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Chapter 1
Introduction

The blue-light-emitting diode (LED) has been described as “the holy grail of opto—velectron'i'cs’.’
by Waguih Ishak, an optics research director at Hewlett-Packard {1]. Short—waveléng’th (blue, UV)v
light erhitters are a necessary precursor to the development of white-light ‘LEDs [2] .—antidpated‘
as potential replacements for incandeséent, ﬁuo_réscent and halogen bulbs- With a potential global
farket estimated at around $12 billion [3]. While GaN-based materials have had some comimiercial
success in sh‘ort—wavelengthAIight—emitting applications, the need for hig'h—quality‘s'cala,blé'nativé
substrates has precluded further development of high—power, high frequency devices [4] ZnO has
Been proposed as a potential substrate for GaN-based devices due to the availabilify Qf hig-h—'q‘ua.lity

-50 mm wafers and its minimal lattice mismatch (about 2%) to GaN [4]. Additionally, with the
recent announcement of p-type ZnO layers [5] and its superior material properties (Appendix A)
compared to GaN, homoepitaxial ZnO is cﬁrrently being pursuéd as an alternative to GaN as.the
biue—light—émitti‘ng' material [4]. The foqus of this study, however, will be limited to the’A(:Oﬁ’c'inu'ed
development of ZnO substrates. This work seeks to contribute to a fuﬁdame‘nta,l u'n'derstdnding of the
effect of crystalline defects resulting from ultrafine finishing brocesses on the optical p'er'foir‘mvance of
bulk, hexagonal (wurtzite) ZnO. This understanding will aid in identifying the processing conditions-
which show promise for producing high-quality substrates for use in the homoepitaxial growth Of
ZnO or the heteroepitaxial growth of GaN thin films. |

This introductory chapter is organized into fhree sections with the first section providing a more
detailed motivation for this study, namely, the need for development of epitaxy-ready ZnO substrates.

The second section provides a review of the literature regarding: 1) subsurface damage studies of
semiconductors and 2) luminescence studies of ZnO. The third section presents the objective of thié

study and a brief overview of the research plan.



1.1 Motivation

The annou’ncement of p-type doping of ZnO epilayers [5] has led to a tremendous research ef-

fort to develop Zn0/7Zn0 based short wavelength light emitters in an attempt to capture some of \

" the estimated $3 bllhon potentlal market for blue hght emitting diode (LED) and laser diode (LD) f

apph_catlons [1]: The potentlal for ZnO in LD applications has been derhonstrated by several re--.
‘Searchers with their observatiens of room temperature (RT) lesing from ZnO thin films using obtical
excitation [6-10], where the principal laéing mechanism was reported to be _eXciton—e}rciton ;inter‘—.'
action. Recently it has been shown that low power threshold (2 mW) room temperature poiariton_
lasers can bé realized with ZnO—b’ased rhicrocavities [11]. These results are enéouraging and clearly '
demonstrate the potentlal of ZnO for short Wavelength light emrtters however much work remains. .
Before con31der1ng some of the current research issues in the developrment of ZnO based dev1ces a

brief comparison of ZnO to ex1st1ng technology for blue LEDs and LDs, namely GaN is prov1ded '
ZnO has many advantages When compared to GaN and may serve as an’ excellent alternatlve for

short wavelength hght emitters and other applications. One_ s1gmﬁcant advantage is the avallablhty_ T
~ of large bulk single' crystal ZnO suhstrates for homoeﬁitaxial grthh By comparison é,n lof the

GaN—based LEDS are heteroep1tamally grown on S1C or sapphlre substrates due to.the lack of com—

mercially available large bulk smgle crystal GaN [12] Lattlce mismatch and dlfferences in thermal : -f o

expansiori coefficients between the GaN epilayer and either the SiC (3.3% lattice mlsr_natch [4]) or
sapphire (14.8% rrrisma,tch [4]) substrate yield ve_ry high dislocation densities that si‘gniﬁcarrtlyjlre—
-duce electron mobility, doping efficiency and the lifetime of the sﬁbseciﬁent devices [12] ’fhread_ing
dislocation densities as high as 10° to 101% cm~2 have been reported for GaN/ (SiC or sapphire) sys-
tems [13]. Availability of large bulh single crystal ZnO presents the opportunity to grow Zn0/Zn0
devices with low. defect densities and subseqﬁently long lifetime (typically, LED lifetimes are tar- -
geted to be greater than 10,000 hrs). The significance of homoepitaxial grewth fot thin films ie-hest ‘
illustrated by the work of Kamp et al: [13] who demonstrated that homoepitaxy thin films exhibited
dislocation densities approximately six orders of magnitude lower than those prepared with het-
“eroepitaxy methods. Material property advantages of ZnO include a higher_e){citon binding energy
(60 meV) than GaN (28 meV) and a higher optical gain (300 cm™1) than GaN (100 crn‘l) [14]. A
large exciton bindingr energy results in excitons which are stable at elevated temperatures-[15]. As
mentioned previously, Bagnall et al. [6] have rep_orted the room temperature optically pumped lasing

of ZnO thin-films. Their results suggest that laser emission threshold intensities for ZnO compare

favorably with GaN. Speciﬁcally, Zn0 has a room temperature lasing threshold that ranges from



40-240 kW /cm?; whereas the room temperature threshold for GaN is greater than 400 KW Jem? [16] - |
- Because ZnO is one of the hardest materials in the II-VI éompound.fa,mily;'degrada,tiér_rof the rr—la,;‘.

terial due to the generation of dislocations during device operation is thought to be minimal [17].

With its large bond strength, Zn0 also ensures alarge damage threshold for laser irradiation [18] Im U

~ addition to its potential as an efficient, low threshold, excitonic blue laser, ZnO }al.so_sh_'ovs‘is' 'pfo'mise :
for flat panel displays, _surfaée acoustic. wave (SAW) devices and ox'ygeﬁ gas sensors [19]. Zn0 lias
élso_ been shown to be more resistant than Ga,N to radiation damage [20]‘ 'aﬁd the‘re.fc_)re a Bettéf
poténtial candidaﬁe fdr space applications [21]. Whﬂe ZnQ appears to have many a'dvantages when -
compared to GaN, several research issues remain. For one, realiiation of a cqmmercially vi;'ible:altér-
‘native to' GaN-based devices requireé the development of epita,xy-réaay (épi—réady) 70O substrates
for homoepitaxizﬂ growth. The. successful growth of defect-free epitaxial layers, aﬁdsub’se’qtiently
_ iohg-lasting deviéeé, depends entirely on a clean, well-defined and defectffree‘subs’tfafe surface [22].
Epi-ready substrates have surfaces which enable high quality filin growth without any prior chemical
pretréafmenﬁ [23]. Hong et al. [24] reﬁdrted that epi-ready (001) GaAs substrates were critical fo
dchieving the 2D la,yer;by-layer gréwth of 7nSé thin films and subseqﬁent suppression-"éf ,stackfng
faﬁlt_s thaﬁ ba're détriﬁenﬁ_al to device perforrﬁance. Epi-ready ‘sﬁ'b'st—rates have_ also been repbft_ed for
P [23]. The potential for epi-ready ZnO éubstrates is not limited to ZnO/ 700 systems. 700 has
also been _ﬁroposed aé an altérnative substrate for the growth of GaN thin ﬁlms due to i:ts small
lattice mismatch (about 2% [4]) [25,26]. In either case, successful épit_axy requires substrates with:-
clean, smooth sur‘faﬁes and minimal near surface damage resultant from ﬁn’i_shi‘ng processes. _
' 'While d clean, smooth surface may be an obvioué prérequisite.for'high quality film gr‘o'Wt_h, the
" "detrimental effect of subsul;face damage in the substrate, resultihg from ultrafine ﬁnishiﬁg processes
_s_uch' as polishing, is not so .appparent.v Caldwell et al. {27] examined thé effects of s‘ﬁbstlf&te polishing :
on 's_ubseque'r’iﬁ device perfdrmahc_:‘e and reported the presenbe of “buried'd_efects”. agsociated .With pol-
- ishing of the substrate negatively influenced the epitaxial layeré and resulting devices. Usiné TEM,
Ponce et al. [28] were able to demonstrate the presence of dislocétioné in a GaN epilayer originating
from dislocation loops in the near surface of a meéhé,nically polished substrate. Tournie et al. [29]
élso point to the critical nature of substrate preparation and its effect oﬁ the photolumineéceh'ce
(PL) properties of the subsequently groﬁvn thin film. Reports on the successful growth of GaN epi-
layers using mechanically polished GaN substraﬁes point to the need for additional pregrowth steps,
such as chemically assisted ion beam etching (CAIBE) [30] or reactive ion etching [31], to remove
the subsurface damage due to polishing and to approximate epi-ready surfaces. In contrast, ZnO

has a well-established chemomechanical polishing process [21]. Whereas this process'is sufficient



for surface smoothness (with typical rms surface roughness values less than 1 nm [32]), it requires.
modifications to the current process parameters {e.g., slurry pH, slurry constituents, etc.) to f;irﬁher

minimize the subsurface damage introduced.during polishing. As an aside, the use of wet etching as’

‘a final finishing process to remove the subsurfacefda,mage in the polished substrate is precluded by " -

the introduction of etch pits. Therefore, chemomechanical polishing appears to be a né(feséziry final
ui’craﬁne finishing process for ZnO substrates. Central to proper selection of polishing parameters
(and improved polishing techniques) and thus successful deVeldpment of epi-réady ZnO .su'bst_rate's is
the neéed to characterize the subsurface damage in a rapid, inexpensive, reliable and nori‘deétructifre
manner. The fﬁndamental aim of this research is t.o characterize the effects of near-surface damage,

resulting from ultrafine finishing processes, on the PL of ZnO substrates.

1.2 Literature Review

“The following re'{riéw is separaﬁed into two parts: 1) Characteriiatioﬁ of subsurface damage in
semiconductors using various techni(iues including PL and 2) luminescence studies of ZnO. Tﬁe
former is important for demonstrating the breadth of research that has been conducted regarding
' subsurf_ace damage in ser_nicOnductors. It is also interided to convey thé usefulness of PL:as a tool -
for ch’aracteriziﬁg subsurface daﬁage in semiconductors. The latter illustrates that while reseaich
on the luminescence of ZnO is extensive there is very little inforrﬁation regarding the effects of near

stirface damage on the PL of ZnO substrates.

'1.2.1 Characterization of Subsurface Damage in Semiconductors

Several characterization techniques have been used to assess subsurface damage in semiconidirc:
tors resulting from ﬁrﬁshing processes. The following is a collection of results from some of those
techniques reported in ﬁhe literature. While this review will focus primarily on the use of lumi-
nescence techniques such as CL and PL to characte.rize the near surface damage in semiconductors
reéulting from pblishiﬁg, it is useful to first examine other possible techniques and discuss observa-
tions from these methods to bétter understand the types of damage associated with final finishing
processes. Many of these techniques are costly and destructive; nevertheless they provide a detailed
asseéssment of ﬁhe nature of the subsurface damage in single crystalline materials introduced by pol- '
ishing.

Transmission electron microscopy (TEM) has provided information for both the na,turé and ex-

tent of subsurface damage in single crystal materials resulting from polishing. Black et al. [33] in an



extensive investigation of polished (0001) sapphire substrates used TEM in conjunction with polar-
ized light‘ microscopy, X-ray diffraction topography and Raman spectroscopy in an effort to de‘Veiop

noninvasive methods for the charaéterization of subsurface damage of high performahcé optics. No

details regarding the polishing procedure were gjven. From TEM results, it was reported that the

“damaged layer” of the polished substrate exhibited a network of dislocation half loops with no ob--
ser’_vable cracks extending to about 100 nm bélow the surface. By comparing the résult’s of each of -
the techniques listed above with TEM results, it was determined that Raman spectroscopy showed
the most promise for the relative measurement of strain fields in vthe_ neaf sutface resultant fiom
polishing. In another study, George et al. [34] used 300 K Raman spectroscopy to investigate pol- |
ished (100) GaAs and compared their results to images obtained by ctoss-sectional TEM Polishi'ng.
was performed using a slurry of 0.05 pm aiumina powder and studies were conducted to determine
fhé effect of polishing time on the amount of near surface damage introduced to the crystals. TEM
results showed that the near surface of the 2.5-minute polishied sample exhibited a high.disloc‘a,tion,
dénsity that extended to about 75 nm beneath the surface. It was reported that the dam‘age'depfh

+ increased with increased polishing time and was observed to be more than 500 nm for the 30- 'an'd

GO—minute polishing times. The polish-induced strain damage depth, as determined by Ratnan spec-

itros'copy, was observed to foliow a similar trend as the dislbcation damage depth, as déterminéd By

TEM. In a more recent TEM study, Zarudi et al. [35] investigated the effect of pélishing on the
near surface of (110) Si. Surfdcés were prei)ared with successi\./e polishing processes using.15 pm, 9

. pm, 5 pm and 1"',u.m mean diameter abrasives. Fine polishing was performed using an oxide slur'ry
with 0.025 pm particles. TEM results for the surface prepared with the 5 pm abrasive indicated
dislocations and microcracks which extended approximately 1-3 pm from the surface. After thé final
‘(ﬁne—) polishing prbcess,‘ the near surface damage was reportedly “completely removed”.

. Another technique for the characterization of polish-induced subsurface damage in .'semiconduc—
tors is axial ion channeling. Studies using this technique on polished CdS, ZnSe [36] and ZnO [37]

have been reported. Results show a significant variation of subsurface damage between CdS, ZnSe
and ZnO for the same polishing processes. To illustrate, for surfaces prepared by mechanical polish-

ing with a 1 pm diamond abrasive slurry, the approximated damage depths were 235 nm for. (0001)

and (0001) ZnO, 147 nm for (0001) CdS and 424 nm for (100) ZnSe. Data from surfaces prepared by

mechanical polishing with a 1/4 ym diamond abrasive slurry showed a similar trend. The subsurface

damage depth for (0001) and (0001) ZnO was reported to be 115 nm, whereas the damage depths for

(0001) CdS and (100) ZnSe were 105 nm and 377 nm, respectively. These results clearly demonstrate

that near surface damage does not necessarily scale with grit size. It does appear, however, that the



amount of subsurface damage is strongly dependent on the material being polished. Results frbn_l_
chemomechanically polished ZnO showed that the depth of damage resulting from p’olishinng'a_;s
less than the depth resolution of the technique. Other characterization tools for the assesstiient of
subsurface damage in semiconductors have also been reported.. These include X-ray photdeleétfdn
spe?:t'rosé‘opy (XPS) [38], absorption [39], and infrared (IR) reflectance with attenu:a,té'd total reﬁe'c—: .
tion spectroscopy [40]. These methods, however, have not been as widely reported as Iﬁmineséenée
techniques such as CL and PL.

Borovich et al. [41] used CL to study the damage imparted té CdS single crystals by mechanical - ’
and chemomechanical polishing. It was reported that the pattern of integrated CL Lad a stro’n’g
. dependence on the surface treatment. Each process yielded its own characteristic luminescence pat-

tern. The differences in pattefns were attributed to the formation of a “disturbed layer” whose depth
was a function of the surface treatment. The distribution of the damage was reported to be"heter‘o—m '
geneous and the subsurface damage was greater for the mechanically polished samples as compared
to the chemomechanically polished samples. Borovich et al. [41] noted that the ch'emomechéhic’al
polishing of CdS samples best satisfied the requirements for surface finish while minimizing the sub-
surface damage. Kozlovskii et al. [42] also usbed CL to investigate the defects introdiced in single
crystal CdS by mechanical polishing. Specifically, CL was used to assess a technigue of riaséiﬁrating
the damage by annealing in atomic hydrogen. It was reported that the depth of thé poli‘sh—ihdﬁcéd
damage layer was a function of the grain size used for polishing, namely, the samples polishied with
-1 pm grain size resulted in shallower damage than those samples polished with 10 gm grains. Theéir
measuremerits showed that annealing in atomic hydrogen produced“a, significant increase i CL in-
-tensity. They proposed that the dislocations from mechanically polished samples could be thought of
as local sinks of nonequilibrium eleétron hole pairs (EHP) with a particiilar rate of nonradiative re-
combination which depends on the state of the broken bonds on dislocations. During annealing'; the”
atomic hydrogen diffuses into the sample, completes broken bonds of the dislocations, and rédu'ces
the nonradiative recbmbination by several orders of magnitude. CL has also been instrumental in
characterizing specific types of ‘point and extended defects. Myhajlenko et al. [43] investigated the
luminescence of individual dislocations and related defects in metal-organic chemical vapor deposi-
tion (MOCVD) ZnSe thin films. Initial TEM characterization of the sample revealed a high density
of stacking faults bounded by partial dislocations. “Unusual” luminescence bands at 2.60 eV (Y) and
at 2.52 €V (S) were observed and attributed to dislocations. The occurrence of the Y emission band
was found to be dependent on the growth conditions, in particular, the cleanliness of the reactor.

They reported that it was not the dislocations alone that resulted in the Y emission, rather an



association of impurities with dislocations that led to a luminescence band at 2:60 V. It wa’s also
reported that the Y emission was associated with complex dislocation tangles and not caused by
stacking faults. In a separate CL investigation, Negrii and Osip’yan [44,45] studied the effect. of
various dislocations on the low temperature (10-77 K) CL of CdS. Particular interest was paid to
the radiative recombination processes in the blue and green parts of the spectrum. Using_ four-point
beriding and indentation, a dislocation density of 107-10% cm™? was achieve’d.l The orientation of th‘é
crystal i the bending deformation wés such that the preferential glide of the d,iSlo_cations' 0‘c‘cu1_’r'éd
in the (0001) planes (basal) or the (1010) and (1210) planes (prismatic). Relative meas_’ureméﬁts
were conducted on those parts of the crystal that were characterized by high disloc_ati'on density,
such as regions with dislocation rosettes, with other parts of the crystal that were relatively free -
of dislocations. It was discovered that, in addition to the quenching of the exciton bands, _th’ere'
were strong luminescence bands in the green part of the spectrum (2.447, 2.439, 2.430 eV)' emitted
from those parts of the crystal with a high dislocation density. The “new” bands were attributed to
the prése'nce of dislocations. In addition, the 2.439 eV peak was observed only in the pre_’sehc’e‘ of
dislocations in the basal (0001) plane. The 2.430 and 2.447 €V peaks were comimon to both types of
dislocations. Studies were also conducted on the effect of deforrﬁation temperatute (300-600 K) a_uﬁ'd
~ storage time after deformation and it.was concluded that they had the same influence, namerly.’ that
the intensities of the three characteristic peaks decreased and the struéture of tlie spectruﬁ flattened
out. This led to the conclusion that the degradation of the dislocation luminescence spectrum in
regions where dislocations exist resulted from a redistribution of point defects in an elastic field and
their migration to dislocations. The mechanism suggested for the 2.430 €V peak was a reconibina-
tion of the electron and hole of the main dislocation state, thse formation may be attributed té
the deformation potential field of the basal or prismatic dislocation binding the electron énd Lole.,
The 2.439 6V peak was explained by the existence of a dislocation state that is chaiacte‘ri‘zed ,by. ‘
a small electron binding energy in the electric field of a charged dislocation. Lastly, the .2.447. eV
band was attributed to radiative recombination of an electron excited from an‘y.of the dislocation
states to the conduction band with a trapped hole on the dislocation. These results der‘n'ons"tréte'
the competition between radiative and nonradiative mechanisms and demonstrate that mechanical
damage can result in a reduction of the overall luminescence efficiency of the semiconductor.

