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Introduction 

The Wood-Witt Program is a shorthand title given to a group of coordinated efforts deigned to identify and 

eliminate und^irable defects and impurities in GaN. It was begun by Colin Wood (ONR) and Jerry Witt 

(AFOSR) in October of 1999, and the original goal was to reduce donor ND and a»eptor NA concentration 

in state-of-the-art GaN by a factor ten, from the low-lO" to the low-lO'* cm"^ level. A few groups were 

directly fimded to work on this task, but many others also choose to participate became of the cteice to 

compare results on well characterized samples. Presently, in Septmiber of 2002, some 37 people, from 7 

different countries, have either supplied material or made measurements, and the total number of participants 

is at least 79, as Usted in Appendix I. The first samples investigated were mainly hydride vapor phase 

epitaxial (HVPE) GaN layere grown on AI2O3 by Richarel Mohiar of Lincoln laboratory/MTI. These layere 

hM thickness^ of up to 70 pm, and world-record 300-K mobiUties, at the time, of > 950 m^/V-s in the 

thickest sampte. Within a two-year period, this material was thoroughly char^terized by many diflferoat 

groups, and quite well undeistood. For example, it was shown that the donor and «x;eptor concentration m 

the thick samples were ND = 1 x lO" cm"^ md NA s 3 x lO" cm"^ [1]. However, it was found that the 

GaN/AlaOs interface regiom had much higher concentratiom, with ND = 1 x 10^° cm"^ and NA £ 5 x 10*' 

cm'  [1-3]. It was fiirther shown that the donors in the bulk region were mostly Si, and in the interface 

region, O, and that the dominant acceptor was the Ga vacancy (Voa), everywhere [3], Measurements on 

dsout 100 diflfeent HVPE layere, obtained from many independent sources, revealed a highly conductive 

(degenerate) interface layer in every single case, and the cause was a diflRision of the shallow donor O from 

the AI2O3 into flie GaN. This O diflfiwion is concentrated in a region of about 2000 A in the Molnar case, and 

this same region has a high daisity of threading dislocations; flius, the O may move into the GaN by pipe 

diffusion along the dislocation. This phenomenon should be studial fiirther in the next phase of the W-W 

program, and micro-SIMS measuremente should help solve this problem. In any case, the existence of a thin, 

hi^y conductive interface layer has a strong effect on electrical and optical properties, and must be 

ooiKider^ in the data analysis [2]. 

In 2001, HVPE GaN material from the Samsimg Advanced Institute of Technology (SAIT) became 

available for the W-W program when AFOSR, in conjunction with their Tokyo arm, AOARD, was able to 

strike a deal with SATT. The Samsung GaN wafws h^ first been grown on AI2O3, to a thickness of about 

500 Jim, then separated from their AI2O3 substrates, and finally ground, etched and polished to a thickness of 
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about 200 |xm [4]. Since the GaN was separated fiwm the AI2O3, experiments could be conducted on both 

the Ga and N faces. The material was excellent, in fmi meeting tiie original goals of the W-W program. So 

iar, the lowest donor (shallow) and aweptor concentratiora measured are: No = 7 x 10*^ cm"^, and NA = 1.3 

X 10'^ cm'^ [5], The high^t 300-K mobility is 1320 cmW-s, and the highest peak mobiUty is close to 12000 

cm^/V-s. Donor-bound exciton photoluminescence (PL) linewidths are less than 0.5 meV [6], and both O 

and Si donore have been identified by PL. In contrast to the Molnar GaN, tiie dominant donor in tiie bulk 

seems to be O, not Si, but ttie dominant acceptor is still the Ga vacancy. Partly because of the low firee- 

cairier concentratioM, Schotlky barriers are excellent, having barrier heights of 1.27 eV on the Ga f^e, and 

