 
191 LagowskiJ,LinDG,AoyamaTandGatosHC 1984Appl. Phys. Leri. 44336 

[lo] Chichibu S ,  Ohkubo N and Matumoto S 19881. Appl. Phys. 643987 
[Ill It0 A, SukegawaTand Nishizawa J 1967 TechnicalReportof ProfessbnalCroup on Semiconducrorand 

[I21 Williams R 19663. Appl. Pkys. 373411 
[I31 Fumkawa Y and Ishibashi Y 1967 Japan. 3. Appl. Phys. 6 13 
[14] NishizawaJ,Suto KandTeshimaT19773,Appl. Phys. 403484 
[15] Nishizawa J, Okuno Y and Kobayashi Y 1977 Technical Repori of the Research Instiiuie of Elecrrical 

Transisior, Instiiuie of Electrical Communication Engineers of Japan 

Communicniion, Tohoku Universiiy TR-38 (available on request) 
Nishizawa J,  Kobayashi Y and Okuno Y I980 Japan. J .  Appl .  Phys. 19 345-52 

[I61 Honig R E 1969 RCA Rev. 30 285 
[I71 NishizawaJ,ShiotaIandOyamaY1986J. Pbyx C~Sol idSlrupPby~.  9 1  
[ 181 Nishizawa J, Oyama Y and Dezaki K 1990 1. Appl. Pkys. 67 1884-96 
[19] Tomizawa K. Sassa K, Shimanuki Y and Nishizawa J I984 1. Elecirochem. Soc. 131 2394 
[ZOJ Yu P W 1982 SoiidState Commun. 43 953 

~~ 