PL has also been routinely used for the characterization of defects in semiconductors resulting
from polishing. Akimova et al. [46] used PL spectroscopy and periodic wet etching to study the
depth of subsurface damage due to mechanical and chemomechanical polishing of (0001)-oriented

(CdS. They suggested that spatial inhomogeneities in the bulk crystal may lead to erroneous results



when determining the depth of damage using photoluminescence. However, it was réported that one ‘
advantage of PL is that it gives a simple and rapid means of testing the effects of surface treatmerit
on the basis of the radiative properties of the material. Additionally, they reported that chemome-
chanically polished semiconductors yielded the highest quality surfaée finish with the least amoiint
of sub‘surféce dalﬁage. In another subsurface damage PL study, Laczik et al. [22,47] investigated the
polishing damage on (100) InP using total light, room-temperature scanning PL and a technique
of chemically angle-polished surfaces [48,49]. For this technique, a small-angle bevel is formed on
part of the surface of the wafer by chemical dipping. The bevel allowed a more det;ﬁled exaininas -
tion of the subsurface damage. A lateral resolution of <2 mm and a depth resolution of €10.am
were reported. For the as-polished wafers, it was observed that there was a layer extending froim
- the surface down to ~10 nm that seemed relatively undamaged. Berieath that “good” suiface layer
- Was a darﬁa‘ge‘d layer extending to ~50 nmn. The amount and distribution of damage, identified as
* dislocations and cracks, were different in each of the wafers examined. A subsequent defect etch
revealed shallow etch pits (S-pits) on the beveled region to a depth of ~50 nm with no S-pits oﬁ the
unbeveled region. Based on the PL and defect etch information, Laczik proposed t§v0 competing.
explanations for the “good” surface layer. The first possibility re_po‘i‘*ted_ wa's‘ that there was dé,mage
in the first ~10 nm of the wafer, but was not observed because it had been p&séi‘vated. The minority
carriers either recombine radiatively at the damage or they do not recombine at the damage.in fh‘e
ﬁrst 10 nm of the material. The passivation could be caused by a cherrﬁcal effect from the polishing
procedure. This same chemical effect could have passivated the damage a,gains_t chemical etching
attack as well. An alternative explanation was that there was no damage in the “good” zone. In -
addition to the “large” pressute on the wafer surface (during polishing) which causes dama,ge. down
to a depth of ~50 nm, there is a “small” pressure that removes damage down to a depth of ~10 .
nm: This could be due to either smearing or amorphisation of the surface layer. One additional
observation made by Laczik was that most of the measured emitted PL light came from material
<10 nm deep in both the beveled and unbeveled regions. One consequence of this observation, as-
reported by Laczik, is that if the PL technique is used to investigate as—bolish‘ed InP wafers without
beveling the specimen, polishing damége below the ’good’ zone will not be ob_served. It was also
» reported that the subsurface damage could adversely affect epitaxial growth, initiating S-pits in the
layers above the substrate.
Whereas most often the near surface disorder introduced by polishing leads to decreased lu-
minescence efficiency owiﬁg to competitive nonradiative recombination, there are examples in the

literature of mechanical damage resulting in new PL peaks. These include PL studies of mechani-



cally polished GaAs [50]and InP [51,52]. In each case point defects:resultaﬁt from dislocation motion
. were implicated as the source of luminescence. Swaminathan et al. [50] used low terhperature_ (10-
70 K) PL spectroscopy td study GaAs with the following surface conditions: as-cut, mechaﬁically
polishied with a 600 grit SiC paper, scribed with a carbide tipped tool arid chemically (Brs-CHj OH)
polished. For those wafers subjected to surface damage from either saw cutting, ﬁolishing of scrib-
- ing, a new luminescence band (~1.4 éV) at low temperature (10 K) was observed. It was reported
that this new band was thermally quenched above about 30 K. For the chemically polishied samples,
no band at 1.4 €V was observed. The ~1.4 €V band was observed in all mechanically dama,ged
crystals fegardless of whether they were 'grow‘n' by horizontal Bridgman or by liquid encapsulated
Czochralski technique, whether they wére doped or undoped and whether th'ey wére Semi-inisulating
or not. This new band was attributed to point defects created by limited dislocation motion at or
near the surface. The point defects, which serve as radiative centers, had relatively shallow energy
" levels and were demonstrated to be stable af room témperature vﬁth high annealing terperatures
(> 400°C). These results indicated that the radiative centers were defect clusters rather than simple
‘point defects. They also noted that the scratches from polishing and scribing appearéd ’dark’ in
iluminescehc’e images, suggestiﬁg‘ that the dislocations p’roduced by the mechanic_al damage resulted
in nonradiative recombination centers. In fact, the PL intensity of as-cut Samplés, nedr the band
edge,» was app’ro‘ximatély an order of magnitude léss than the pélished samples, suggesting that the
as-cut samples exhibited more severe mechanical damage. Sixﬁilar ob'servations have been reported
by other researchers. Bohm and Fischer _[5'3] reported that the overall intensity of the PL spectra
1is lowered by about 30% in a region of 5-10 mm around dislocations; but the shape of the épectra
réemains unchanged. Tuck [54] also reported a correlation between PL degradation and dislocation
etch-pit density in crystals that had beén mechanically polished. The total damage depth of the
as-cut wafers was 10-20 pm. This result was determined by etching the wafer at vérious tirmes until
the band at ~1.4 eV had subsided. Swaminathan et al. recommended chemical polishing to remove
approximately 20 pm of mechanical damage before any subsequent device application. Other sources
of point defects resulting in new radiative centers include etching and aging under atmosphéric con-
ditions. Amirtharaj et al. [55] used PL spectroscopy in the temperature range of 8-40 K to study
the effects of Bra/CH3OH etching and aging in atmospheric conditions on In-doped CdTe. The
dominant effect of etching was the introduction of a distinct peak at 1.5896 eV. This peak was inter-
preted as arising from the introduction of Cd vacancies in the chemically etched region. The effect
of aging (approximately 10 weeks) produced similar results, namely, the preseﬁce of the 1.5896 ¢V

peak, whereas the freshly cleaved sample exhibited no peak at this energy. The presence of this peak



strongly suggested Cd vacancies at the surface of the aged face. The Cd vacancies were attributed to
an inherent surface reactivity and/or instability as well as reaction with atmospheric oxygen. It was
suggested that the formation of Cd vacancies could interfere with successful fabricafcidn of devices
and could negatively impact those d_evices that contain exposed surfaces. Low temperature PL has
also been used for evaluation of homoepitaxial films to infer the quality of the growth method and
the substrate [28, 56]. Ponce et al. [28] investigated the MOCVD growth of GaN on mechanically
polished single crystal GalN using low terﬁperature ‘(2 K) PL and TEM. They réported the growth
of high quality homoepitaxial GaN films with a measured upper limit for the dislocation density of
108 ci~2. The.ob_served dislocations, primarily dislocation loops, were reported to originate from
the surface co‘ndition of the substrate. PL data from the substrate ‘exhibited very st‘fo‘ng “yellow
luminescence” indicative of many defects in the crystal. The authors indicated that improved surface
conditions for the substrate could eliminate the observed dislocétions altogether. In another GaN
homoepitaxy study [56], CAIBE was used to remove s‘ubs‘urfac’evdamage from the polished bulk sub-
strate to improve the growth qualify. The CAIBE-treated substrate ‘showe'd improved PL emission
with higher signal and reduced lineWidthS. The métal—organic vapor-phase epitaxy (MOVPE) grown
films showed clear, intense and narrow PL spectral emission indicating very high quality.

' From these results, two very general observations can be made: 1) point defects can be associ-
ated with radiative centers leading to new bands in the PL emission and 2) the presence of extended
defects, such as dislocations, in the near surface introduces nonradiative recombination sites that

" reduce the overall luminés‘c‘ence efficiency of the matérial. It is apparent that near surface mechanical
damage significantly affects the PL of semiconductors. Very little information was found specifically
regarding the effects of polish-induced subsurface damage on the luminescence of ZnQ, however,

there are séveral fundamental studies concerning the PL and CL of ZnO reported in the literature.

1.2.2 Luminescence Studies of ZnO

Zn0 exhibits hekagonal (wurtzite) crystalline structure with asymmetric stacking sequences of
atomic layers along its optical axis (¢} which results in two distinct polar surfaces, namely the (0001)
Zn-terminated face and the (0001) O-terminated face [57]. Differences for the two polar faces have
been observed for: wet-etch patterns [58], radiation damage thresholds [20] and PL [57]. These polar
surfaces are also known to exhibit significantly different material removal rates for polishing [59].

Some debate still exists regarding the RT band gap energy for ZnO. While the most commonly

reported value is 3.37 €V [17], other values have been reported. Srikant and Clarke [60] documented
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values ranging from 3.1 to 3.3 eV. In their study, based on reflection and transmiss‘ionﬁbso‘rp— .
tion, Fourier transform infrared spectroscopy and PL measurements, it was concluded that the RT
bandgap for ZnO was 3.3 eV. They attributed the scatter of RT values to & valence band-dorior tran-
sition at ~3.15 V. Additional ZnO material properties such as lattice parameters, exciton binding
energy, and Debye temperature are presented in Appendix A.

To date, very little information is available regarding the PL resulting from various surface treat-
nients for ZnO, though there have been some damage-related studies :pe'rforme'd for this material.
- Czernuszka et al. [61] reported the CL of dislocations around indentations on (0001) and {1100} sur-
faces. Look et al. [20,62] investigated deféct production from high-energy electron beam irradiation
using Hall-effect measurements and PL. Studies of subsurface damage for polished bulk Zn0O have
been performed using axial ion channeling [37], however PL of these surfaces has not been addressed.
This review includes some of the important research that has established the identification of much
of the luminescence from ZnO in addition to some very recent PL results reported for bulk ZnO
produced by Eagle-Picher (EP). These results are relevant because the material used for this study
is provided by EP. ‘

Thomas [63] is generally credited with establishing the excitonic spéctru’m of ZnO using é;b‘sorp—
tion and reflection measurements from 4.2-300 K. The material used was grown from the vapor phase
and assumed the form of “hexagonal needles” several mm long and less than one mm thick. Owing
to a degeneracy in its valence band, ZnO exhibits three valence band excitons. The 4.2 K energies
of the three exciton peaks as measured by reflection were reported to be 3.3770 éV for the A valence
exciton, 3.3845 for the B valence exciton and 3.4225 ¢V C valence exciton. To observe the A and B
exciton reflectivity, the light was polarized perpendicular to the optical axis of the crystal (E L ¢c)
and to observe the C valence exciton, the light was polarized parallel to the optical axis (B || ¢):
Surface irregularities associated with etching reduced the reflectivity of the crystal and poIiéhing the
crystal altered both reflection and absorption data. As an example, the absorption line at 3.3758 eV
was observed to be nearly obscured in the polished crystal, but was restored after etching. Sharp
polarized luminescence lines were reported between 3.35 and 3.3758 e€V. Similar research was per-
formed, using absorption and reflection techniques, by Park et al. [64] to characterize the exciton
spectrum of ZnO. They reported results that differed slightly with Thomas [63] for the three valence
excitons, however they also reported the presence of several bound-exciton transitions.

Klingshirn [65] reported the PL of ZnO platelets for temperatures between 4-300 K using one- and
two-photon excitation. The ZnO platelets used were grown from the vapor phase. Results included

observations of free-exciton and longitudinal optical (LO) phonon-assisted free-exciton luminescence.
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Klingshirn [65] mapped the temperature-dependent luminescence of these peaks as well as several
bound exciton and LO phonon-assisted bound-exciton peaks. Also reported was the obsérvation of
spontaneous emission from the inelastic interaction between excitons and electrons Vat termperatures
higher than 70 K. This particular emission peak exhibited a strong shift to lower energy with -in-
creasing temperature. Luminescence from bound excitons and their phonon replicas were obsérved
as well as a two-electron satellite, measured at 3.322 €V, of a bound-exciton peak mea;é,ured at 3.361
V. For high one-photon excitation intensity, stimulated emission resultant from exciton-exciton in-
teraction was also observed. Klingshirn [66] has also published a useful “rule of thumb” to be used
as a first approximation for the identification of the individual 4.2 K PL peaks of ZnO. To illustrate,
peaks that fall within the range of energies of E;-E» are identified as ionized.donér bound-exciton
peaks. Luminescence within E3-E4 are identified as neutral donor bound-exciton peaks and so omn.
" Whereas this model is not sufficient as an absolute identification of the PL peaks from bulk.ZnO,.
v it does provide a guide to narrow the possible choices for the individual luminescence pedks. Other '
early PL research of ZnO includes the work by Tomzig and Helbig [67] who reported obsérvations of.
bound-exciton luminescence associated with Li and Na acceptor levels in their study of Li and Na
doped ZiO and Hvam [68] who reported on the exciton-exciton interaction in stimulated émiséion
from ZnO platelets at 1.9 K using 5-500 kW/ cm? laser excitation.

In a recent study of polycrystalline ZnO, Studenkin et al. [69] investigated the 1.7 K near-band-
edge PL of thin films prepared by spray pyrolysis. In their study, two types of samples were used:v 1)
high conductivity, annealed and 2) low conductivity, as-grown. They used Klingshirn’s “conventional
classification” model [66], discussed above, to aid in the identification of some of the PL peaks in their
study. For the high-conductivity samples that were annealed prior to PL, luminescence from several
béund—exciton complexes together with LO phoﬁon replicas were reported. In contrast, the as-growii
low-conductivity samples exhibited broader, less resolved bound-exciton peaks with a lower energy
-periodic structure spaced by 108 meV. This periodicity was attributed to a resonant two-transverse
optical (TO) phonon assisted luminescence of two-electron satellite peaks. No observation of free-
exciton luminescence was reported. In a low temperature PL study of single crystalline ZnO thin
films grown by radical-beam epitaxy, Butkhuzi et al. [70] reported the observation of free-excitén
luminescence and the absence of any visible luminescence and attributed this result to high struc-
tural subsurface quality and negligible amounts of defects or impurities. Each of the valence-band
free excitons was observed and their energies were reported as 3.369 eV, 3.378 eV and 3.416 eV for
the A, B and C excitons, respectively.

Much attention has been paid to the role of defects in ZnO and their effect on device perfor-
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mance [71]. In particular, those defects that result in mid-band-gap-energy or deep leVel"(DL)

luminescence have been studied due to their effect on the efficiency of near-band-edge luminés-- -

cence [72,73]. Using ZnO powder, Vanheusden, et al. [74] studied the mechanisms responsible
for the broadband deep level emission, commonly referred to as green luminescence in ZnO, using
electron paramagnetic resonance (EPR), optical absorption, and PL. Their results showed a good
correlation between the green PL emission, free carrier concentration and the density 6f- singly‘ién—
ized oxygen vacancies. It was suggested that the electrons associated with the oxygen vacancies
recombine with bhotoexcited_ holes in the valence band resulting in green emission. Vanheusden [75]
proposed that depletion caused by band bending at. the surface also plays an important role in the . '
" green luminescence of ZnO. Reynolds et al. [76,77] compared the green emiission of single crystal
Zu0 to the analogoﬁs yellow emission of single crystal GaN. It was reported that both emissions are
defect related and share commmon mechanisms. As an example, the yellow emission. (in .GaN) only
occurs in high conductivity (N deficient) GaN. Similarly, the green emission (in ZnO) occurs only
in high conductivity (Zn rich) crystals. Point defects were reported as the likely candidates for the
deep level emission in ZnO. The possible defects listed were: oxygen vacancies, zinc interstitials and
- zinc antisites. Based on theoretical calculations for the defects respormsible for the yellow emission
~in GaN, the guthors hypothesized that the Zn antisites were the defects responsible for th‘e_'g’reen
emission in ZnO [76]. In a subsequent study [77], the authors reported that the green emission was
due to a transition between a shallow dornor and a deep level. It was hypothesized that the deep level
in ZnO might be a complex consisting of a zinc vacancy and a substitutional chlorine at an oxygen
site. Sekiguchi et al. [78] demonstrated that the green emission was strongly passivated in a hydro-
gen plasma. The passivation resulted in enhanced band-edge luminescence further demonstrating
the competitive nature of the nonradiative recombination mechanisms associated with defects. | The
ratio of the band-edge peak to the green peak has been uséd as an assessment of material (iuality,
where a larger ratio indicates higher material quality. Ratios reported in the literature rémg'e from-
about 1:1 [60] to 23:1 [79].

Turning our attention to luminescence studies of EP material, Ohashi et al. [80] investigated the-
temperature-dependent (20-300 K) CL of a chemomechanically polished ZnO sample produced by
EP. For this study, CL of the EP sample provided a baseline for comparison to an Al-doped samniple
produced by a chemical vapor transport method. In addition to bound-exciton and phonon-assisted
free-exciton luminescence, an unidentified “extra” luminescence peak was observed at approximately
3.375 eV from the 40 K CL spectrum of the EP sample. The nature of this extra peak was speculated

to be luminescence from a bound-exciton state. No free-exciton luminescence was observed below 50
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K. They suggested that the RT CL from the EP sample was not from the collapse of free excitons.
This result is in contradiction with other RT PL studies [15,81] which attribute the principal RT
luminescence of ZnO to free-exciton emission. Ohashi’s article underscores the difﬁculty encout-
tered in luminescence research to adequately and accurately identify the individual peaks. From the
intermediate temperature (150-300 K) CL spectra presented, convolution of multiplé'p'eaks is seen
to restrict analysis above 150 K, however, Ohashi maps the temperature dependence of all of the
observed peaks through this temperature range extending to 300 K.

Reynolds et al. [82] investigated the bound-exciton peaks observed at 2 K, for material produced
by EP, using PL. The bound excitons were attributed to defect-pair complexes. Speciﬁc}&lly,it‘ Was 
reported that the defect pairs exhibited properties of neutral donors and the luminescence was the
result of the collapse of excitons bound to these complexes. Studies were conducted for as-grown
and arinealed (350-800°C) samples. Significant spectral differences were observed between as—'grbv'vn
crystals and those that Were annealed prior to the PL measurement. Annealing was observed to
transfer all of the bound-exciton emission into the lowest energy peak. Energy-level diagrams were
presented to describe the PL transitions in{rolving the neutral-donor states for as—grow‘h and-800°C

“annealed samples. From the PL spectra presented, the neutral-donor-bound éx'citons p‘rovide"d the
strongest emission at 2 K. Luminescence from excited states and two-electron satellites of the bound
excitons were also observed. In another lumiﬁescence study of EP material, Sherriff et al. [57] used
2 K PL to compare the luminescence from the two polar faces of (0001)-oriented ZnO. Diifér‘énces
between the Zn-terminated (0001) and O-terminated (0001) cheromechanically polished surfaces
were reported. First, whereas free-exciton luminescence was observed for the (0001) surface; it was
described as “essentially absent” from the (0001) surface. Second, two specific phonon replicas of
the bound-exciton luminescerice were observed to be dominant for the (0001) surfacé over the sare
energy positions for the (OOOl)b surface. These phonon replicas were identified as a TO-phonon
assisted recombination: of a bound-exciton complex and a TO-LO assisted transition of the same
complex. Comparisons of the 2 K PL were also made for wet-etched and cleaved polar surfaces to
demonstrate the intrinsic nature of the differences between the PL of the (0001) and (0001) sur-
faces. In a separate PL study of EP material, Boemare et al. [83] presented temperature-deperident -
(14-300 K) luminescence data and Rutherford backscattering (RBS) for bulk ZnO. As many as 14
peaks were observed in the exciton region of the 15 K PL spectrum. Free-, ionized-donor-bound-,
and neutral-donor-bound-exciton luminescence transitions were identified. Three separate models
for the temperature dependence (14-200 K) of free-exciton luminescence were developed based on:

1) Varshni [84], 2) modified Varshni [85] and 3) Péssler [86]. Good agreement was observed for all
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models, however the bést agreerient was reported for the Péssler model. In another' low temperatiire
PL study of EP-grown ZnO, Thonke et al.. [87] reported observations of donor-acceptor pair-(DAP)
transitions in addition to several of the previously reported bound-exciton ﬁea’ks. Much like the
Reynolds work [82], the observation of two-electron satéllites of the neutral-donor-bound-exciton
_peaks was reported. From this observation, Thonke estimated a donor binding energy of 40 meV.
From the DAP peak, a binding energy for the acceptor was approximated to be 195 meéV. Thonke
hypothesized the acceptor to be nitrogen and the-donor to be hydrogen.