0.75 eV on the N face [7]. Furthermore, the Samsung GaN is very mefiil for electron-irradiation 

experiments, because of tiie small background concentrations of donore, w»eptom and traps. It ako has a 

small threaiing dislocation dermity, < 1 x 10* cm"^, at the top (Ga) face. This means that the average distance 

between dislocations is about 10 pm, so that it should be possible to study the Cottrell atmosphere of 

impurities and defecte surrounding each dislocation. The micro-SIMS capabihty at Ohio State Univereity 

(Ptof. Brilbon) should be very useM in this investi^tion. Overall, many experiments have been performed 

on the relatively small amount of material received jftom Samsung, and 35% of the publications Hsted in 

Appendix II are related to tiiese studio. It is hkely that Saimung GaN wafers will have a significant impact 

on the qu^t to develop a GaN substrate for homoepitaxy, and it is noteworthy that the most detailed 

characterization studies on these wafers have eome out of the W-W program. 

Electron irradiation for defect studio 

To create point defacts, in our laboratory, we use high-energy (0.7-2.0 MeV) electrons fi-om a van de Graaff 

a»elerator. Also, lower enei^ etetons (0.3 -1.0 MeV) are availdsle fiom a similar but smaller machine 

at Hameom AFB. Most of the mei^ loss in high-ener^ electron bombardment occurs fiom electron- 

electron, rather tiian electrx3n-nucleiK, collision. Such e-e colMsiora limit the electron range in GaN to 

about 0.7 mm for 1-MeV electrons, for example. For epitaxial layers, of thickness 100 pm or less, the 

electrorK lose very Mttle ener^ in travereing the sample. If a relativistic electixDn of ener^ E makes a direct 

hit on a nucleus, it will transfer a maximum ener^ £„ given by 

2E(E + 2m^c')    2.147x10'' E(E + 1.022x10') 

Mc^ " A (^^ 
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where nie and M are the electron and ion masses, respectively, A is the atomic wei^t, and the energies are in 

eV. The thr^hold ener^ Eft necessary to produce an atomic di^lacement is then just given by flie condition 

Em = Ed, where Ed is the displacement energy. In GaN, Van Vechten [8] has estimated Ej valu^ of 32.5 and 

24,3 for N and Ga disptoements, rrapectively, and it can be shown from Eq, 1 that these values le^ to 

thi^hold raiergies E = 0.18 and 0.51 MeV, for production of VM-NI and Voa-Gai Frenkel pairs, respectively. 

Temperature-dependent HaU-effect CT-Hall) 

T-Hall measurements constitute the standard method of determining donor ND and acceptor NA 

concentrations in semiconductor materials [9], Ideally, the temperature dependences of both the Hall 

mobility HH and the carrier concentration n (assumed n-type) are fitted to determine ND, NA, and ED, the 

donor activation aiergy. The mobiUty, for elastic scattering processes, can be calculated from I4,H = 

^■^}/m*{x% where <t"> denotes an average of the nth power of the relaxation time T(E) over etetron energy 

E. The relaxation rate i;'*(E) has contributions icom various scattering mechanisms: 

x'(B) = tac-^(E) + Tpe-'(E ) + V'P ) + Tif'CE ) + Tdis-*(E ) (2) 

in which ax)ustical-mode lattice vibrations scatter ela^trons through the deformation potential (xac) and 

piezoelectric potential (xpe); optical-mode vibrations tiirou^ the polar potential (%,); ionized impurities and 

defojts through the screened coulomb potential (TH); and chargai dislocations, also through the coulomb 

potential (tdis). The strengths of these various scattering mechanisms depend upon catain l^ce parametera, 

such as diela^tric constants and deformation potentiak, and extrinsic factors, such as donor, acceptor, and 

dislocation concentrations, ND, NA, and Ndis, r^ectively. For thick, HVPE GaN layers, Ndis is iBually not 

important, and tiie only fitting parameter is NA, since the ionized defect/impurity density is ^ven by Nf= 2NA 

+ n « 2NA + UH, where UH is measured in the experiment. In reality, since polar-optical scattaing is not 

elastic, we often um a more accurate fitting scheme for |XH VS. T [9]. 