Very recently, research on ZnO has focused on the possible identification of hydrogeﬁ as the prin—
cipal donor in ZnO [88-97] which leads to the unintentionally doped n-type behavior of the a‘s—grde
material. Initially, it was believed that native defects such as O vacancies a,ﬁd Zn interstitials were
the cause of this conductivity, however, researchers have reported [88,89] that native point defécts,
known to give rise to deep level emission, do not exhibit the necessary characteristics of shallow
donors and thus are unlikely candidates as the source of high coticentration donors in ZnO. Van
de Walle [88] provided théoretical evidence to demonstrate that, unlike many other semiconductors,
hydrogeﬁ is not amphoretic (precluded as a source of conductivity) in ZnO and, as a result, H oceirs
only as a donor in ZnQ. This theoretical prediction was confirmed experimentally by COX et al. [90].

_Using a muon spin rotation technique, they were able to show that the muons behaved éus shallow
donors based on their hyperfine interaction and ionization energies. Further experimental evidence
of H as a shallow donor in ZnO has been reported [91,96]. PL [93] and CL [94] have also been used

" as characterization tools for the identification of H as the principal donor. From the PL study {93],
luminescence was feducéd by more than 2 orders of magnitudé from thé PL of the unimplanted
samples. For the CL study, the H irradiation was observed to passivate deep donor and acceptor
states, thus increasing the luminescence efficiency. Spectral variations in the low temperature PL re-
sulting from H implantation could provide further experimental evidence that H is the likely shallow
donor in ZnO. These results suggest that proper control of H content in the growth process could
result in a significant reduction of the RT conductivity for as-grown ZnO [98]. Van de Walle {98] has
also reported that simultaneous incorporation of H with N may assist in the development of p-type
doping of ZnO.

PL has been used to investigate material quality for both polycrystal and single crystal ZnO,
where exciton emission, both free and bound, has been shown to be sensitive to the near surface
integrity of the crystal. It has also provided information on shallow and deep level defects introduced

during growth, however the effects of polishing on the PL of ZnO has not been addressed.
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1.3 Research Overview R

1.3.1 Objective

Critical to the further development of bulk single-crystal ZnO epi-ready substrates is the ability
to characterize the lattice disorder in the near surface layers of the material. Subsurface defects
in substrates have been shown to contribute to poor quality films (and subsequent short lifetiihe
devices). Many of the defects associated with the degradation of device performance are generated if
the final finishing processes of the substrates, such as saw c‘u’_cting, mechanical and chemomechanical
polishing. This work seeks to contribﬁte to a fundamental understanding of the effect of crystalline
vdefec"cs resulﬁng from ultrafine finishing processes on the optical performance of bulk, hexagonal
(wurtzite) ZnO. This understanding will aid in identifying the processing conditions which show

promise for producing high-quality ZnO substrates.

1.3.2 Researéh Plan »

| In this study, coniparisons of PL frdm: wet-etched, chemomechanically polished, mechanically
polished, and H-treated surfaces are made for both polar faces of (0001)-oriented ZnO. Spectrally-
resolved and peak-intensity differences in the PL from these sﬁ'rfaces are investigated to determine the
‘effects of near-surface damage in bulk ZnO. In addition to RT PL, characterization of these surfaces
includes temperature-dependent (4.2-300 K) PL to assist in the identification of individual peaks
and to further illustrate differences in the near surfaces of the various prepared surfaces. Irnicluded in
the Appendix are re'suits from additional PL studies by our group such as: comparisons of as-grown
and ion—'cha,ﬁneled ZnO surfaces to chemoméchanicélly polished ZnO surfaces (Appendices B and
C), RT PL of etched CdS (Appendix D), and PL of Si implanted SiO; (Appendix J). A short review

“of the physics of PL is presented in the next chapter.
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Chapter 2
‘Photoluminescence of Semiconductors

Photoluminescence (PL) is a fast, nondestructive technique for the characterization of both in-
trinsic and extrinsic properties of semiconductors [99]. PL is the result of optical excitation wheére
photons are absorbed, creating electron-hole pairs which after recombining result in new photons
characteristic of the photé—excite’d materiél [100]. Much has been written regarding the physics of
PL of semiconductors. Excellent overviews on optical processes in semiconductors such as those by
Yu and Cardona [101], Pankove [100], Bebb and Williams [102] and Basu [103] include discussions
of photohlmine'scenée mechanisms, some of which are sumrharized here.

The process of a material absorbing energy from incident radiation and then ré—emitting light of a
lower energy (Stoke’s Law) is called luminescence [104]. For luminescence resulting from absorption
of photons, the procéss is labeled photoluminescence. Electrons as the source of excitation results
in ¢athodoluminescence (CL). Whereas other types of excitation are possible, such as mechanical
(triboluminescence) and thermal (thermoiuminescence), PL and CL are two of the most impor-
tant in device applications [105]. PL consists of three fundamental processes [99]: 1) abs"o’rbtion or

electron-hole pair (EHP) excitation, 2) EHP thermalization and 3) EHP recbmbina,tion. EHP recom-
bination may or may not result in the emission of light or luminescence. These three procesées are
-discussed further in Section 2.2.' The photons resulting from EHP recombination can be described
as either fluorescernt or phosphorescent emission. Fluorescence is the term used to describe nearly
instantaneous emission, whereas phosphorescence describes the process where there is some delay in
the emission Qf light after absofption. Phosphorescent emission can continue for periods of seconds
or minites after the excitation is removed [105]. In each of these processes, allowed energy levels
within the band gap determine to some degree the characteristic time and energy of luminescence.

These energy levels also influence the luminescence efficiency (i.e., how many absorbed photons are
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converted into emitted photons) of the material. A review of the band structure which gives rise to

the various energy levels participating in the emission of photons is discussed below.

2.1 Band Structure

Much of the phenomenological electronic behavior observed for metals, insulators and semicon-
ductors can be explained by band theory (i.e., the band structirre of the material). In this section;
a brief review of band structure is presented as the basis for a simplified model to describe PL of
semiconductors.

As two atoms are brought together, the Pauli exclusion principle dictates that no two electrons

‘in a given system may have the same quantum state. The result is splitting of the discréete electron
energy levels for the two isolated atoms into new electron energy levels belonging to the pair of atoms
rather than to the individual atoms [105]. For the case of a solid, many atoms are brought together,
so that the split energy levels form essentially continuous bands of energies. For this collection of

atoms, assembled into some periodic array, the continuous energy bands can be separated by an
energy gap or band gap' (E,) [100]. For semiconductors, the lower energy band (valence bénd) is

- filled at 0 K and the higher energy band (conduction band) is empty. As a résult, semiconductors-
do not conduct at 0 K. As the temperature is increased, electrons are thermally excited from the
valence band into the conduction band (according to Fermi-Dirac probability [106]) resulting in
higher conductivity. The size of the band gap and availability of electrons determine the electronic
behavior of the material (i.e., whether it is an insulator, metal, or semiconductor) [100].. Metals are
generally characterized by either a partially filled conduction band at 0 K or overlapping conduction
and valence bands [107]. While no agreement exists as to the “cutoff” value of the band gap energy
to differentiate insulators from semiconductors, insulators generally exhibit energy gaps larger than
~5 eV [106], Whereas semiconductors typically have band gaps ranging from 07 to ~4-5 eV. Semi-
condiictors exhibit one of two types of band structures: direct or indirect. For a direct band gap

.material, an excited electron in the conduction band can fall directly to an empty state in the valence
band, emitting a photon equal to the band gap energy E,;. An electron in the conduction band of
an indirect semiconductor, however, cannot fall directly to the valence band. It must undergo a
momentum change in addition to changing its energy [105]. For direct band gap semiconductors
such as Zn0, PL is the result of photoexcited electrons returning to their ground state and emitting
photons. Only direct band gap semiconductors will be considered in this discussion as the probability

of a band-to-band radiative transition in an indirect band gap material is regarded as an inefficient
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luminescence process [107]. For an ideal semiconductor, the band»gapﬁcontains no allowed énergy
states [105]. However, imperfections in the crystal such as impurities and defects introduce allowed
energy states or traps within the “forbidden” band gap. Participation of these allowed intermediate
states in the collapse of the photoexited electrons to their ground state may result in either sub-band
gap radiative or nonradiative recombination of EHP. The following section provides a discussion for

some of these radiative and nonradiative mechanisms of EHP recombination.

2.2 Radiative and Nonradiative Recombination

PL is routinely used for the identification of many types‘ of impurities or defects in a seniicon-
ductor [108]. PL has been used extensively to investigate bptical properties and electronic band
structure of semiconductors [60]. Because the band structure of a semiconductor is sensitive to the
presence of defects and impurities, the PL response is altered according to the type and density of
defec¢ts or impurities. While defects or impurities in the crystal may result in new PL spectral peaks’
resultant from the recombination of electrons and holes at the defect [50], they may also introduce
nonradiative mechanisms that do not result in photons (e.g., an Auger process). Such nonradiative
mechanisms compete with the radiative luminescence and effectively lower the relative intensity of
the spectral peaks. As a result, the spectral content of PL. measurements and the overall PL iﬁten*—
sity can provide important information regarding the crystalline quality of the semiconductor [108].
To better understand the processes involved in luminescence, cénsider the excitation and-emission
of a hypothetical material with discrete allowed energies shown in Fig. 2.1, from [109]. The figure
shows some of the possible electronic energy transitions which can result in photoluminesceﬁcé_ on
a simplified energy level diagram for a direct band gap semiconductor. The valence (E,) and con--
duction (E,.) bands separated by the band gap energy E, are shown, where the vertical scale is
energy. The far right-side of Fig. 2.1 shows the PL emission spectrum which might result from the
radiative processes. In process (a), a photon of sufficient energy, i.e., hiy > E; where h is Planck’s
constant and v is frequency, is absorbed by the material and results in the excitation of an electron
into the conduction band, and the creation of a hole in the valence band. The photoexcited electron
nonradiatively releases energy to the lattice by scattering events (thermalization) until it reaches
the bottom of the conduction band (b), where it recombines with a hole in the top of the valence

"band (c), resulting in the emission of a photon with energy approximately equal to the band gap,
hvy &= E,. The peak in PL intensity which results (c) is shown at the far right of Fig. 2.1. Other.

transitions are possible. After excitation to the conduction band the combination of (d) scattering
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Figure 2.1: Simplified direct band gap showing some electronic energy transitions which

can result in photoluminescence, from [109]

from lattice vibrations (phonon scattering) which results in energy loss and (e) a radiative transition
which results in a photon of hvs < E, can occur, and is referred to as a phonon-assisted transition.
Impurities or defects can result in allowed energy levels within the band gap. The recombination of
an electron from this energy level and a hole may result in (f) a radiative recombination at some
energy hvy = E4, or may result in a nonradiative recombination. Whereas these defect/impurity
levels may result in new spectral peaks, the principal effect of the introduction of damage to the
room temperature PL is to increase the nonradiative paths for recombination which results in a
lower PL intensity. Examples of nonradiative recombination of electrons and holes include: Auger
effect, surface recombination, phonon emission and recombination mediated by defects [100]. In this
review, discussion of the nonradiative processes is limited to the Auger effect. For Auger recombina-
tion processes, the energy from the collapse of an EHP is transfered to another free carrier, either an
electron or hole, effectively raising the energy of the free carrier by an amount equal to the energy
of the absorbed photon or EHP. Figure 2.2 illustrates some of the possible Auger effect processes in
a simplified band gap diagram, after [100]. These processes are typical for n-type semiconductors
such as Zn0O. Shown are processes which illustrate EHP recombination for (a) band-to-band and
(b-d) intermediate donor and acceptor levels. In each case the energy from the EHP collapse is
transfered to a nearby electron. Such three-body collisions result in no net photon emission [100].
All nonradiative recombination paths for nonequilibrium EHPs compete with the radiative paths.
An increased density of defects, which introduce nonradiative recombination paths for nonequilib-
rium EHPs, results in a reduction in the radiative emission following photoexcitation, i.e., decreased

luminescence efficiency. Now that a simplified approximation of the PL process has been presented,

20



Figure 2.2: Some of the possible Auger effect recombination mechanisms, after [100]

some modifications are required to improve the accuracy of this model.

Band-to-band recombination of EHPs is generally precluded by Coulombic interaction between
the electron and hole. This correlated EHP is referred to as an exciton [101]. The bound EHP,
or exciton, has less energy than when the electron and hole are far apart [104]. The reduction in
energy is equal to the binding energy of the electron and hole, known as exciton binding energy
(Eez). This binding energy is a material property and varies according to the dielectric constant
and reduced electron and hole masses of the material. For ZnO, the exciton binding energy is 60
meV [17]. Coulombic interaction between the electron and hole is the reason the emitted photon
shown in Fig. 2.1 (c) is labeled with an energy approximately equal to E,. The following section

provides a more detailed discussion of excitons and their luminescence characteristics.

2.3 Excitons

Proximate electrons and holes experience a Coulombic attraction effectively binding an electron
to a hole in a hydrogen-like orbit. This coupled electron-hole pair, or exciton, can move freely through
the crystal with no net charge carrying energy equivalent to the band gap less the Coulombic binding
energy. More specifically, if the exciton is free to move about the crystal, it is called a free exciton.
Several excellent reviews of exciton theory are available. Examples include Bebb and Williams [102]
who present exciton topics relevant to the PL of III-V compound semiconductors and Reynolds and
Collins [110] who provide a broader treatment of the basic properties of excitons and emphasize

their use as a tool in understanding properties of semiconductors. This section provides a brief
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introduction of excitons and exciton luminescence particularly as it relates to ZnO.

Some texts [100, 104] illustrate exciton energy levels on a simplified energy band gap diagram
as shown in Fig. 2.3 where the exciton energy levels are shown below the conduction band. In the
figure, n = 1 represents the lowest energy state for the exciton and n = 2,3... represent excited
states for the same exciton. The exciton binding energy is proportional to 1/n2, so therefore, n = 0o
represents the continuum or the bottom of the conduction band. While useful for illustrating exciton
energy levels in a simplified manner, this model is not rigorously correct [101]. The problem arises
from representing a two-particle entity using one-electron energy levels when a more appropriate
model of the allowed energy states of an exciton is given by Fig. 2.4, after [101]. This two-particle
representation of exciton energy dispersion is given in momentum space rather than real space as
with the simplified band gap diagram. From the figure, the abscissa (K') is the exciton wavevector
and the ordinate (E) is energy. With the origin representing the ground state of the crystal, the
bottom of the conduction band, E, also represents the band gap energy, E,. The total energy of the
exciton is given by two terms: a Coulomb interaction energy E, which is the energy of the band gap
less the exciton binding energy and an exciton kinetic energy term, %ﬁj, where M is the sum of
the electron and hole effective masses. One excited state (n = 2) is shown in addition to the lowest
level (n = 1) free-exciton dispersion curve. The continuum is represented by (n = co). Also shown
is a photon dispersion curve given by hick. The model illustrates that free excitons have a range of
quasi-continuous allowed energies. However, only those free excitons with momentum equal to the
photon momentum can recombine and emit photons [102]. From Fig. 2.4, the collapse of an (n = 1)

exciton with negligible momentum (KX ~ 0) results in a photon with an energy of E,. This emission

Figure 2.3: Exciton energy levels and excited states shown on simplified energy diagram

for direct band gap semiconductor, after [100].
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Figure 2.4: Exciton dispersion on two-particle diagram, after [101]. Shown are exciton
dispersion curves for n = 1,2, co, where n = oo represents the bottom of the conduction

band. Also shown is a photon dispersion curve (hick) superimposed on the exciton model.

is referred to as free-exciton luminescence.

2.3.1 Free-exciton Luminescence

Before discussing free-exciton luminescence in detail, a brief overview of the entire luminescence
spectrum is presented. As reported by Pavesi and Guzzi [99], the PL spectrum from a semiconductor
can be divided into three principle energy regions where the range of each region depends on the
particular material. While the general regions reported here are from Pavesi, the specific ranges
reported are not ( [99] reported regions for GaAs); the energies reported here are approximations

for ZnO.

1. Near band gap emission (E, > hw > E, — 20 meV). This region includes luminescence from
free-excitons and donor-bound-excitons, discussed in a later section. Other than hot-carrier
effects, excited-exciton states, Raman scattering and band-to-band EHP recombination, free-
exciton luminescence represents the highest possible energy emission for a given photoexcited

semiconductor.

2. Shallow impurity emission (E, — 20 > lw > E, — 30 meV). This region is characterized
by acceptor-bound exciton recombination. For ZnO, no significant acceptor-bound exciton

luminescence has been observed, so this region is not particularly useful.

3. Deep level emission (hw < E; — 30 meV). In this region, luminescence is characterized by
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recombination of free carriers involving deep level traps resultant from defects and impurities

in the crystal. This type of eémission is presented in Section 2.6.

Observations of many of the transitions described above require very low sample température (e.g.,
- 4.2 K). At higher temperatures, line broadening and thermal ionization diminish resolution and
quench luminescence peaks. Phonon interaction at higher temperatures can also signiﬁéantly affect
luminescence. Phonon participation can reduce overall luminescence efliciency, but may- also ‘assist
in the luminescence of additional low-energy peaks. This topic is discussed in Section 2.4.
Free-exciton luminescence provides an indicator of material quality. Many researchers have iden-
tified material to be of high quality based solely on the observation of free-excitor luminéscence at
low temperatures [70,111]. Given the importarnce of free exc‘itoné in ZnQO, two additional t6pics asso-
ciated with their luminescence, namely free-exciton line broadening and the témperature dépendérice

of free-exciton luminescence, are presented.

Free-exciton Line Broadening

Because momentum selection rules restrict recombination of free excitons to those with a wavevec-
tor of K ~ 0, one might expect a discrete line with energy E, for free-exciton emission. Such discrete
luminescence, however, is not observed experimentally. Instead, the luminescence exhibits ‘a non=
zéro line width (~ 1 meV for GaAs at 1.4 K {100]) at an energy slightly red shifted in energy
compared to the absorption value. We begin with a discussion of the observed line bréa’déning.' Toy-
ozawa [112,113] first demonstrated that the free-exciton line (luminescence) is ’lifetime broadened’
as a result of the short time the exciton remains in the K ~ 0 state prior to being scattered to
other momentum states by phonon interaction [102]. For this review of free-exciton line broadening,
discussion is limited to a summary of the information presented in Refs. [99,102]. Free exciton “lifé-
time broadening” is a direct result of the Heisenberg uncertainty principle (AEAT > h). Excitons
(eigensta,tes) with infinite lifetime exhibit perfectly sharp emission peaks. Finite exciton lifetimes,
on the other hand, introduce some uncertainty in energy. As a result, all of the procééses which
limit the time an exciton resides at K ~ 0, such as phonon scattering, determine the free-exciton
line width [102]. Presence of impurities and lattice defects may also contribute to line broadening
of exciton luminescence [99]. Line broadening also introduces a redshift to lower energy for free-
exciton luminescence. To better understand this phenomenon, we begin by assumning an arbitrary

absorption lineshape of S{hiw — E;) centered at a free-exciton energy of E, (after [102]), shown

as a solid line in Fig. 2.5 (top). Because the spontaneous-emission lineshape (R,p) is seen to vary
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Figure 2.5: Effect of line broadening on measured PL position of free exciton peak, af-

ter [102).

‘ veXponentially with energy (Rgp ~ exp(—(fw — E;)/kgT)) near the band gap [102], an efcpoﬁe‘ritia;l
curve (dashed liné) is superimposed on the absorption profile. The spontaneois emissib‘n (lumines-
cence) is proportional to the product of the absorption profile and the exponential term as ‘showi '
in Fig. 2.5 (bottom). This product necessarily introduces some redshift in enérgy (8) from the
original absorption value. The magnitude of ¢ is determined by the specific absorption liﬁeshape
and sample temperature. Two limiting cases of absorption lineshape havé been reported for weak
exciton-phonon coupling (Lorentzian) and strong exciton-phonon coupling (GauSsiaﬁ) [99]. For a
Gaussian absorptioﬁ curve, the estimated redshift in energy for the observed lumine's‘cencé peak is
8 = 02 /kpT where o = 0.425(full width at half maximum (FWHM) of absorption peak) [99]. Fé’r a
Lorentzian profile, the redshift is given by § = kgT + 1/ (kgT)* — ("Lz—r)2 where T' is the FWHM of
the absorption peak. From this, it can be seen that the magnitude of redshift is not only a function
of the absorption lineshape, but also varies with temperature. Derivations of these values for é atre
given in Appendix G. In this study, free-exciton luminescence will be symbolized using FX. For

emission specifically from the A valence band, FX(A) is used.

Temperature-dependent Free-exciton Luminescence

The energy of free-exciton luminescence (FX) is observed to decrease with increasing tempera-

ture. This behavior can be traced directly to the shrinkage of the band gap with increasing temper-
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ature. For a témperature-indepe’ndent value of exciton binding energy, the FX luminescence caﬁ be
assumed to follow the shrinking energy of the band gap with increasing temperature. As a result,
témperature—dependent FX luminescence can be used to estimate the temperature depéndenée of
the band gap. Temperature-dependent variation in the band gap is attributed" to two main fac-
tors [84]: 1) lattice dilatation and 2) electron-phonon interaction. Each of these is believed to shift
the relative position of the conduction and valence bands with increasing temperature thus lowering
the band gap energy. While techniques such as absorption and reflection/ transmission spectroscopy
provide more reliable data for the temperature dependence of the band gap, researchers have ‘used
luminescence to construct empirical models of the shrinking band gap with increasing temperature..
Varshni’s [84] seminal work reported a generalization for the tem‘peréture dependence of an énergy
gap as follows: for T << 0p, AE, «x T?, and for T >> 0p, AE, «x T where Op is the Déby'e tem-
perature of the mateiial. From this, Varshni developed an empirical felation for the témperature

dependence of the energy gap in semiconductors:

oT?
T+5

where Ey is the energy of the band gap, Ep is the energy of the band gap at 0 K and o, ,6 dre

BEy(T) = Eo - 21)

constants. This relationship adequately approximates the linear behavior of the band gap at highér
temperatures and the quadratic dependence at lower temperatures. Varshni’s relationship has been
widely used in a number of publications as a model for the temperature-dependent band gap for such
materials as GaN [114,115], CdTe [116] and InP [117] to name a few, however complications arise
when using this model with limited data sets (0-300 K) for materials with high Debye témperatures
(i-e., 8 >> 300 K) [118,119]. Pissler [118,120,121] addressed these limitations by developing another

three-parameter inodel:

2 ror\?  [or\*
E_,,(T):EO—?V {‘1+%(5) +<§>

In contrast to the Varshni model, the fitting parameters a and © were given physical significance.

1/4
-1 - (2.2)

© reportedly represented the effective (average) phonon temperature {© = fo/kp where @ is an
average phonon frequency) and a was said to be the limiting slope of the E,(T") curve. Other
models have been used to describe the temperature-dependent band gap including variations of the

Bose-Einstein model, such as [121]:

E,(T) :Eo - %5 [coth <§%) - 1] (2.3)

where © is an average phonon energy and « again represents a limiting gap shrinkage coefficient.

While each of these models have been used in the literature to describe the shrinking band gap
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with some success, none include specific parameters for the individual centributions from lattice
.dilatation-and electron-phonon interaction. A model that does separate-lattice dilatation effects

from electron-phonon interaction was developed by Manoogian and Woolley (MW) [1_19]:
Ey(T)=E, +UT*+ V9o [coth (—2—%) - 1] (2.4)

In this model, U,s,V, and 6 are temperature independent constants. The MW equation consists
of three terms [119]: (i) T = 0 K intercept, Fy, (ii) lattice dilatation, UT*, and (iii) electron-
phonon interaction, V@ [coth (#/2T) — 1]. Manoogian and Woolley showed that Vaishni’s equation
is actually a second order approximation of the electron-phonon term in the MW equation and is
only applicable for data sets that exfend well beyond the Debye temperature (i.e., 0p/T << 1).
Additionally, it was reported that the fitting parameter @ could be related to the Debye temperatire
. of the material by 8 = (3/4)8p. In the present study, assuming a temperature independent exciton
binding energy, the temperature dependencé of the free-exciton peak position for ZnO was fit using
the MW equation and the coefficients obtained show réasonable agreement both with first-principle
thecretical calculations and empirical values of the coefficients for other II-VI semiconductors such

as CdS [122] and CdTe [123].

2.3.2 Bound-exciton Luminescence

For many semiconductors at low temperature it is energetically favorable for the ffee exciton, as
it moves through the crystal, to become trapped or bound to a defect, such as an impurity [102]. An
émitted photon froim the collapse .of an exciton bound to a defect radiaté's energy 10Wer than that of
the free exciton by an amount equal to the binding (or localization) energy (Ep) of the excitoni to the

“defect. As a result, emission from bound excitons (BX) is at slightly less energy (~5—'20 meV) than
the luminescence of free excitons. BX émission is also éharacterized by vety narrow peaks (0.1 meV
widths have been reported [100]) and strong intensity. Most often the dominant low tempefature
PL emission of semiconductors is from the recombination of bound excitons. Depending on the type
of defect, the exciton can be categorized as bound to a neutral donor, a neutral acc‘eptoi‘, an ionized
donor or an ionized acceptor. However, it has been reported [101] that excitons cannot be bound to
both ionized donors and acceptors in the same material. The bound exciton actually forms a complex
consisting of a donor or acceptor (either neutral or ionized), one or two electrons, and one or fwo
holes detérmined by the valence of the donor (acceptor) [102]. Low temperature bound-exciton
luminescence has been shown to be a very useful tool for the identification of crystalline defects in

ZnO [70]. At very low temperatures, there is no thermalization of the bound-exciton complexes. As
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a result, ZnO exhibits a variety of bound-exciton peaks due to the efficient binding of excitons to

structurally different neutral impurities [124]. : - —

Neutral-donor-bound-exciton Lurninescence

Whereas excitons can be trapped by neutral acceptors as well as ionized donors and acceptors,
it is the neutral donors which are most important to the low temperature exciton PL of ZnO [82].
As many as seven or eight neutral-donor-bound-exciton peaks in the energy range of 3.357-3.366
¢V have been reported for EP-produced bulk ZnO [125]. Multiple bound excitons owing to various
chemical identities are well-known for II-VI semiconductors [104]. The specific complex formed by
an exciton bound to a neutral donor consists of a .neutra,l donor-iorr (D?), two electrons, and a
hole [102]. Luminescence from the collapse of this neutral-donor-bound-exciton complex is given
the’symbol DOX. Bound excitons can be modeled after the hydrogen molecile Hs with different
binding energies [101] where the bound 'exciton exhibits significantly smaller binding energies than
Ha because the effective mass of the hole (for the exbiton) is inuch smaller than the pfoton [101]. As
the sample temperature is raised, the exciton can be thermally liberated (ionized) from the defect.
Dissociation of the bound exciton into a free exciton and a neutral donor (D°X—FX+D?) has been
reported. [126] and can provide information about the specific type of donor participating in PL
* ‘emission. Specific donors can also be implicated by two—élec‘tfo‘n satellite lumiﬁes’cehc‘e discussed

below.

Two-electron Satellite of Bound-exciton _Luminescenc‘e

Two-electron satellite (TES or D%X,,—2) luminescence is the result of radiative recombination
. of a bound exciton that leaves the neutral donor electron in an excited state [127]. This type of
luminescence is characteristic of neutral-donor bound-exciton radiation [82]. Detailed assessment of
~ the TES luminescence can yield information about the specific donor that traps the exciton. This
emission has been reported for the low temperature PL of EP-grown bulk ZnO [82,87], however
questions remain regarding the identification of the individual donors. Analysis of the TES spectrum
from GaN was used to identify Si and O as the neutral denors in the low temperature bound-exciton
luminescénce [.128]. Analogous to TES luminescence is two-hole satellite emission of neutral-acceptor-
bound excitons. Analysis of the two-hole satellite emission. has been used to implicate specific shallow
acceptors in ZnTe [129]. In both cases, the excited state is assumed to be hydrogenic [82]. That
is, exciting the donor electron (or acceptor hole) from é ground state (n; = 1) to the 7ip = 2 state

requires 3/4 of the donor binding energy (Ep) [130]. To derive this result, consider Bohi’s atomic
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model for hydrogen which gives the energy difference between orbits n; and-ny as-{105]:
4
mgq 1 1 .
Eo—-En=cmsl|l=5—-= 2.
2 "l T OK?2h2 (n% n%) (2:5)
where mi is the mass of the electron, ¢ is the electronic charge, K equals 4weg and €q is the pérmittivity
of free space. This energy difference can be used to determine the binding energy of fhe shallow:

donor [130]. The donor binding energy (Ep) can be written as [131]:
» -
Ep = 3 (Epox — ETgs) (2.6)

The computed Ep value can fhen be compared to values computed from an effective mass approxi-
mation to determine a possible donor candidate. -

When discussing bound-exciton emission, several “binding energies” are of interest [102]. To
review, the Coulombic interaction between the electron and hole giving rise to an exciton i given
the name exciton binding energy (E.;). Binding (localization) energy which traps an exciton to a

defect is called localization energy (Ep) and the binding energy of a donor electron to-the donor ion

(resulting in a neutral donbr) is referred to as the donor-binding energy (Ep).

2.3.3 Exciton-electron Luminescence

Klingshirn [65] initially reported the observation of a spontaneous emission peak due to the
inelastic interaction of excitons and electrons at higher temperatures (T > 70 K) fromi the PL of
ZnO. This exciton-electron (Fz-El) peak was characterized by a strong shift to lower energy with

increasing temperature. Thé temperature dependence of this peak was modeléd as [65]:
i ing temperat The temperature depend f this peak deled as [65]

: E, — (hw)Em——El = vkpT ‘ (27)

where FE, is the free-exciton energy and (hw)Em—El

is the energy of the exciton-electron peé.k. .
Klingshirn [65] computed a value of v = 7.74 based on a ratio of exciton and eléctron masses. This
peak was observed to exhibit stimulated emission under high density optical excitation. Similar
spontaneéus luminescence has been observed for other 1I-VI semiconductors, such as CdS [132,133]
and CdSe [134]. Other values for vy have also been reported. From a fit of the temperature-
~ dependent data, a value of v = 7 was reported in [132] and a value of v = 9.11 from [134]. Exciton-
electron collision has been reported as the mechanism responsible for the strong temperature shift

of stimulated emission for CdS [133]. In all cases, the Fz-El luminescence exhibits a much stronger

decrease in energy with increasing temperature than the band gap.
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2.3.4 Hot-exciton Luminescence | -

The radiative recombination of non-thermalized excitons (i.e., excitons with kinetic energy ex-
ceeding both the thermal energy of the photoexcited sample and the exciton binding energy [135])
in the crystal can be regarded as hot excitons. These excitons are characterized by very short
lifetimes usually due to interaction with defects in the material and are typically scattered by longi-
tudinal optical (LO) phonons [136] prior to radiative recombination. Hot-exciton luminescence has
been reported for several compound semiconductors including SiC {137], CdS [138,139], ZnTe [140]
and GaSe [141], however, the most interesting observation was reported: for mechanicéilly polished
CdSe [136]. This result suggests near-surface disorder can play an important role in the evolu-
tion of lot-exciton luminescence. Figure 2.6 illustrates the hot—excitonﬁlruminesc>errlcé 'meéhanisﬁl,
after [136]. Shown is the exciton .dispersion superimposed on the photon dispersion with thé en-

» ergy of the incident photons from the laser (Ey) and the subsequent LO phonon energy levels (i.e.,
Er-1L0O, Er-2L0, etc.). For this figure, the incident excitation photons are assumed to have an

energy of 3.532 €V, consistent with the 351 nm line from an Ar*t laser. The figure illustrates the

indirect photon absorption, process (a), inediated by phonons or defects. After ab‘sorption,. excitotis

E(eV‘) photon exciton
35324 / EL
&)
3.460 : E-1LO
C
© )
R E.-2LO
©
331641 E;-3LO
3244 E;-4LO
K

Figure 2.6: Hot exciton model, after [136]. Shown is (a) indirect photon absorption, (b)

exciton kinetic energy relaxation, and (c¢) phonon-assisted exciton luminescence.
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can either release kinetic energy by moving down the dispersion c’urvé (i.e., kinetic energy relax-
ation), process (b), or they can be scattered by phonons to the photon dispersion curve, resulting in
photon emission (i.e., phonon-assisted exciton luminescence), process (c). This type of luminescence
exhibits a set of emission lines differing in energy from the incident excitation photons by an integer
multiple of the energy of an LO phonon [142]. Based on this model, one would not expect t0 see
any luminescence at an energy Er-1L0O, however emission at this energy is observed experimern-
tally. Such observations have been explained as the breakdown in momentum ¢onservation in the
disordered near-surface layer [139]. This suggests the possibility that defects, rather than phonoris, ‘
may participate in the photon absorptigon process. All of the hot-exciton peaks {except the Er-1LO
peak) exhibit very similar intensities owing to the predicted equal population of the different hot
exciton levels in the dispersion model [143]. Hot-exciton luminescence closely resembles resonarit
Raman scattering (RRS). In this process, shown as Fig. 2.7, the photons are not absorbed, biit
rather scattered directly by LO phonons to subsequent lower énergies.

Distinction between hot-exciton luminescence and RRS has generated some controversy [101].

Quoting from Martin and Falicov [144] in their work on RRS in semiconductors, “...hot luminescerice

E (e\q photon exciton
3.532+ : / EL
3.460 E;-1LO

3.388+ AN E 21O

3.3161 ¢ Fr-3LO

3.244 E;-4LO
K

Figure 2.7: Resonant Raman scattering model, after [136]. Shown is the phonon sca‘ttefing

of photons. As a result, the photon is not absorbed in the crystal.

31



is hard to distinguish from RRS, and the critéria used to differentiate one from the other afe mostly
operational, based on theoretical formalisms or experimental convenience; (which) vary widely from ~
researcher to researcher”. We will defer to the interpretation of Yu et al. [101] who stated that a
meés‘urement of the coherence of the scattered photons for a well-defined set of scattering phonions
is necessary to distinguish between the two processes. Since this measurement is not typically per-
formed, declaration of the emission process is reducéd to semantics [101]. In our study, radiation

observed to be a function of the excitation energy will be recognized as hot-exciton lurminescence.

2.3.5 Exciton-polariton Theory

‘To this point the interaction of excitons and photons has been neglected when discussing the
exciton dispersion. The assumption has been that when representing the free-exciton dispersion it is
uhpertu‘rbed by any radiétion field. A more rigorous approach is to consider the radiative recombi-
nation of excitons in terms of exciton-polaritons or simply polaritons [101]. Exciton_s traiieling 1n a
sample radiate electromagnetic waves which, in turn, can excite excitons, thus making it inipossible
to distinguish the exciton from the photon [101]. This coupled electromagnetic and polarization wave
travelinig in the sample is then given the name polariton [101]. Polaritons are complexes which résult.
from the polarizing interaction between electromagnetic waves (photons) and oscillators (excitons)
résonant at the same frequency [100]. For materials such as ZnO which exhibit strong excitori-photon
coupling, the propagation of electromagﬁetic waves through the sample is more correctly regarded
as a mixture of the electronic polarization and electromagnetic waves [102]. This mixing of photons
and excitons is illustrated in Fig. 2.8. The mixing of states results in the splitting of the exciton
dispersion curve into two separate polariton branches. Shown is the upper polariton branch (UPB)
(solid line) and lower polariton branch (LPB) (solid line), where the knee in the LPB is called the
polariton “bottleneck” and represents the region where polaritons have the longest lifetifﬁe [101].
Lower polaritons above the bottleneck exhibit a large exciton component and as a result of strong
phonon scattering have shorter lifetimes [101]. Polaritons below the bottleneck principally behave
as photons and can easily escape from the sample and as a result are also short-lived [101]. Fromn
Fig. 2.8, those excitons on the UPB that recombine (with nearly zero momentum) are regarded as
longitudinal excitons (Er) and those from the flat portion of the LPBI are called transverse excitons
(Er). There exists a polariton dispersion for each of the valence excitons (e.g., A, B, and C valences
for ZnO). As a consequence, the luminescence from a particular valence §vill be identified accordingly

(e.g., LPB (A) is luminescence from the lower polariton branch of the A valence band). The energy
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Figure 2.8: Polariton dispersion curves (solid lines), after [102]. Also shown is the free-
exciton dispersion {dotted line) assuming no radiation field superimposed on‘a photon
dispersibn (dotted line) curve. The interaction of excitons and photons results in: the

‘upper polariton branch (UPB) and the lower polariton branch (LPB).

range over which the mixing of states is significant can be estimated by AE,, = \/m where
AEy, is the range of energy, éentered at Er, over which the radiation can be c’onsidere’d the result
of polariton emission and Epp = Er — Er [145]. This range of mixing is illustrated in Fig. 29
Within F,,, the transverse excitons and photons are coupled to form polaritons. Mtich research has
been published on the luminescence of polaritons [139,146-149]. Reynolds et al. [125] reported the
observation of luminescence from the “bottleneck” region of the VLPB (A) in addition to free-exciton-
like emission for ZnO. They also reported the observation of luminescence from the UPB: (A) for =
K =0 (longitudinal excitons, Eyr). In all cases, observations of polariton emiission were made at low
temperature where kgT is smaller than the interaction energy between the excitons and photons

and the observation of polaritons is possible [102].
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exciton

Figure 2.9: Polariton dispersion showing range of energy (AE,,) for mixed photon and

exciton states.
2.4 Phonon-assisted Luminescence

In addition to scattering events involving acoustic and optical phonons which lead to the ther-
malization (energy relaxation) of free carriers and ex'citons', phonons can also participate in. the
luminescence process. To illustrate their importance, phonon-assisted free-exciton transitions have
been shown to exhibit stimulated emission for high—quality ZnO [150]. Whereas momentum selection
rules dictéate that only those excitons with nearly zero kinetic eriergy can radiatively recombine, theése
rules do not preclude excitons from possessing kinetic energy [102]. In fact, excitons with nénzero
kinetic energy can also recombine radiatively via phonon interaction [102]. For polar semiconduc-
tors, such as ZnQ, excitons predominantly couple to LO phonons as compared to other phonon
types (e.g., transverse optical (TO) phonons) [151]. -The LO phonons provide the necessary addi-
tional momentum to satisfy the cbnservation rules and allow excitons with nonzero kinetic energy
to radiatively recombine [102]. While complexes such as bound excitons can couple to LO plionons
resulting in luminescence, this section will focus on LO phonon-assisted free-exciton luminescence.
LO phonon-assisted free-exciton luminescence has been shown to be strongly influenced by the pfes—

ence of defects [151]. This is best illustrated by the work of Verbin et al. [152]. They showed that
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for high quality or “perfect” (hence, low defect density) ZnO samples, the ratio of intensities for the
1LO- and 2LO-assisted free-exciton peaks was 0.1. However, for those samples known to have a
high concentration of defects, the ratio increased to 2 [152]. Another important aspect of the LO
phonon-assisted free-exciton emission is that the spectral lineshape provides information regardiﬁg
the kiﬁetic energy distribution of the free excitons [151]. This is iﬂustrated below. . Because multi-
phonon luminescence intensities strongly decrease with increasing order [151], the discussion will be

limited to the special cases of 1LO- and 2LO-phorion assisted transitions.