To determine ND and ED we must solve the charge-balance equation (CBE): 

■   n + N^ = .^^° (3) 1 + n/fj, 

where (|>D = (go/gi)Nc'exp(aD/k)T'^exp(-Eix)/kT). Here, go/gi is a degeneracy f^tor (= V2 for an s-state), Nc' 

P^e4 



= 2(27tni„*k) /h , whesre h is Planck's constant, ED is the donor energy, k is Bolt2mann's constant, and EDO 

and ttD are defined by ED = EDO-WDT. If more than one donor existe within a few kT of the Fermi energy, 

then equivalent terms, involving Nm, ND3, etc., are added on the right-hand side of % 3. 

Recently we have applied the above analyse to |1H vs. T (Fig. 1) and nn vs. T (Fig. 2) data for a very 

pure firee-standing HVPE GaN layer grown by Samsung [10]. The 300-K and peak mobilitira of this sample 

were 1245 and 7400 cmW-s, respectively, and the fitted donor and accq)tor concentration were 6.7 x lO'^ 

and 1.7 x 10*^ cm'^, respectively. Mterestingly, this value of NA is very close to the ¥(& concentration 

measured by PAS in similar material [11]. fii fact, Voa is often the dominant acceptor in undoped HVPE 

GaN, over a wide range of axjeptor concentrations [3]. Afl;er 1-MeV electron irradiation, both No and NA 

increase, each by about 1 cm'' for each bombarding electron per cm^ giving a production rate of dsout 1 cm" 

[1]. From various comiderations, it has been argued that the donor is likely an N vacancy VN, and the 

acceptor an N interstitial Ni [1]. Also deteimined firom the experiment is the donor activation ener^ ED « 

0.06 eV. This value is compatible with the theoretical condition that VN should be a shallow donor [12]. 

Ako, theory predicte Ni to have a deep-acceptor stete [12], consistent with tiie Hall data. If we are indeed 

seeing only N-sublattice damage, then ttie djsence of Ga-sublattice damage is a m^eiy. 

Deep level transient spectroscopy (DLTS) 

DLTS is a tojhnique enable of determining electron and hole ti^ parametere: concentration, activation 

energy, and capture cross sa;tion [9]. In its common form, a reverse-biased Schottky barrier or p-n junction 

is subjected to a forwani-bias pulse in order to flood the depletion region with electror^ (or holes), and thus 

temporarily fill the traps in that region. Upon returning to the original reverse bias, the temporarily tr^iped 

elojtrorB or holes will be re-emitted, as illustrated in Fig. 3. For experiments involving a Schottky barrier on 

n-type material, tha-e will be a c^acitance C immediately before flie pulse, and C - AC immediately 

afterwards, hi firet order, the tr^ concentration NT is given by NT = -2ND(AC/C), where ND is the net 

shallow donor concentration. As time proceeds after the filling pulse, the capacitance will retum to ite 

original value C, usually in an exponential manner. In the box-car technique, this exponential is sampled at 

two times, ti and ta, to effect a "rate window" defined by r = In(t2/ti)/(t2-ti). As temperature is swept 

upwards, the emission rate ^ of a particular trap increases, according to ^ = CT^exp(-E/kT), where C is a 

comtant involving tiie c^ture cross section, and E is an oitivation energy, consisting of the tr^ ener^ Ej 
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plus the cross-section barrier height E^, if non-zero (i.e., E = ET + E^). As illustratal in Fig. 4, the DLTS 

"qjectrum" then consiste of a series of peaks due to diflferoit traps NTS, with each peak occurring at the 

temperature for which Cni=r. 