2.4.1 LO Phonon-assisted Free-exciton Luminescence

LO phonon-assisted luminescence of free excitons (abbreviated as FX-mLO, where mn = 1,2)
exhibits a lineshape which can be adequately described by a Maxwellian distribution of the free-

exciton kinetic energies F'(Epin) E;Z/Tf exp(—Epin/kpT) where Ep;, is the kinetic energy of the
free exciton [151]. For the general case of mLO phonon-assisted emission, the transition probability

P, (hw) for radiative recombination can be written as [153]:
P (hw) o< (7w + mhwro — Ez)5/2_m exp ™~ (Awtmhwro—FEz)/kaT (2:8)

where tnhwre is the energy of the mLO phonon {m =1,2) and E, is the energy of the free exciton.
We will assume that the transition probability function (Pr) also provides a good approximation of
the emission lineshape (L,,). From this, the 1LO phonon-assisted transition lineshape function can
be written as [153]: |

Ly ~ (Fw + Fwpo — By)*/? exp=(hethoro=Ee)/ksT (2.9)

and, similarly, the 2L.O phonon-assisted lineshape is approximated by [153]:
Ly ~ (hw + 2hwpo — Ey)*? exp(R+2hiwro—E:) kT ' (2.10)

These equations have been shown to closely approximate eéxperimental results for both the FX-1LO
and FX-2LO peaks for ZnO [153].

Exp‘erimental studies have shown that the 2LO phonon-assisted free-exciton peak lineshape di-
rectly reproduces the kinetic energy'distribution of free excitons because its transition probability is
independent of the exciton kinetic energy [151]. In contrast, the 1LO assisted transition probability
is directly proportional to thé exciton kinetic energy [102]. Additionally, the integrated intensity of
the FX-2LO peak is proportional to the free-exciton concentration in the photoexcited sample and
can be used for its measurement {151].

Intuitively, one would expect the energy separation between the FX, FX-1L.O, and FX-2LO peaks
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to be equal to the LO phonon energy of ZnO.. However, this is not observed experimentally. Free
exciton kinetic energy results in phonon replicas separated by energy less than an integer multiple of
the LO phonon energy [102] as illustrated in Fig. 2.10, after [154]. Shown is a 1LO-phonon-assisted
transition from an initial state (RK;) to the ground state represented by processes (a) and (b). The
_creation of an LO phonon results in decreased energy for the emitted photon, however this ehergy
reduction is not from the zero momentum state, but from the initial state which contains some
kinetic energy. As a result, the emitted photon has some final energy equal to E; — mhwro plus
a kinetic energy term. This kinetic energy term is a function of the sample tenmiperature. As a
result, the energy separation between the FX, FX-1LO, and FX-2LO peaks is also a function of
temperature. This temperature-dependent energy separation between the three peaks is discussed

below.

EA  p=eo

/ n=1
Ec

(a T‘\— initial state (R K;)
phonon energy (Ao, o)

®)
photon energy (7v)

.
>

ground state K; K

Figure 2.10: Exciton dispersion model depicting a 1LO phonon-assisted recombination,
after [154]. The initial state is given by (hK;). Whereas the resulting energy of the
photon emission is decreased by the LO phonon energy, its final energy is deperident on

the amount of initial {ree-exciton kinetic energy.
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2.4.2 Temperature-dependent LO Phonon-assisted Free-exciton Lumines-

cence

The emitted photon energy (Fiw) of an LO phonon-assisted free-exciton recombination is equal to

E; — hwro plus a temperature-dependent kinetic energy term (ukpT'). This can be written as [102]:
hw = E; — mhwro + ukgT (213)

The coefficient « is calculated for both the 1LO-phonon and the 2L.O-phonon assistéd peaks by
differentiating Eqns. (2.9) and (2.10), respectively, and setting them equal to zero. This is done in
Appendix H with the results summarized here. For the 1LO-phonon-assisted peak, the temperature-

dependent separation from the free-exciton peak can be written as:
3
(Aw)px-110 = By ~ hwro + SkpT - (2.12)
and for the 2L.O-phonon-assisted peak:
1 L .
(Aw)Fx-s10 = By — 2hwro + §_kBT R - (213)

~ These results indicate that the phonon replica peak is separated from the zero phonon pesk not by
an integer multiple (m = 1,2) of the energy of an LO phonon, but rather an integer multiple of the
energy of an LO phonon less a thermal kinetic energy term (ukgT), where u = 3/2 for a one LO
process and u = 1/2 for a two LO phonon assisted transition. One consequence of the temperatite-
dependent FX line broadening (Appendix G) and LO phonon-assisted FX luminescence is that the
zero- and one-LO phonon-assisted FX peaks merge into one convoluted peak at higher temperatures. -

From results later presented, this convolution occurs at about 200 K.

2.5 Donor-acceptor-pair Luminescence

The presence of donors and acceptors in a matérial can lead to radiative r'ecoﬁmbin&tion of elec-
trons and holes from these levels as shown in Fig. 2.11. Suéh luminescence has been réported for
many semiconductors including CdS [155], GaN [156,157], ZnSe:N [158-160], and GaS [161] to name
a few. This emission is commonly referred to as donor-acceptor-pair (DAP) luminescence. From
Fig. 2.11, one might expect the emitted photon to exhibit an energy equal to E, — E, — E4, however
this assumption does not include the Coulombic interaction between the ionized donors and accép—
tors [101]. The amount of interaction is dependent on the separation between the individual donor

and acceptor ions. Whereas exciton Coulombic interaction is determined by quantum mechanics,
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Figure 2.11: Simplified energy band gap depicting donor-acceptor-pair (DAP) recombina-

tion.

the distance between ionized impurities, R, is determined by the crystal structure [101]. The DAP
complex consists of a donor ion, an acceptor ion, a free electron and a free hole and can be identified
as either (i) distant DAP pairs or (ii) associated DAP pairs based on the spacing between the donor
and acceptor ions [102]. For the case of distant pairs, R is considered to be much larger than the
lattice constant and the emitted photon energy from the DAP recombination, Ep 4p, can be written

as [101]:

e?

Epap = Eg —E,—Eg+ & (2.14)

where the last term represents the Coulombic interaction between the donors and acceptors, e is the
electron charge and e is the static dielectric constant. For the case of closely-spaced (associated)
pairs such as at nearest neighbor sites, Eqn. (2.14) remains essentially the same, but the static
dielectric constant is replaced by the high frequency dielectric constant for the material [102]. At
low temperatures, the individual contributions from closely spaced pairs for discrete values of R
have been observed in GaP [101]. The luminescence is characterized by several sharp, closely spaced
peaks converging toward the limiting case of E, — E, — E4 for R — oo [101].

Luminescence from distant pairs is characterized by the presence of multiple LO phonon repli-
cas [159], a blue shift of the DAP peak with increased optical excitation intensity [159,162] and
increased temperature [156,157,161]. The intensity of the DAP peak, Ipap, varies with tempera-
ture as exp[—FE4/(kpT)] where E4 is the thermal activation for either the donor electron or acceptor
hole. This activation energy can be determined from a plot of In[Ipap] versus 1/(kpT’) (See Ap-

pendix F).
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2.6 Deep-level Luminescence

Deep-level luminescence (DL) is a general description for a variety of EHP recombination pro-
cesses including radiative recombination from DAP. Most of the participating impurities in DL
emission have large ionization energies and as a result form traps deep in the energy gap [100]. Fig-
ure 2.12 illustrates some of the possible transitions involving these deep states. Shown are processes
for donor-acceptor recombination, conduction band-to-acceptor recombination and donor-to-valence
band recombination with each resulting in photons of energy, Epr. Deep impurities have been
shown to negatively affect II-VI semiconductor devices [101]. As discussed previously, DL emission
is characteristic of ZnO and also for a similar wide band gap material, GaN. Recently, Colton et
al. [163], in a DL PL study of GaN, were able to demonstrate that selectively excited (below band
gap energy) DL emission involves associated DAP complexes whereas above band gap excitation
resulted in the recombination of distant pairs. For ZnO, the DL emission has been identified as the

result of point defects such oxygen vacancies [164] and Zn interstitials or antisites [76].

Figure 2.12: Simplified energy diagram illustrating some of the possible electronic transi-
tions leading to the observation of DL luminescence. Shown are three possible recombina-

tion paths resulting in three different photon energies, Epr1, Eprz2, and Epga.
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Chapter 3
Experimental

3.1 ZnO Sﬁructure and Growth

Figure 3.1 shows both the (a) three-dimensional crystal structure and (b) atomic stacking se-
qu‘eﬁce (viewed along the optical. axis) for wurtzite ZnO,bfrom [101). The asymmetric stacking
sequence (A (Zn)B(0)B(Zn)A(O)A(Zn)B(0)B(Zn)...) of atomic layers aiong the ¢ axis which gives
rise to the two distinct polar faces ~the (0001) Zn-terminated face and the (0001) O-terminated
- face— can be seen. The wurtzite lattice is. a variation of the zincblende structure with the tetrahe-
dral nearest-neighbor bonding described as “eclipsed” [101]. A description of the seeded chemical
vapor transport (SCVT) method used to grow the ZnO crystals used in this study is given in Look
et al. [165]. A brief summary of the growth method follows. The vapor-phase technique uses a
nearly-closed horizontal tube with pure ZnO powder as the source at the hot (1150°C) end of the
tube: Hydrogen is used as the cafrier gas to transport the material to the cooler end of the tube.

The reaction at fh‘e hot end is:
ZnO(s) + Ha(g) = Zn(g) + H20(g) (3:1)

Using a single crystal seed and a small amount of water vapor to maintain the proper stoichiometry,
Zn0Q is formed by the reverse of the reaction (3.1) at the cool end end of the tube. The growth time
required to produce 2-inch-diameter crystals of about 1 cm thickness is about 150-175 hours. The
purity of the vapor-grown crystals is typica;lly 99.9999% or better as measured by glow discharge
mass spectrometry (GDMS) [166]. Typical defects resulting from the growth process include Zn
interstitials [77], O vacancies [164], impurities such as Si and N [166] and dislocations. Dislocation

density for these samples, as estimated from etch pit density, ranges from 1 to 2x10° cm™2 [167].

40



@)

A (Zn) (0001)
B(0)
= B (Zn)
A(0)
A(Zn)
B(0) (0001)

A (Zn)(0001)
B (O)

B (Zn)
A(0)

() A(Zn)
B (0) (0001)

Figure 3.1: Crystal structure (a) and stacking sequence of atoms along the ¢ axis (b) for

wurtzite ZnO, from [101].

Estimates of impurity concentration as determined from GDMS are 528 parts per billion atomic
(ppba) for Si and 98 ppba for N. Usirig an I.D. saw, 1 mm thick wafers are sawn from the botile and

then lapped and polished as described in the following section.

3.2 Sam.p'le Preparation

Waurtzite structure ZnO produced by Eagle-Picher and grown by the SCVT method [165] was used
in the study. Both the (0001) Zn-terminated face and the (000T) O-terminated faces were studied.
The (0001)-oriented wafers were sawn from the boule and then etched in 5 vol % trifluoroacetic acid
(F3CCOOH) and de-ionized HoO (>15 §2-cm) to remove about 25 pm from the saw-damaged surface.
The wafers were processed on both sides by first lapping and then chemomechanical polishing. This
provided flat, minimally damaged surfaces which could be then further processed. Lapping was

performed using a commercial lapping machine with a cast iron wheel and a 9 pm Al;O3/de-ionized
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H50 slﬁrry resulting in an additional 50 pm of material removal from each side. This was followed
by chemomechanical polishing using a commercial polishing machine and a slurry of a 1:8 ratio of
sodium hypochlorite:colloidal silica (9.1 pH). (0001) and (0001) wafers were then prepared with one
of the fc_)llowing polishing preparations: 1) mechanical polishing with 1 ym diamond abrasive/de-
ionized HoO slurry, 2) mechanical polishing with 1/4 pm diamond abrasive/de-ionized HyO slurry
and 3) chemomechanical polishing as described above. Mechanical polishing was performed using a
nylon pad and a pressure of 1.4 x 10~2 MPa.

For the H-treated ZnO studies,bthe (0001) face of one sample was implanted with 0.3 x 10
H/cm? at 12 keV in the Ion Beam Materials Laboratory at Los Alamos National Laboratory. The
(0001) face of another sample was exposed to a 200 W rf 95% Ar /5% Hy plasma for 1 rﬁinﬂt‘e at 167
mTorr iising a commercial plasma-cleaning instrument. An estimate of the hydrogern c¢oncentrations
in the untreated and treated samples was made by elastic recoil detection (ERD) at Los Alamos..
The H concentration in the untreated samples was below the detection limit of our technique. An
analysis of the ion-implanted sample using a combination of ERD data and TRIM simulations [168]
showed that the hydrogen had a Gaussian distribution with a peak approximately 57 nm below
. the surface and that the average concentration within the variance of the distribution was 1.0 x
'10%° H/cm®. In the plasma-etched sample, the ERD data showed the presence of a near uniform
distribution of H within the first 1 pm of the sample surface (the depth limit of the technique) with

an average concentration of 4.2 x 10%° H/cm3.

3.3 Photoluminescence System

The PL systém used in this study was conventional in desigh a,nd. typical of miany systems rep’ofted ‘
in the literature. A simplified schematic of the system is shown in Fig. 3.2. PL was excited using
the 351 nm (3.532 eV) line from an Ar* laser with a typical power density of about 50 mW /cm? to
minimize carrier interaction. PL studies were performed on the (0001) Zn-terminated and (000T)
O—termina;ted faces with the electric field vector perpendicular to the optical axis of the sample (E
L ¢). The emitted light Was. dispersed by a 0.5 m monochromator with a 2400 g/mm grating and

" detected with a LNj3-cooled CCD camera. The spectral resolution of the system with the 2400 g/mm
diffraction grating and the CCD detector is 0.5 meV at 3.37 eV. The sample temperature was varied
from 4.2 to 300 K using a continuous flow liquid He optical cryostat. The following is a detailed list
and specifications for each of the subsystems used to measure PL from ZnO. Appendix E provides

a checklist for the operation of each subsystem.
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Figure 3.2: PL System Schematic
3.3.1 Laser

The coritinuous wave (cw) excitation source used in these experiments was a Béa_mlok 2065-7S
Argon ion laser from Spectra-Physics. The output power of the Gaussian (TEMgg) beam is fated
for 7 W all lines and 250 mW at 351.1 nm (3.532 €V). To enable the selection of the 351.1 rim line
from the lager, an ultraviolet (UV) prism was used with a UV output coupler mirror. The noiﬁinal
beam diameter (1/e) was 1.7 mm. However, using a Keplerian beam expander, the typical spot
size at the sample was about 3 mm. The laser is water cooled using a closed—loop heat exchanger
. (Model no. 315A). Within the secondary loop of the heat exchanger (the water flowing through the
laser frame) is a bypass loop that conditions the cooling water using a deionizing/deoxygenation
filter. The output power was monitored using an Ultima Labmasfer power meter mianufactured by
Coherent Auburn Group with a cw power range of 10 nW - 10 W. Experiments were also conducted
using an Omnichrome HeCd multimode laser operating at 325 nm with a maximum output poWér‘

“of 20 mW.

3.3.2 Spectrometer

Luminescence from ZnO was dispersed using a 0.5 m focal length spectrometer (Model no. 500M)
from Jobin-Yvon (ISA/SPEX) with a 2400 g/mm diffraction grating holographically blazed at 400
nm. The f/4 aperture, Czerny-Turner spectrometer with 2400 g/mm grating has a mechanical r’an‘gé

of 0-750 nm with an accuracy of 0.05 nm, a repeatability of 0.005 nm, and a resolution of 0.01 nm.
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3.3.3 Charge Coupled Device (CCD) Array

The CCD used in these experiments was a 1024 x 128 pixel (26.6 mm -‘>'< 3.3 mih) back-
illuminated, UV—énhanced, liquid nitrogen cooled array from Jobin/Yvon (ISA/SPEX). The in-
dividual pixel size is 26 x 26 um. The detection range is 1.55-4.96 ¢V (800-250 nm). _The resolution
of this detector coupled with the 500M spectrometer and 2400 g/mm 'gréfcing is about 0.5 meV at _
3.37 eV. | |

3.3.4 Cryostat

The sample temperature was varied using a continuous flow liquid He cryostat (Model nd. ST-
100) manufactured by Janis Research and a Lakeshore autotuning (PID) temperature controller
-(Model no. 330) with a silicon diode thermometer and a 25  control heater in the copper sample
mount (cold finger). The system has a temperature range of 4.2-325 K with a 50 mK stability. The
sample chamber and annular volume of the He transfer line were eva‘cua,ted.using a turbomolecular
pump (Model no. EXT70-H) manufactured by BOC Edwards. Typical vactium pfess‘ure for each
evacuated volume was about 15 wTorr as measured by an active inverted maguetron (AIM) gage

(Model no. AIM-S-NW25) also manufactured by BOC Edwards.

3.4 Estimated Depth of Investigation Using PL

~ The depth of investigation below the surface was estimated by considering the absorption coef-
ficient, defined by the relationship I(z)/I, = exp(—az), where I(z)/I, is the intensity at depth z
below the surface relative to the incident intensity I, and « is the absorption coefficient: Reported
values for o for wurtzite structure ZnO at 3.5 ¢V include 1.55 x 10°/cm [25] and 1.8 x 10° /cm [169].
If the average of these two values is used, 90% absorption of the éxcitation energy would be accor-
plished at a depth of 137 nﬁ. To allow for surface-normal collection of PL, the excitation lasér beam
was directed at the sample with a glancing angle of approximately 63 degrees felative 6 the surface .
normal. In light of this glancing angle of the beam relative to the sample surface, the depth for 90%

absorption would be about 60 nm from the polished surface.
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Chapter 4

Results and Discussion

N

PL résults presented here are organized according to surface preparation (e.g., etched, cherﬁé’me—
chanicaily polished,b etc.). The first three sections are presented in order of increasing near surface
* damage (from wet-etched to mechanically polished) as determined by axial ion channeling [37]. Low
temperature, RT ard temperature-dependent YPL are used to conipare the effects of subsurface dam-
age on the luminescence of ZnO for each of the surface p‘rep_arat_ions. In some casés, comparisons are
also made betweén the two polar surfaces of ZnO for a giveﬁ sutface preparation. The ﬁnal. Section
presents a low temperature PL study of H-treated ZnO. All of the spectra presented are typical and
represent data which has not been filtered, smoothed or corrected for detectdr 'respo'hé'e. Results
not specific to this study are included in the Appendix. PL obsérvations from etched ZhO provide
the best approximation of bulk PL response. These can be used as a baseline for comparison to

subsgequent PL results for other surface preparations.

4.1 Etched ZnO

Figure 4.1 shows a typical 4.2 K PL spectrum from etched (0001) ZnO Shown is the spectrally-
resolved PL iritensity, given in arbitrary units (a.u.), as a function of energy, in units of ,electrbn—
volts (éV). Some general comments cait be-made regarding this spectrum. First, these results are
consistent with previous reports for the PL of etched EP-grown bulk ZnO initially reported by
Sherriff et al. [57]. Second, whereas the 4.2 K PL spectrum is seen to be dominated by very narrow
peaks near 3.365 eV, there are many peaks which require identification. For this discussion, the PL
spectrum is divided into smaller energy regions. For example, the inset of Fig. 4.2 is from the 3.37-

3.40 eV range of the full spectrum and shows the A valence band free-exciton peak, FX (A), and a
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Figure 4.1: 4.2 K PL of etched (0001) ZnO.

slight peak frdm the lower polariton branch from the same A valence band, LPB (A) as idéntified in
a study by Reynolds et al. [125]. In their study, the LPB (A) was specifically identified as emission
from the “bottleneck” region of the lower polariton branch of the A valence band. The high quality
ZnO used in this study is evidenced by the observation of free-exciton luminescence at 4.2’ K. The
next lower energy region in the PL spectrmh is the bound-exciton emission. .

The inset of Fig. 4.3 shows the pea,ksvobserved in the energy range 3.35 to 3.37 €V. In a séparate
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Figure 4.2: 4.2 K PL of etched (0001) ZnO. Inset illustrates detailed free A-valence exciton,

FX (A), and lower A-valence polariton, LPB (A), emission.
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Figure 4.3: 4.2 K PL of etched (0001) ZnO. Inset illustrates detailed emission from 3.35 to
3.37 eV. PL in this energy range is dominated by the collapse of excitons bound to defect

pair complexes which simulate neutral donors [82].

study of ZnO, also produced by Eagle-Picher, Reynolds et al. [82] attributed the peaks in this energy ..
range to excitons bound to neutral donor complexes (D°X). We identify six clearly resolved DX
peaks located at 3.368, 3.365, 3.364, 3.362, 3.361 and 3.358 eV. The full-width at half maximum
(FWHM) of the 3.364 éV peak, the strongest of the sii peaks, is observed to be about 0.9 meV. Such
narrow emission is consistent with luminescence from bound excitons. As will be shown later, the
FWHM of these bound excitons is significantly altered by the introduction of near-surface datrage.
The inset of Fig. 4.4 shows the detailed emission in the range 3.30-3.35 e¢V. PL from ZiO'in
this energy range has been previously identified by other researchers as two-electron satellite (TES)
emission [82,87]. Based on this information, we also identify the peaks at 3.323 eV and 3.332 éV as
the result of TES emission. While it is difficult to determine which of the D®X peak(s) results in the
satellite peaks, the following analysis assumes the collapse of the 3.364 €V bound exciton leads to -
the 3.332 eV luminescence. Based on this assumption and Eqn. (2.6), we compute a donor-binding
energy (Ep) of 42.6 meV. This value is in 'good agreement with Thonke et al. [87] who reported a
value of 39.9 meV for EP-grown ZnO. They hypothesized that H is the shallow donor based on their
value of donor-binding energy. _
Figure 4.5 shows the detailed emission in the range 3.10-3.30 €V. We identify the peaks at 3.292
eV, 3.220 eV and 3.146 eV as zero-, one-, and two-LO-phonon assisted transitions of associated

donor-acceptor pairs, respectively, and the peaks at 3.258 eV and 3.187 eV as one- and two-LO
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Figure 4.4: 4.2 K PL of etched (0001) ZnO. Inset illustrates detailed emission from 3.30-

3.35 V. PL in this energy range has been attributed to two-electron satellites of bound -
excitons [82,87].
phonon replicas of the TES peak at 3.332 eV, respectively. Notice that the spacing of these péaks is

consistent with an integer multiple of the LO phonon energy for ZnO (72 meV) from the zero-phonon

peak. The identification of the zero-phonon-assisted DAP peak is based principally on its asymmetric
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Figure 4.5: 4.2 K PL of etched (0001) ZnO. Inset illustrates detailed emission from 3.10-
3.30 eV. The lower energy PL in this range is typically from DAP recombination or phonon

replicas of higher energy transitions.
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lineshape. As discussed previously, for asséciated pairs, the luminescence is characterized by seVer‘é,l
sharp, closely spaced peaks converging toward the limiting case of E,— E, — E, for R — oo [101]. We
-are unable to resolve the individual sharp lines, but we see a convolution of each of the near-spaced
pairs resulting in a low-energy tail. The limiting energy of the near-spaced pairs is then 3.292 eV.
The identification of this DAP peak is in contradiction with Thonke et al. [87] who identified the
3.22 eV peak as the zero-phonon-assisted DAP peak. Table 4.1 summarizes the identification of each

of the 4.2 K PL peaks observed from etched (0001} ZnO. In addition to the observed asymmetric

PL Energy (eV) Assignment || Reference
3.378 FX (A) present work
3.374 I 1PB (4) [125]
3.368, 3.365, 3.364, 3.362, 3.361, 3.358 DX (82]
3.332, 3.323 TES 82;87]
3.292 | D°X-1LO [87]
DAP present work
3.258 TES-1L.O present, work
3.220 DAP [87]
" DAP-1LO presént work
3.187 TES-2LO present work
3.146 DAP-1LO [87]
DAP-2LO _present work

Table 4.1: Summary of 4.2 K PL peak assignments for etched (0001) ZnO.

lineshape of the 3.292 eV peak, we also believe its assignment as zero-phonon DAP eémission (rafher

than D°X-1LO as reported by Thonke et al. [87]) is based on the fact that there are 1o previous

reports of LO phonons coupling to neutral-donor-bound excitons for ZnO at low temperatire (see

for example Ref. [57]). Based on our identification of the 3.292 eV peak as zero-plionon-assisted

DAP luminescence, our identification of each of the phonon replicas is shifted relative to Thorike’s
assignments by the energy of 1 LO phonon. For example, Thonke et al. [87] identiﬁ-es' the 3.220 eV
peak as a zero-phonon DAP peak while we identify this same peak as a 1LO phonon-assisted DAP
peak. 7
Apart from slight differences in absolute intensity, the 4.2 K PL from these etched substrates

exhibits good repeatability. Figure 4.6 shows a comparison between two spectra collected from the
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same sample about ten weeks apart, where the spectra are_normalized using the 3:364 6V peak.
There are no observed differences between the two spectra. Additionally, the 4.2 K PL from (0001)
ZnO is observed to be similar to that for (0001) ZnO as shown in Fig. 4.7, where the spectra are
normalized using the 3.364 eV peak. Differences observed for the PL from these two etched polar
surfaces have been previously reported by Sherriff et al. [57]. Having established a low temperatire -
PL spectrum as a baseline for bulk ZnO, we now turn our attention to the RT PL response of the
same etched surfaces. _

The RT PL for both polar faces of etched (0001)-oriented ZnO is shown in Fig. 4.8, Whe'l‘é
the spectra are normalized using the FX peak at 3.26 V. For both the. (0001) and (0001) etched
surfaces? shown in Fig. 4.8 as curves a and b, re_s‘pectively, the RT PL spectra were found to exhibit
three distinct peaks. The identification of the peak at 3.26 6V is uncertain. Receiit reports have

attributed this emission to LO phonon-assisted free-exciton (FX-1LO) luminescence [170] or bound-
‘exciton luminescence [80]. We tentatively identify this peak as the collapse of free excitons ‘(FX)
based on the consistency with previous reports for high-quality (0001) ZnO films [15]. Wh‘ereas
this assignment results in a RT band gap energy (3.32 eV) less than the accepted value of 3.37
eV [17], we believe this 50 meV difference may be attributed to FX line broé,dening, as described
in Bebb and Williams [102]. Convolution of the presumed FX peak with LO .phorion‘-éssist’ed FX

luminescence precludes an accurate measure of its linewidth and lineshape. A second broad peak
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Figure 4.6: Comparison of a 4.2 K PL spectrum from an etched (0001) ZnO sample to
that collected from the same sample about ten weeks after the initial characterization:

Inset shows detail of exciton emission.
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Figure 4.8: RT PL from etched (a) (0001) and (b) (000T) ZnO. Shown is free-exciton (FX)

luminescence at 3.26 eV, a second clearly resolved peak at 3.12 eV, and deep level (DL)

emission at about 2.5 eV.
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is observed at about 2.5 ¢V and is commonly associated with deep level (DL) emission in ZnQ. A
recent study on similar ZnQO attributes this DL emission to oxygen vacarncies {164]. A third distinct
pedk is observed at 3.12 eV, referred to by the designation “S”. To the best of our knowledge, this
is the first repdrt' of this peak for etched bulk ZnO. Identification of the S peak is uncertain. One
plausible ex'piana,tion for this peak is exciton-electron interaction. This assighmént is supported by
the temperature-dependent (0-300 K) PL energies of the FX-2LO and S peaks shown in Fig. 4.9. The
predicted FX temperature dependence, shown as curve (a), is from Ref. [171]. The measured FX-
2L0 peak is shown with a theoretical model based on Eqn. (2.13), shown as curve (b). Also shown
is the measured temperature dependence of the S peak. Curve (c) is a model for luminescence from
inelastic interaction between excitons and electrons (Eqn. (2.7) with v = 7.74), from Ref. [65]. The |
agreement observed between the measured temperature dependence of the S peak and the predicted
temperature dependence of exciton-electron luminescence for 200:300 K is evidence that the S peak -

is luminescence resulting from exciton-electron interaction.

4.2 Chemomechanically Polished ZnO

The 4.2 K PL spectrum from a chemomechanically polished surface closely resembles the PL from
an etched surface as shown in Fig. 4.10, where the two spectra are normalized using the 3.364 eV peak.

The relative intensity of the lower energy features such as TES and DAP emission is seen to be higher
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Fig‘ure 4.9: Temperature dependence of FX-2LO and S peaks. Also shown is the predicted

temperature dependence of (a) FX, (b) FX-2LO, and (c) exciton-electron luminescence.
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for the etched material as compared to the polished surface. Otherwise, no significant differences 'a.reb
observed between the two spectra at this temperature. The difference in observed FX pe&k position
for the samiples prepared by chemomechanical polishing and those etched in triﬁuoroé(':etic acid/de-
. ionized HyO falls within the resolution of the detection system. The bound-exciton luminescence
was nearly identical for these two surfaces. PL reéults from chemomechanically polished ‘ZnO -are
organized into five sections. Results from Sectiornis 4.2.3 and 4.2.5 have been reported in the literature

and can be found in Refs. [171] and [172], respectively.

4.2.1 Sample-to-sample Variation of the 4.2 K PL

Because the growth and final processing of compound semiconductors such as Zn0 is an inexact
‘science, there necessarily is some variation in the growth conditions as well as polishing pararmeters
in production of the material. These variations can significantly affect the optical properties of the
: matériai. An example of this can be seen in a comparison of the 4.2 K PL from two different samples
(labeled sample 1 and 2) cut from two different boules, shown in Fig. 4.11. For this comparison,
the spectra are limited to the bound—excitén emission and normalized using the 3.363/ 3.364 ¢V DX
peak. Differences in the number and intensity of the bound-exciton peaks can be seen. Additionally,
the free-exciton and lower polariton emission is observed to be much stronger for sample 2, suggesting
a much higher quality (e.g., fewer impurities of defects) for this sample as compared to sample 1.

In addition to quality variation from boule-to-boule, we also observe sample-to-sample variation in
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. Figure 4.10: Comparison of the 4.2 K PL spectra for {0001) chemomechanically polished

and (0001) etched ZnO. Inset shows detail of exciton emission.
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Figure 4.11: Comparison of the 4.2 K PL from two different (0001) ZnO samples prepared

by chemomiéchanical polishing.

the 4.2 K PL from samples cut from the same wafer. These results point to the need for individual
sample characterization prior to any subsequent finishing processes when using PL as the relative

measure of near surface damage.

4.2.2 Aging Effects

| Initial PL results suggest that long-term storage of ZnO in atmospheric conditions léa;ds to
observable differences in the bound-exciton emission, as seen in Fig. 4.12. Shown are two 4.2 K
PL curves collected from the same sample (and same location) for two different dates separated by
about seven mdnths. The spectra are normalized using the 3.364 eV peak. As discussed pr'eviously,
atmospheric aging effects on low temperature PL have been observed for other materials, such as
CdTe:In [55]. In that study, point defects were implicated as the likely cause for changes in the low
temperature PL over extended periods of time. Further study is required to determine the cause
for the ébserved aging effect in ZnO, however, it appears that special care (e.g., vaéuum sealed

containers, desiccator, and no UV exposure) may be necessary for long-term storage.

4.2.3 Temperature-dependent Exciton Luminescence

Results from this temperature-dependent exciton luminescence study are also reported in Ref. [171].

A 20 K PL spectrum from a chemomechanically polished (0001) ZnO sample is shown in Fig. 4.13.
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Figure 4.12: Comparison of an initial 4.2 K PL spectrum from a chemomechanically
polished (0001) ZnO sample to one collected seven months after the initial characterization.
Seven months aging in atmospheric conditions is seen to significantly affect the bouiid-

exciton luminescence spectrum.

This spectrum is shown because it best illustrates both polariton and free-exciton emission. No
tmeasurable difference in exciton peak position was observed for the 4.2 K and 20 K si)éctra. The
low temperature (20K) PL spectrum of chemomechanically polished (0001) ZnO exhibits six bound-
exciton peaks from 3.358-3.368 €V. As discussed préviously, Reynolds et al. [82], in a study of bulk
Zn0 also produced by Eagle-Picher, attributed this emission to excitons bound to defect-pair com-
plexes that simulate neutral donors. In the present study, we observed narrow peaks', with the
strongest peak at 3.364 6V exhibiting a width (FWHM) of about. 1 meV, characteristic of né‘utral—
donor-bound-exciton (D°X) emission. The 3.364 eV DX peak, the most intense of the six appareﬁtly
similar bound-exciton peaks, was selected for further temperature dependence measurements and

analysis. In addition to bound-exciton luminescence, two resolved peaks Weré observed -at 3:374 |
and 3.378 eV, also seen in Fig. 4.13. The 3.374 €V peak has been identified in another study by
Reynolds et al. [125] as emission from the “bottleneck” region of the lower polariton branch of the
A valence band (LPB4). We identify the 3.378 eV peak as the free A exciton, FX (A), based on
the consistency of this value with those reported in the literature for vapor phase grown bulk ZnO
shown in Table 4.2. Based on the energy positions of the 3.358 €V to 3.368 ¢V D°X and 3.378 eV FX

(A) peaks, we conclude that the binding energy of the exciton to the defect-pair complexes ranges
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Figure 4.13: 20 K PL spectrum of (0001) ZnO. Six bound-exciton peaks are identified
from 3.358-3.368 €V. LPB4 (3.374 eV) and FX (A) (3.378 eV) peaks are also shown.

Technique || Temperature (K) || FX (A) (eV) ~ Reference

PL 4.2 3.378 Present §vork
Reflection 4.2 3.377 [63]
Reflection’ 2 3.3776 [173]

PL 2 3.3773 [173]

PL 2 3.377_ [82,125]

Table 4.2: Coniparison of FX (A) values from the literature
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from 10 meV to 20 meV. In addition to the peaks reported at 20 K, another peak emerges at 50 K
with an energy of 3.385 V. The observed energy spacing between this peak and the FX (A) is9
meV. This leads us’ to attribute this emission to the free B exciton, FX (B), in light of Thomnas’
reported value [63] for the energy spacing between FX (A) and FX (B) of 7.5 meV.

Figure 4.14 shows the PL spectra for selected temperatures between 4.2 K and 300 K. These
spectra illustrate that: 1) the exciton emission is shifted to lower energy with increasing témpetrature
and 2) as the temperature is increased the FX and LO phonon-assisted FX peaks become stronger in
intensity relative to the D°X peak. The bound-exciton emission appears to be thermally queriched
above approximately 150 K. Significant FX (A) and LO-assisted FX (A) peaks are observed &t 77 K
and are labeled in Fig. 2 as FX (A), FX (A)-1LO and FX (A)-2LO for the zero, one and two phonon
assisted peaks, respectively. Above 150 K convolution of the FX (A), FX (B) and LO-assisted FX
peaks prevented adequate identification of FX (A) peak position.

"The variation of exciton peak position with temperature can be seen in Fig. 4.15. Shown a;r'é thé _
3.364 ¢V DX, the FX (A) and the FX (B) peak positions for temperatures ranging from 4.2:150 K.

A value of 3.31 €V for the 300 K FX (A) peak position based on the widely a,ccépted roon femp'er-
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Figure 4.14: Photoluminescence spectra of (0001) ZnO at selected temperatures. Zero-,
one-, and two-LO phonon-assisted FX (A) transitions are indicated by arrows for the 77 K

spectrum and labeled as FX (A), FX (A)-1LO and FX (A)-2LO, respectively.
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ature value for the band gap of ZnO (3.37 €V [17]) minus the presumably temperature-indeperdent
exciton binding energy of 60 meV [17] is represented in the figure with the symbol (M). A nonlin-
‘ear peak-fitting routine [174] was used to deconvolve each experimental spectrum into individual
Lorentzian peaks to determine peak position and width. FX (A) and FX (B) peak positions were
corrected for the selected Lorentzian lineshape broadening using the approach reported in Bebb and
Williams [102]. Typical correction values were less than 1 meV with the largest correction of about
3 meV for the position of the FX (A) peak occurring at 150 K. Included in Fig. 4.15 is the peak
position of the LO phonon assisted FX (A) emission together with the predicted energy [102] for
“both FX (A)-1LO and FX (A)-2LO peaks based on the energy of the FX (A) p‘eé,k (Erx(a)) and
the LO phonon energy (hwro = 72 meV [175]). The convergence of the FX (A) and FX (A)-1LO
peaks coupled with the line broadening of each of these peaks with increasing temperature signifi-
cantly limits the analysis of peak position above 150 K. This is best illustrated in Fig. 4.14 from a
comparison of the 150 K and 200 K spectra. Af temperatures above 150 K, the D°X peak was not
observed. - |
Using the room temperature value of free-exciton peak position of 3.31 €V from the literature
together with our experimental data from 4.2-150 K, a fit of the temperature-dependent FX (A)
peak energy can then be made in the range of 4.2-300 K. Using a least-squares routine, the temper-
ature dependence of FX (A) peak position was fit according to a model by Maroogian and Woclley
(MW) [119]: ’
E=E,+UT°+V# [coth (%) —-1] | (4.1)
This choice was motivated by previous applications for other II—VI semiconductors such as CdTe [123]
and CdS [122] and the reported limitations [119] of the well-known Varshni equation [84] when ap-
plied té data in a temperature range much less than the Debye temperature (6p). In this work,
the maximum temperature investigated was 300 K, which is significantly less than the reported
Debye temperature for ZnO (fp = 920 K [176]). Pissler [118] has also implicated “unwarranted
applications” of Varshni’s expression to restricted data sets (T < 300 K) as the reason for exces-
sively large scatter of fitting coefficients in the literature. The (MW) equation con‘sist's of three
terms [119]: (i) T = 0 K intercept, B,, (ii) lattice dilatation, UT® and (iii) electroh—phonon inter-
action, V@[coth(6/2T) — 1]. The coefficients obtained from fitting the (MW) equation to the FX
(A) temperature-dependent peak position data are: E, = 3.379 €V, U = —5.04 x 10~° 'eV/Ki'Ol,
s =101, V = ~1.84 x 10* éV/K and 6 = 398.4 K. We can compare our fitted value of U to

a theoretical estimate of the coeflicient of the lattice dilatation term for the special case of s =~ 1
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Figure 4.15: Temperature-dependent exciton peak position for (0001) ZnO. Individual
FX (A) (A) and FX (B) (A) peaks are not resolvable above 150 K. The 300 K FX (A)
peak positioﬁ (M) is based on the band gap energy of ZnO (3.37 eV (see Ref. [17])). The
FX (A) data were fit using (MW). Also shown are the measured energy positions for the
1LO-(V) and 2LO-(0O) phonon assisted FX (A) transitions and the predicted temperature
dependence for both peaks (see Ref. [102]). ‘The 3.364 eV bound-exciton peak (D°X) (o)

is not observed at temperatures above 150 K.

using the equation [123]: U ~ —3B(8E,/0P){aL), where B is the bulk modulus, Eg/dP is the
band gap pressure coefficient, and (o) is the mean thermal expansion coefficient. Fromi this expres-
sion U is computed to be -5.5x107° &V /K using B=157 GPa (determined from an elastic modulus
E=124 GPa and a shear modulus of G=45.3 GPa [177]), 8Eg/OP = 2.7 x.10~% ¢V /bar [178] and
a mean thermal expansion coefficient reported by Heiland et al. [179] of (ar) = 4.3 x 10~ 1/K.
The fitted value of s=1.01 from the lattice dilatation term was found to be similar to previous-re:
ports for CdS (0.93) [122] and CdTe (1) [123] and within the accepted range (0.6 to 1.2) for this
parameter [180]. V is found to be within an order of magnitude of the reported temperature shift
dEg/dT for ZnO of —8 ‘x 10~* eV /K determined from a temperature range of 200-800 K [181]. The
coefficient 8 is related to the Debye temperature by 8 ~ (3/4)6p [182]. From our fitted value of 6,
we compute an estimate of the Debye temperature to be 6p = 531 K, which is within a factor of 2
of the reported value of 920 K [176].

| The temperature dependence of the 3.364 eV D®X peak intensity was investigated using the

approach of Viswanath et al. {126] in their study of GaN. Figure 4.16 shows the natural logarithm
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of the normalized total intensity for the 3.364 eV peak as a function of 1/T. From a fit of the linear
portion (first six data points) of the data, a thermal activation energy (E4) was estimated to be
.14 meV. This is in agreement with the exciton-to-defect binding (localization) energy of 14 ‘meV
-shown in Fig. 4.13. The ratio of FX (A) to DX peak intensities shown as an inset in Fig. ‘4.16 is
seén to increase with increasing temperature. Viswanath et al. [126] also observed an increase in
this ratio and inferred that with increasing temperature the donor-bound éxciton dissociated into a
free exciton and a neutral donor. Based on this, and the work of Reynolds et al. [82], wé similarly
conclude that thermal dissociation of the 3.364 eV bound exciton results in the credtion of & free
exciton and a neutral-donor-like defect-pair complex. In support of this argument the D°X peak
exhibited a decrease in intensity with increasing temperature whereasvthe intensity of the FX (A)

peak actually increased from 4.2-60 K then decreased with increasing temperature.