Fig. 1. MobiUty fit for Samsung fi-eestanding GaN layer. 
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Fig, 2. Carrier concentration fit for Samsung freestanding GaN layer: ne is the Hall concentration and n is 

the true concentration. 
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Actually, the simple fomiula, NT = -2ND(AC/CX hoMs only if NT/ND « 1, and if ET is not very large. We 

export thrae conditions to be often violatai in AIG^. Fortunately, we have derived a general formula, 

contained in a rodent article on DLTS [13] written for the Encyclopedia of Materials: Science and 

Technology. It can be shown that a prwise form of AC/C is 

AC 
C 

1+/^ 

l+/j 

1/2 

1/2 (4) 

• Page? 



where 

w, = 
1 

2e{^s-Vr-Ec.fe-kT/e) 

eN, 
(5) 

and 

2S{ET -EC^ -kT) 
Nl/2 

(6) 

The positiom of Wr and X are shown in Fig. 3. The most important part of Eq, 4 is a unique expression for 4 

tiiat is vaHd for both hi^ trap concentrations and deep trap energies [14]: 

fx = 

1+ 
ap 1/2 

(1+a-a^P 
■(^'"■"'-^fr^f^^-''-^'-^'"'!}       <^' 

where 

F{a,p)= l+a Vf-K 
l+a-afi ^s-Ec^-V^-kTIe (8) 

The various symbols are as follows: 8 te the static diela^tric constant; ^B is the Schotflcy barrier height; Vf 

and Vr are the forward and reverae bias voltages, respectively; 1^ is the flat conduction band energy, far 

flom the surface; No""' = ND - NA; a = NJ/ND; and p = (ET - EC« - kT)/e(<|)B - Eox/e - V^ - kT/e). Note that 

Eq. 4 explicitly contains N/^ evaluated at Wr, and NT at (Wr - X), a fact that can be important if the layer is 

inhomogeneom or if a profile of NT is being generated. 
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Fig. 3. Effect of a metal Schottky barrier (energy e<|>B) on the surface of GaN. Filled circles denote states 

occupied by electrons, and empty circles, unoccupial As demonstrated by the arrows, filled states above the 

Fermi level Ep (set at E = 0) will emit their electrons to the conduction band and this phenomenon resulte in 

a capacitance transient The various symbob are defined in the text. 
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Fig. 4. Plots of -AC/C for a freestanding GaN sample as a function of emission rate en. Five traps are 

identified: Ai, A, B, C, and D. The condition are: Vr = -5.0 V, Vf = 0 V, and tp = 1 ms. 
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In GaN, two common defect-related traps, d^ignated here as ED and AD, are nearly always observed, 

no matter what type of in^ation is used. For the rate window set at r = 4 s"', traps ED and AD have DLTS 

signal peaks at about 100 and 400 K, respectively. Ottier tt^s have also been seen, m outUned in Table 1, 

but virtually all workere have at least seen ED and AD. Trap ED was firet reported by Fang et al. [15] to 

have an energy E of 0.18 eV, but later analysis by Polenta et al. [16] revealed that it consisted of two 

overlapping traps, eroh with a thermal ener^ component ET of 0.06 eV, and capture-cross-section 

components Eg of 0 and 0,05 eV, respectively. Indeed, Goodman et al. [17] have recently found that ED 

consists of three components, but their source of electrom (0.25 - 2.5 MeV, '"Sr) was different fi-om that 

used by Fang, Polenta, et al. (1-MeV, van de Graaff). The combined production rate of all of the components 

is about 1 cm"^ [17], the same as that determined firom die T-Hall analysis [1], and since the thermal energies 

are also the same (0.06 eV), it is ahnost certain that a common defect probably VN) is being observed. The 
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diflferent DLTS trap components could perhaps correqjond to different separation of flie Frenkel-pair 

components, VN and Ni [18]. The existence of several components in ED also can explain the slight 

differences in overall peak position, 0.13 - 0.20 eV, seen by various workers. 

It is important to emphasize that the various components of trap ED appear not only in irradiated 

samples, but also in as-grown, ion-implante4 and contact-metal-deposited samples. In MBE layers 

[19,20,21], the concentration of trap Ei, one of tiie componente of ED, increase with do^rease of N flux 

during growth, again supporting its identification with VN. A strong increase of the trap Ei DLTS signal with 

puke length is illustrated in Fig. 5. This shows that it has a small capture cross section, perhaps due to a 

repulsive barrier, hicidentally, tr^ D also must have a defect nature, becaiwe we have recently shown that it 

can be created with plasma etching. 