- 4.2.4 Comparison of Low Temperature PL from Etched and Chemome-
chanically Polished Surfaces
Whereas very few differences are observed between the 4.2 K PL for chemomechanically polished

and etched samples, significant differences can be seen as the temperature is increased to 77 K. Fig-

ure 4.17 shows the 77 K PL spectra for two (0001) ZnO samples, one prepared by chemomechsnical
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Figure 4.16: Natural logarithm of the normalized total intensity (peak intensity times
FWHM) of the 3.364 eV DX peak as a function of 1/T. The thermal activation energy
(E4) was determined to be approximately 14 meV. Inset: Temperature dependence of FX

(A) to DX intensity ratio.
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polishirig, curve (a), and the other by wet etching, curve (b). Both spectra are normalized using the
DX peak at 3.360 eV. The peaks at approximately 3.370, 3.310, and 3.235 eV have been previously
identified for chemomechanically polished (0001) ZnO as FX, FX-1LO, and FX-2L.0 lurhinescence;
respectively (see Fig. 4.14). From Fig. 4.17, it is seen that the etched sample éxhibits much stronger
relative luminescence for the 3.310 and 3.235 &V peaks when compared to PL at the samie energies
from the chemomechanically polished sample. Whereas each of the PL peaks observed at 77 K for
etched ZnO is coincident in energy with those observed for the polished sampl_e, we beligve their
identification is slightly different. The 3.235 eV peak from etched ZnO is believed to be FX-2LO
emission just as reported for chemomechanically polished ZnO. It is proposed, however, that the
3.310 eV peak observed from the 77 K PL spectrum for etched ZnO is the result of a TO phonon-
assisted transition of a bound exciton (D°X-1TO) not a LO phonon-assisted _transitionvof a free
excitornn (FX-1L0O). This identification is based on the following observations. First, the relative
intensity of the 3.310 eV peak for the etched sample is observed to be miiich stronjgef than that
for the chemomechanically polished sample. Whereas the intensity of the 3.310 €V peak. (labeled
FX—ILO) for the polished sample is on the order of the FX peak, the intensity of the 3.310 eV
peak (labeled DOX—lTO) for the etched sample is seen to be on the order of the DX peak. A
larger relative FX-2LO peak for the etched sample, as compared to the chermomechanically polished
sample, is expected considering Frélich intraband scattering theory [151] and observations reported

by Verbin et al. [152] for their comparison of luminescence from “perfect” ZnO crystals and those
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Figure 4.17: 77 K PL spectra for (a) chemomechanically polished and (b) wet etched

(0001) ZnO samples. Spectra are normalized using the 3.360 D°X peak.
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-.With defects. Second, the temperature-dependent data suggests that-the peaks at 3.310€Vi-seen for - —
both samples at 77 K are of different- origin. From this point forward, we will refer to each peak
~according to our identification (i.e., for etched, the 3.310 eV peak is identified as DOX-1TO and:
for chemomechanically polished, the 3.310 eV peak is identified as FX-1LO). Figure 4.18 shows the
normalized PL from the same two samples as in Fig. 4.17 for an increased temperature of 100 K.
Three general observations can be made. First, consistent with the shrinking band gap, each of the
peaks is shifted slightly to lower energy. However, the D°X-1TO peak appears to have redshifted
more for the etched sample than the FX-1LO peak for the polished sample at 100 K. The difference
is observed to be about 6.7 meV. In contrast, the FX-2LO peaks, observed for both samples at 77 K,
seem to have shifted to lower energy by the same amount such that their enérgies at 100 K are
equivalent (illustrated by vertical line). Second, the D?X-1TO peak exhibits a significant decrease
in relative intensity as compared to the FX-2LO peak for the etched sample. In fact, the intensity
of the D°X-1TO peak appears to scale with the D°X peak for increased temperature, whereas the
FX-2LO peak is seen to scale with the FX peak. Third, the lineshape of the D°X-1TO peak sug-
gests that it is not related to free excitons. As discussed in Section 2.4, LO phonoﬁ—assisted FX
emission is characterized by an asymmetric lineshape (i.e., high-energy tail) due to recombination of
excitons with nonzero kinetic energy. The D’X-1TO lineshape appears to be symmetric suggesting
it is the result of interaction between phonons and bound excitons, not free ex‘citons’. If vthe peak 4t

~3.30 &V for etched ZnO is the convolution of FX-1LO and a D®X-1TO peaks, the FX-1LO peak
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Figure 4.18: 100 K PL spectra from (a) chemomechanically polished and (b) wet etched
(0001) ZnO. Spectra are normalized using the 3.360 DX peak.
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must necessarily be less intense than the FX-2L.O which is consistent with the Frélich model. The
identification of the D°X-1TO peak is further supported by comparing the predicted energy and
lineshape for LO phonon-assisted FX emission to the expeérimentally observed spectra at 100 K for
both surfaces, shown in Figs. 4.19 and 4.20. ‘

Shown in Fig. 4.19 is the 100 K spectrum for chemomechanically polished (0001) ZnO (solid
line) with theoretical predictions for the FX-1LO (dashed line) and FX-2LO (dotted line) transitions
using Eqns. (2.9) and (2.10), respectively. The intensities of the theoretical curves were scaled to
the intensities of the respective experimental peaks. Good agreement is observed between the modeél
and the experimental results confirming the identification of the FX-1LO and FX-2LO peaks in
chemomechanically polished ZnO. Results for the wet-etched surface are seen to be significantly
different. Figure 4.20 shows that whereas good agreement is observed for the FX-2L0O identification, |
the peak at 3.30 €V is clearly not in agreement with the predicted energy for FX-1LO efnissiOn; We
also note that the energy separation between the 3.30 eV (D°X-1TO) peak and the bound-exciton
peak at ~3.36 eV is observed to be apprqximately 55 meV which is close to the value for the TO
phonon energy of ZnO (51.2 meV [110]).

From Fig. 4.21, the eXperimentaily observed FX-1LO peak‘ is seén to follow closely the predicted
energy for this transition, curve (b) from Eqn. (2.12). It is possible, however, that the expetimen-

tally observed peak identified as FX-1LO is a convolution of FX-1LO and D°X-1TO peaks. The
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Figure 4.19: 100 K PL spectrum from chemomechanically polished (0001) ZnO (solid
line). Shown are the predicted energies and lineshapes for both FX-1LO (dashed line) and

FX-2LO (dotted line) transitions using Eqns. (2.9) and (2.10), respectively.
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Figure 4.20: 100 K PL spectrum from etched (0001) ZnO (solid line). Shown areé the
predicted energies and lineshapes for both FX-1LO (dashed liné) and FX-2LO (dotted
line) transitions using Eqﬁs. (2.9) and (2.10), respectively. Also shown is the measured
energy difference (55 meV) between the D°X and D°X-1TO peaks which is éonsistent with

the reported TO phonon energy of 51.2 meV for ZnO [110]
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Figure 4.21: Temperature-dependent PL of experimentally observed FX-1LO peak for
chemomechanically polished (0001) ZnO. Shown are theoretical predictions for (a) FX(E)
from Ref. [171], (b) FX-1LO(E) using Eqn. (2.12), (¢) D’X-1TO(E) assuming a tem-
perature independent TO phonon energy of 51 meV and the experimentally observed

temperature dependence of the FX-1LO peak.
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Figure 4.22: Temperature-dependent PI of experimentally observed D®X-1TO peak for
etched (0001) .ZnO. Shown are theoretical predictions for (a) FX(E) from Ref. [171], (b)
FX-1LO(E) using Eqn. (2.12), (c) D°X-1TO(E) assumiﬁg a temperatufe independent TO -
phonion energy of 51 meV, (d) exciton-electron predicted energy from Eqn. (2.7) with
v=7.74.- Also shown is the temperature dependence of the FX-1LO peak observed at

temperatures between about 120-150 K.

temperature dependence of the PL from etched (0001) ZnO is shown in Fig. 4.22. Shown are (a)
FX(E) from Ref. [171], (b) FX-1LO(E) using Eqn. (2.12), (c) D°X-1TO(E) assuming a temperature
independent TO phénon energy of 51 meV, (d) exciton-electron predicted energy from Eqn (2.7)
with v=7.74, and the experimentally observed temperature dependence of the FX-1TO peak. ‘A
- 'significant divergence between the theoretically predicted energy for FX-1LO transitions and the
experimentally observed D°X-1TQO peaks is observed. The exciton-electron curve is added to illus-
trate the possibility that free carriers may affect the energy position of the D°X-1TO peak. Above
~115 K, a new peak is observed which we attribute to FX-1LO emission. The thermal evolution of
this peak can be seen in Fig. 4.23 which shows a comparison of PL from etched (0001) ZnO for 115 K
and 120 K. The proposed FX-1LO peak observed at temperatures above 120 K from etched ZnO is
bobserved to be less intense than the FX-2L.O peak from the same spectrum which is consistent with

the Frolich model discussed previously.
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Figute 4.23: Comparison of 115 K and 120 K PL spectra for etched (0001) Zn0.

4.2.5 Comparison of RT PL from Etched and Chemomechanically Pol- .
'is'hed Surfaces

Figure 4.24 compares the RT PL from etched and chemomechanically polished surfaces for both
polar faces of ZnO. PL from etched (0001) and (0001) ZnO, curves (a) and (b), have been shiown
previously (see Fig. 4.8), but are repeated here for comparison to the RT PL from chemoméchanically
polished (0001) and (0001), curves (c) and (d). The ratio of the FX-to-DL for the chemomechanically
polished surfaces is seén to increase to 105 + 15% from the value of 25 for the etched sutfaces. For
the Spectra obtained for the chemomechanically polished surfaces, Fig. 4.24 curves (c) an (d), the
individual FX and S emission peaks were found to be convolved into one broad peak. The S peak was
initially attributed to optical-phonon-assisted free-exciton emission [172] based on the consistency
of the observed energy difference between it and the presumed FX peak With twice the LO phonon
energy of ZnO. Further investigation leads us to conclude that this peak is thie result of exciton-
electron (Ex-El) interaction as described by Klingshirn [65]. One plausible explanation for the
reduced intensity of the Ex-El peak for the chemomechanically polished surfaceé, as compared to
the etched surfaces, is the presence of near-surface damage introduced by polishing. The minimal
damage, acting as free-carrier traps, could effectively reduce the free-carrier concentra,tién in the near
surface. With fewer free electrons, the interaction of free excitons and free carriers would be reduced.

The net result would then be a reduction in the luminescence intensity of the exciton-electron peak.
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Figure 4.24: Normalized RT PL intensities for (a) etched (0001), (b) etched (0001), (¢).
polished (0001) and (d) polished (0001) ZnO surfaces. All spectra have been normalized

by their FX peak intensity.

4.3 Mechanically Polished ZnO

For the mechanically polished ZnO studies, 1/4 ym and 1 pgm diamond abrasive slurriés were uséd
to prepare the surfaces. PL results from these studies are compared to PL from chemomech‘anically

polished surfaces.

'4.3.1 Hot-exciton Luminescence

Whereas no clearly resolved free excitons wére observed from the surfaces prepare'd by mechanical
polishing, the 4.2 K PL did exhibit three small, equally spaced hot-exciton (HX) peaks, separated
from the energy of the excitation source by the energy of an integer multiple of a LO phonon. HX
luminescence, attributed to very short exciton lifetime [143], has been reported for several éompound'
semiconductors including SiC [137], CdS [138,139], CdSe [136], ZnTe [140] and GaSe [141], but to
our knowledge this is the first observation for bulk ZnO.

Figure 4.25 shows the 4.2 K PL emission obtained for ZnO prepared with the 1 pm diamond
abrasive slurry. Shown are the spectra for (a) (0001) and (b) (000T) surfaces. Five resolved peaks
at 3.312, 3.332, 3.364, 3.385, and 3.458 eV and one low-energy shoulder of the 3.332 eV peak can be

seen. Consistent with previous results, we believe the peak at 3.364 ¢V to be defect-donor-bound
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exciton luminescence (D°X) and the peak at 3.332 éV and the slight shoulder on the low eneigy side
to be a two-electron transition (D°X,,—2) of the DX peak.

In addition to bound-exciton (3.364 eV) and two-electron (3.332 €V) emission, three distinct
peaks were observed at 3.458 (HX-1LO), 3.385 (HX-2LO) and 3.312 (HX-3LO) eV, which we at-
tribute to hot-exciton emission. Because the exciton lifetime is short and emission occurs in the
fundamental absorption region leading to strong absorption, the HX-nLO (n = 1,2,3) peak intensity
is very weak [143]. The HX-nLO peak separation from the excitation energy (3.532 ¢V) is consistent
with an integer multiple of the reported value of 72 meV for the LO phonon energy of ZnO [175],
and that of 75 meV experimentally observed on similar material produced by Eagle-Picher [57]. The
width (FWHM) of the HX-2LO peak was measured to be approximately 3 meV. As réported by Per-
mogorov [143], the individual HX-nLO peaks are narrow because the interaction of hot excitons with
acoustic phonons, during the hot-exciton lifetime, does not significantly change the “quasi-discrete”
energy distribution. Our results are consistent with those reported for CdS [139] as we observe a
~ HX-1LO peak that is signiﬁcaﬁtly less intense than the HX-2L.O and HX-3LO emission. HX-1LO
emission has also béen reported for mechanically polished CdSe [136]. The HX-1LO peak arises,

as reported by Gross et al. [136], from a breakdown in the momentum conservation resultant from
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Figure 4.25: 4.2 K PL of 1 ym mechanically polished (a) (0001) and (b) (0001) ZnO.

In addition to donor-bound exciton (DOX) and two-electron satellite (D°X,,—2) emission,

three hot-exciton peaks are observed at 3.458 (HX-1LO), 3.385 (HX-2LO) and 3.312 (HX-
~ 3LO) eV. The laser excitation energy is 3.532 eV.
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disorder in the near surface of the polished crystal.

To further investigate the peaks as hot-exciton emission, the intensity of the HX-nLO lines for
the (0001) surface was examined as a function of temperature. The HX-nLO peaks were vtherma,lly
quenched as the temperature was increased from 4.2 to 300 K, while the energy of each of the peaks
remained coustant, as shown in Fig. 4.26. The inset to Fig. 4.26 shows the normalized HX-2LO
emission for both (0001) and (0001) polished surfaces as a function of temperature. The thermal
quenching of the HX-2L.O hot-exciton peak is consistent with results reported by Gross et al. [136] in
their studies of CdSe. Results presented here are also consistent with those of Permogorov [143] who
reported that thermal quenching of hot-exciton luminescence intensity with increasing temperatire
is a consequence of decreasing exciton lifetime due to the increased nonradiative decay probability.
Also reported by Permogorov [143], thermal quenching of Raman peﬁks occurs only as a resﬁlt of

_increased absorption of exciting or scattered light. For single crystal ZnO, the absorption coeflicient
~ for the exciting and scattered photon energy remains nearly cons’pant from 77 to 300 K [25].

One plausible explanation for the reduced exciton lifetime leading to the observation of h‘ét—
exciton luminescence .is near-surface damage introduced by the polishing process. Goncharov et
- al. [183] have repdrted that higher dislocation de'nsity.results in shorter free-exciton Tifetime in ger-

manium. To examine the dependence of hot-exciton emission on near-surface disorder intréduced
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Fig’ure 4.26: PL of 1 ym mechanically polished (0001) ZnO for the following temperature:
(a) 4.2 K, (b) 100 K, (c) 200 K and {(d) 300 K. Inset: Normalized PL intensity of HX-2LO

emission for ((0) (0001) and (A) (0001) as a function of temperature.
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by polishing, PL from the mechanically polished sample was compared to that of a sam'ple prepared
by chemomechanical polishing. - R - ‘
Figures 4.27 and 4.28 show the 4.2 K'PL from mechanically and chemomechanically polished
surfaces for both (0001) and (000T) sample orientation, respectively. Each PL signal is normalized
by the D°X peak at 3.364 ¢V (not shown). For the chemomechanically polished samples, the
observed FX (A) peak at 3.378 &V suggests the exciton lifetime is sufficiently long to allow complete
thermalization. The energy of the FX (A) peak and the observation of higher intensity free-exciton
‘emission from the (0001) sample versus the (0001) surface are consistent with those results recently

reported by Sherriff et al. [57] in their PL studies of chemomechanically polished bulk ZnO also pro-

duced by Eagle-Picher,

Tigs. 4.27 and 4.28, the HX-21.0 hot

[

both orientations of the mechanically polished samples, whereas no measurable hot-exciton emission
was chserved for either of the chemomechanically polished surfaces. The observed hot-exciton peaks
could be the result of reduced exciton lifetime resultant from the near-surface disorder introduced

from the mechanical polishing process.

4.3.2 Mechanical Damage Induced Luminescence

PL has been used extensively to study the effect of the polishing process on the luminescence

~of semiconductors [50-52, 54, 184]. Most often the near surface disorder introduced by polishing

PL Intensity (a.u.)

Energy (eV)

Figure 4.27: 4.2 K PL for (0001) ZnO. Shown are spectra for samples prepared by (a)
1 pm diamond abrasive mechanical polishing and (b) chemomechanical polishing. Each .

spectrum is normalized by the bound-donor exciton (D°X) peak at 3.364 €V (1ot shown).
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Figure 4.28: 4.2 K PL for (0001) ZnO. Shown are spectra for samples prepéared by (a)
1 pm diamond abrasive mechanical polishing and (b) chemomechanical polishing. . Each

spectrum is normalized by the bound-donor exciton (D°X) peak at 3.364 €V (not shown).

leads to decreased luminescence, however there are examples in the literature of mechanical damage
resulting in new radiative recombination paths for the nonequilibrium electrons and holes. These
inchide PI, studies of mechanically polished GaAs [50] é;nd InP [51,52]. In each case point défec”cs
resultant from dislocation motion vwere 'implicated as the source of luminescénce. To date, very little
information is available regarding the PL of various surface treatments for ZnO, though there have
been some damagé—rela,ted studies performed for this material, as discussed previously. Studies of
_ Subsurface darﬁage for mechanically polished bulk ZnO have been performed using axial ion channel-
ing in conjuncfion with room temperature PL [109], however low temperature PL of these surfaces-
has not been addressed. Below we show the 4.2 K PL of both (0001) Zn-terminated and (0001)
O-terminated mechanically polishe(i bulk ZnO and report the observation of a luminescerice peak
at 3.211 eV believed to be the result of damage introduced during the polishing process.