Positron annihilation spectroscopy (PAS) 

Positrom injected into defo^t-free GaN are annihilated by the core atomic electrons in a mean time of 160 - 

165 ps. However, if there are ne^tively charged vacancies pr^ent, some of the positrora will become 

trappai at ttiose locatiorB, and will have longer lifetime, because of the reduced electron dmsity at 

vacancies. In the case of GaN, Ga vacancies (but not N vacancies) would be expected to fill this role, and 

indee4 PAS has been used to identify and quantify Vck-related defects [22]. For example, it has been shown 

that 2-MeV electrons produce Voa centere at a rate of about 1 cm'* in bulk, semi-insulating GaN [11]. 

Moreover, comparisons of Voa concentratioiM with acceptor concentrations NA in a series of undoped, n- 

type HVPE GaN samples, with NA ranging from 10*^ to 10*' cm"^ show that [Voa] « NA, to within 

experimental error [3,11]. Thus, it appears that Voa, and not any impurity, is the dominant acceptor in HVPE 

GaN, and probably in other typ^ of undoped GaN, ako. hideed, theory predicte that Vc^ centere should be 

abundant in n-type GaN[23]. 
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Fig. 5. DLTS signal -2ND(AC/C) for a MBE GaN layer. Note the strong dependence of trap Ei on forward- 

bias pulse length tp. The condition are: €„ = 10 s"^ Vr = -3.0 V, and Vf = 0.5 V. 

100      150 300      350 

Photolumin^cence (PL) 

Two, infrared PL bands, at roughly 0.85 and 0.93 eV, are producal by 2.5-MeV electrom [24-27]. Both 

bands are broad, but the former has a shaip zero-phonon line (ZPL) at 0.88 eV and accompanying phonon 

structure. Some workers have proposed tiiat the lower-energy band with tiie ZPL is much Hke the well- 

known Op band in GaP, and, in the GaN case, involves a tradition between a deep ground state of OM (at Ec 

- 0.90 eV) and an excited state of ON (at Ec - 0,02 eV), along with associated phonon side bands [27]. 

However, there are several apparent problems with this model, and another defect, an ON-Gai complex, may 

be a better candidate [28]. 

DMocation Studies 
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Recently, threading-edge dislocations (TEDs) have been shown to be ne^tively charged in n-type GaN, 

behaving as a line charge with a linear charge density of about le per c-lattice distance, 5.185 A [29]. Thus, 

these dislocations are acceptor-like, and theoretical studies are consistent with this picture, suggesting that 

the dislocation cores in n-type GaN may contain Ga vacancies [30,31], or Vc3a-0„ complexes, with n = 1 - 3 

[32]. It mi^t be assumai that simple Voa centere along the core would have a chaige of-3 each, but it turns 

out that electron-electron repulsion reduces flie charge to about -1 each, for typical material with n ~ 1 x lO" 

cm'^ [31]. For HVPE GaN on AI2O3, the interface region has a very high TED density, Ndis ~ 10*° - lO" 

cm'^ and an even higher misfit dislocation demity, Nmis > lO'^ cm'^, as deduced by transmission electron 

microscopy (TEM) measurements [3]. Also, fi-om secondary-ion mass spectroscopy (SMS) measurements, 

[O] > 10" cm'^ in this region; from PAS, [Voa] > lO" cm"^; and from Hall-efifect and electrochemical C-V 

(ECV) measurements, n > 10*' cm"^ [3]. The picture that emerges here is that the donors are O, and the 

acceptore are Vck, but the Voa in fliis case are probably associated with the dislocations, either as isolated 

centere along the core, or as Voa-O complexes. Mterestingly, O is the dominant donor only in flie interface 

region, since SIMS and T-Hall data show that Si takes over in the bulk region. However, PAS and T-Hall 

measuremeniB show that Voa is flie dominant acceptor everywhere, both in the interface and bulk regiom 

[3]. 
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