Figure 4.29(a) shows the 4.2 K PL spectra obtained for (0001)- and (0001)-oriented ZnO prepared
by polishing with a 1 pm diamond abrasive slurry. Each specf;rum is normalized by the peak at
3.364 eV, labeled D°X. When the PL from the 1 gm mechanically polished ZnQ is compared to the
PL from a (0001)-oriented sample prepared by chemomechanical polishing, shown in Fig. 4.29(b),
differences in emission in the range of 2.95-3.30 eV are observed. In this energy range there are four
peaks (3.211, 3.138, 3.065 and 2.991 eV) observed from the 4.2 K PL of the mechanically polished

sample that are not observed for the chemomechanically polished sample. Only the PL from the
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(0001) chemomechanically polished sample is shown because the (0001) spectrum is nearly identical.
The peak at 3.257 eV is observed for both surface preparations, but it is much less intense for the
chemomechanically polished samples. Comparing the linewidth of the 3.364 eV bound-exciton peak
for the mechanically polished sample to that for the chemomechanically polished (0001)-oriented
sample, shown as insets for both Figs. 4.29 (a) and (b), respectively, the 3.364 eV DX peak is
observed to be much broader for the mechanically polished sample. From a Lotrentzian lineshape
fitting routine [174] used to determine peak position and intensity for each of the bound-exciton
peaks, the FWHM of the 3.364 eV DX peak for the 1 um diamond abrasive mechanically polished
sample measures 2.3 meV, whereas for the chemomechanically polished sample the FWHM is about
1 meV. While no free-exciton emission was observed at 4.2 K for the mechanically polished samples,
two hot-exciton (HX) peaks can be seen at 3.385 and 3.312 eV. This emission, as discussed in the
previous section, is attributed to reduced exciton lifetime resultant from disorder introduced by the
polishing process [185]. Whereas some of these low temperature PL results have been p‘réviously
reported in the literature, the emission observed at 3.211, 3.138, 3.065 and 2.991 eV is to the bé‘st _
of our knowledge the first reported for mechanically polished bulk ZnO. These four peaks, observed
only for the mechanically polished samples, and the peak at 3.257 eV were selected for further anal-
ysis.

Figure 4.30 shows PL spectra recorded at 4.2, 10, 25, 50 and 77 K for the 1 pm mechasically
-polished (0001) ZnO sample. All peaks presented here are labeled according to their observed en-
ergy at 4.2 K. Consistent with previous PL results reported in the literature for chemomechanically
‘i:)olished'ZnO [57] also produced by Eagle-Picher, no longitudinal optical (LO) phonon replicas of
the DX peak were observed, however we believe the peak at 3.257 eV, labeled (D°X,,—3)110, to be
a LO phonon replica of the two-electron satellite peak at 3.332 eV (D°X,,—>). This identification is
‘based on the following observations: 1) the two peaks are separated by about 756 meV (Ero = 72
meV [175]) and 2) both peaks exhibit a simultaneous and proportional decrease in intehéity with
increased temperature. Both peaks are thermally quenched prior to the D°X peak. This is con-
sistent with Martinez-Criado et al. [131] who reported that the D%X,,—, peak quenches faster with
temperature than the principal D°X peak in their PL study of GaN. Figure 4.30 also illustrates that
each of the four peaks in the range of 2.95-3.30 €V is equivalently spaced at an interval of about 73
meV. The four peaks at 3.211, 3.138, 3.065 and 2.991 €V exhibit a shift to higher energy with an
increase in temperature whereas the D°X, D9X o and (D°X,—2)1.0 peaks are slightly red-shifted
as shown in Fig. 4.30. Additionally, each of the four peaks is observed with strong emission after

much of the bound-exciton emission has been thermally quenched at 77 K, suggesting that the peaks

72



C T=42K &)

r 8
AT ]

~ &
5 LEL 1
~ 8t )
2 fat ]
L™ ]
8 E § T 1 ]
E 3.35 3.36 3.37 3.38
= [ 7]
A} ]
L > ]
2 E
L b 1 PO uir I W TENE SO S i 1 ﬁ

3.00 3.10 3.20 3.30 3.40
Energy (eV)

b o] T=42K - ()]
5L X 1 (0o0o1) ]
3 F 2t 1 D°X| ]
s [ § 2 3 ]
~ r 83t ]
Zorat - ]
w N X ]
g N [ 1 % ’ : y
E [ 3.35 3.36 337 338 & - x50 ]
3 X Energy (eV) - > ]
ok 5 :
% P ]
i g 3
C « 1

3.00 3.10 3.20 3.30 3.40
Energy (eV)

Figure 4.29: 4.2 K PL spectra of (a) mechanically polished (0001) and (0001) ZnO and (b)
chemomechanically polished (0001) ZnO. Spectra in (a) are normalized using the 3.364 eV
DX peak. Insets for both (a) and (b) show detail of (0001) exciton emission.
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Figure 4.30: Temperature-dependent PL spectra of (0001) ZnO prepared by 1 pm diamond -
abrasive mechanical polishing. Shown are spectra recorded at 4.2, 10,25, 50 and 77 K. o

Each spectrum is normalized by its maximum intensity.

are unrelated to exciton emission. This leads us to believe that the vpeak at 3.211eVis a zero-LiO
. phonon peak with thrée LO phonon replicas at 3.138 (1LO), 3.065 (2LO) and 2.991 (3LO) €V. Also
_shown in Fig. 4.30 for the 50 K spectrum is the HX emission observed at 3.385 and 3.312 &V.
Figure 4.31 further illustrates the thermal blue shift of the 3.211 &V peak for both polar faces as
the ;cemperature is increased frbm 4.2 to 125 K followed by a red shift as the t’einpé‘r&t’ur‘e‘ is further
increased. This peak is not observed at temperatures above approximately 200 K. To approximate
the shrinking bandgap with increasing temperature, the temperature-dependent peak position of the
3.364 6V D°X peak for both polar faces and a fit of the FX (A) temperature—de'pehdent peak posi- ‘
tion [171] from a chemomechanically polished (0001) ZnO sample based on a model by Manoogian
and Wooley (MW) are also shown in Fig. 4.31. The observed thermal blue shift of the 3.211 6V peak
is consistent with results reported in the literature for donor-acceptor-pair (DAP) emission frorﬁ
GaN [156,157] and GaS [161]. Our observation of multiple (3) LO phonon replicas of the proposed
DAP peak is consistent with Zhu et al. [159] in their PL study of N-doped ZnSe. To further investi-
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Figure 4.31: Temperature dependence of the 3.211 eV peak position for both (0001) (C)
“and (000T) (o) surfaces prepared by 1 pm diamond abrasive mechanical polishing. Also
shown is the temperature dependence of the 3.364 eV DX peak for the (0001) (A) and
(OOOT) () mechanically polished saimples and the MW fit of the free A exciton (FX (A))
temperature-dependent peak position [171] for a chemomechanically polished (0001)-ZnO

sample.

gate this peak as donor-acceptor-pair recombination, the 4.2 K PL spectra from a 1 um'mechanicélly'
polished (0001)-oriented ZnO sample was compared using two different excitation intensities. The
3.211 eV peak exhibited a blue shift of approximately 5 meV for an increase in excitation intensity
from 8 mW. to 80 mW. This type of blue shift is also consistent with observations reported in the
literature for DAP emission from ZnSe [159] and GaN [162]. Reshchikov et al. [162] .rep’orzcéd that-a
small blue shift with increased excitation intensity was indicative Qf DAP emission involving shallow
donors and thie shift to higher energy was the result of saturation of PL from distant pairs. Based
on this, we conclude the 3.211 eV peak to be the result of zero-phonon-assisted reconibination of
distant donor-acceptor pairs, (DAP)oro-

Arrhenius plots of the 3.211 eV peak for both polar faces indicate thermal activation energies
(E4) of 52 meV for the (0001) Zn-terminated face and 54 meV for the (000I) O-terminated face as
shown in Fig. 4.32. These values are consistent with the range of reported values for donor binding
energies of 56-61 meV [82,165] for bulk ZnO. However, they do not agree with the ionization energy
of the principal donor as computed from the TES peak. This value, as reported in Section 4.1,

was determined to be 42.6 meV. The discrepancy between this energy and the ionization energy as
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determined from Arrhenius plots (52-54 meV) suggests that both donors and acceptors may be cre-
ated during the polishing process. The creation of donor and acceptor levels resultant from damage
introduced to the crystal has been reported for bulk ZnO by Look et al. [62]. They showed that
high-energy (E > 1.6 MeV) electron irradiation results in the creation of significant concentrations
of donors and acceptors. The donors produced by irradiation were shallow (E.-30 meV) and identi-
fied as Zn sub-lattice defects. The thermal activation energies presented in our study (52-54 meV)
seem t0 rule out the possibility that this particular defect donor participates in our proposed DAP
recombination.

One observation from the present study that points to the possibility that the 3.211 €V peak
is the result of near surface damage introduced by polishing is the sample-to-saniple varfiation of |
the intensity of this peak relative to the 3.364 eV D°X peak as shown in Fig. 4.33. Shown are the
spectra collected from three different (0001)-oriented samples prepared by 1 pum diamond abrasive
mechanical polishing. The three spectra are normalized by their respective 3.364 eV D°X peak. The
most intense 3.211 eV peak, curve i(a.m), is from a sample that was polished twi.ce prior to the PL

measurement. The sample-to-sample variation of intensity relative to the DX peak suggests that
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Figure 4.32: Natural logarithm of the normalized total inténsity (peak intensity times
FWHM) of the 3.211 €V peak as a function of 1/T for the (0001) Zn-terminated 1 ym me-
chanically polished surface. The inset shows the same analysis for the (0001) O-terminated
1 pm mechanically polished surface. A fit of the linear portion of the data (first four data

points) yields thermal activation energies for the (0001) and (0001) surfaces of 52 and 54

meV, respectively.
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Figure 4.33: 4.2 K PL of three different (0001) 1 pm mechanically ﬁolishéd samples nor-
malized by thé D°X peak at 3.364 €V (not shown). Variation in 3.211 €V peak intensity
relative to its D®X intensity sﬁggests that it may be felated to damage present in the
crystal. Curve (a) is from a sample that had been polished twice prior to the PL measure-
mernt. Inset: Enlarged view of (c). Dotted lines are from the deconvolution of (b) using
Lorentzian lineshapes and illustrate the possibility that both the 3.211 and 3.22 eV peaks

are present in the PL of 1 ym mechanically polished (0001) ZnO.

.the 3:211 eV emission may be related to the amount of damage introduced in the crystal by the
mechanical polishing process as all three samples are from the same boule. For the smallest intensity
DAP peak, sden as curve (c), an irregular lineshape is observed suggesting the convolution of the
3.211 eV peak with a second peak of similar energy. To further investigate the asymmetry of the .
3.211 eV peak, a nonlinear 'peak-ﬁtting routine USing Lorentzian lineshapes was again used. The
iriset of Fig. 4.33 shows the deconvolution of spectrum (c) using Lorentzian lineshapes. Deconvo-
lution indicates the possibility of a second peak occurring with an énergy of 3.22 eV. This 3.22 ¢V
peak is also observed for the chemomechanically polished samples and is consistent with Thonke et
al. [87] who attributed it to DAP emission. Wé believe the 3.211 eV peak observed in our study to
be different from the 3.22 eV pe‘ak reported in Thonke’s PL investigation. The intensity variation
of the 3.257 eV peak is in accordance with the variation observed for the D°X,,_, peak at 3.332 eV.

To further examine the dependence of the 3.211 eV peak on damage introduced by the polish-
ing process we compared the 4.2 K PL from the 1 pm mechanically polished sample to the PL

from 1/4 pm mechanically polished and chemomechanically polished samples for both (0001)- and
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(000T)¥oriented ZnO. Figure 4.34 shows the 4.2 K PL from each of the three surface preparations for
the (0001)- oriented samples. Each spectrum is normalized by its 3.364 €V DOX peak (not shown).
The 3.211 eV peak (and its LO phonon replicas) is dominant for the 1 pm mechanically polished
sample, but it is also observed for the 1/4 ym mechanically polished crystal although with much
less intensity. For the chemomechanically polished sample no peak at 3.211 €V is observed, however.
there is a small peak at 3.22 eV, mentioned previously [87]. The ordering of intensity for the 3.211
- eV peak from highest for those samples prepared by 1 ym diamond abrasive mechanical polishing
to lowest for those samples prepared by chemomechanically polished further suggests this peak may
be due to damage introduced by the polishing process. The amount of subsurface damage resultant
from polishing is confirmed by axial ion channeling results recently reported for ZnO using the same
surface preparations [109]. |

Figure 4.35 shows the 4.2 K PL spectra for each of the three polished surfaces for (0001)-oriented
samples. PL from the 1 pm diamond abrasive mechanically polished O-terminated surface exhibits

a strong peak at 3.211 eV, but no peak is observed at this energy for the PL from either the 1/4
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| Figure 4.34: 4.2 K PL of (0001) ZnO. Shown are. PL from samples prepared by (a) 1
pm diamond abrasive mechanical polishing, (b) 1/4 pym diamond abrasive mechanical
polishing, and (c¢) chemomechanical polishing. Each spectrum is normalized by the DX
peak at 3.364 eV (not shown). Inset: Enlarged view of (b) and (c). Dotted lines are from
the deconvolution of (b) using Lorentzian lineshapes and illustrate the possibility that
both the 3.211 and 3.22 eV peaks are present in the PL of 1/4 ym mechanically polished
(0001) ZnoO.

78



TTTTT)

, rrﬁ
w PL Intensity (a.u.) ]

sloaasd sy

F 315 320 3.25
% Energy (eV)

PL Intensity (a.u.)

3.00 3.10 - 320 3.30
Energy (eV)

Figure 4.35: 4.2 K PL of (0001) ZnO. Shown are PL from samples prepared by (a) 1
pm diamond abrasive mechanical polishing, (b) 1/4 pm diamond abrasive mechanical
polishing, and (c) chemomechanical polishing. Each spectrum is normalized by the DX
peak at 3.364 eV (not shown). Inset: Enlarged view of (b) and (c). No peak was observed
at 3.211 &V for (b) or (c).

pm mechanically polished or chemomechanically polished surfaces. For these two samples the DAP
peak at 3.22 eV is observed. If the 3.211 eV peak is indicative of the amount of damage present in
the crystal then the PL from the 1/4 pin mechanically polished samples (Fig_s. 4.34 and 4:35) sug-
gest the Zn-terminated surface is damaged more than the O-terriinated surface for the miechanical
polishing process. This conclusion is consistent with axial ion channeling results [37] which showed
larger amounts of damage for the Zn face compared to the O face for mechanically polish_éd surfaces.
The results presented here are also consistent with Look et al. [20,62] who reported a,‘higher défect
production rate for the Zn-terminated (0001) surface than the O-terminated (0001) surface using
electron irradiation. Look et al. [20,62] explained that for the (0001) surface, Zn is easily displaced
into an interstitial region, however, for the (0001) surface, the displacement of Zn atoms is much

more difficult due to short-bonded O atoms beneath them.

4.3.3 Comparison of RT PL from Mechanically Polished and Chemome-

chanically Polished Surfaces

The PL spectra for (a) chemomechanically polished (0001)-O face, (b) chemomechanically pol-

ished (0001)-Zn face, and for comparison (c) the relative intensities for the mechanically polished - .
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surfaces are shown in Fig. 4.36. In all cases it was found that the O face resulted in hi'gherPL einis-
sion when compared to.the Zn face. This difference in PL emission from two polar faces is consistent
with that reported by Kirilyuk et al. [186] for GaN. The PL response of the mechanically polished
surfaces show a dramatic reduction in intensity when compared to the chemomeéhanically polished
surfaces, and are barely visible in Fig. 4.36. These spectra are shown in Fig. 4.37 and include (a) 1/4
pm diamond abrasive-O face, (b) 1/4 ym diamond abrasive-Zn face, (¢) 1 pm diamond abrasive-O
face, and (d) 1 pin diamond abrasivé-Zn face. The spectra for a given face (Zn ot O) are normalized
with respéct to the chemomechanically polished results for that face, such that the normalized PL
intensity plotted in Fig. 4.37 represents the relative change in intensity from a chemomechanically
polished to mechanically polished surface. Similar to the chémomechanical polished surfaces, the
O face for each of the mechanically polished conditions exhibited higher near-band-edge (NBE) PL
intensity. The results indicate a two order of magnitude decrease in PL intensity for the mechani-
cally polished surfaces. In addition, the difference in PL intensity for the 1/4 ,um abrasive and 1 pm
abrasive mechanically polished surfaces is a factor of 4 (for the O face) and a factor of 8 (for the Zin
 face). | '

For comparison to the PL results, axial ion channeling was used to obtain a measure of th‘e -

damage depths and the amount of lattice disorder produced by polishing. To examine the average
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Figure 4.36: Relative PL intensities for polished surfaces, (a) chemomechanically polished-
O face, (b) chemomechanically polished-Zn face, (c) mechanically polished surfaces for

comparison.
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Figure 4.37: Normalized PL intensities for mechanically polished surfaces, (a) 1/4 pm-O
face, (b) 1/4-pm-Zn face,(c) 1 urﬁ—O face, (d) 1 ﬁm—Zn face.

- amount of lattice disorder, as measured by channeling in the near surface region which was probed
by the PL measurements, an integration under eéch peak from the surface to 60 nfn below the
sutface was made. These values can be normalized by the number of displaced Zn atoms/cm? for a
totally amorphous layer (the area under the random spectrum), resulting in a relative di‘so‘rderjscale
where 1 = totally amorphous and 0 = virgin material. Integration of the relative lattice disorder
averaged over a depth of 60 nm resulted in 0.78 and 0.67 for the Zn and O faces respectively fqr the
1 pin abrasive, and 0.41 and 0.39 for the Zn and O faces respectively for the 1/4 pm abrasive. When
compared to the PL results in Fig. 4.37, the overall trend of decreased PL intensity with increased
lattice disorder is observed. This work is further reported in Ref. [109].

-Each of the ZnO surface preparations presented in this study (i.e., chemomechanically polished
and mechanically polished) exhibits unique PL features ranging from the observation of new peaks to
diminished luminescence efficiency of pre-existing peaks when compared to PL from etched sutfaces.
These features, together with previous PL studies reported in the literature, an understanding of the
underlying physics and results from axial ion channeling experiments on similarly prepared surfaces,
allow for the identification of near-surface damage effects on the measured PL spectra.

PL has also been shown to be a very effective tool for the identification of impurities in semi-
conductors. It has been used in conjunction with ion implantation [93,187], secondary ion niass
spectroscopy [97,188], muon spin rotation [90], and plasma-treatment [94, 189,190] to verify the.

participation of hydrogen as a shallow donor in the luminescence spectrum of ZnO. In the following
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section, we present PL results of H-treated (either ion implanted or plasma treated with 5% Ha ] 95%
Ar) ZnO to implicate hydrogen as a likely shallow donor leading to the observed 3.361 &V emission
at 4.2 K.

4.4 Hydrogen-treated ZnO

Récent studies of the low temperatufe PL of bulk ZnO have reported the observation of several
neutral-donor-bound-exciton peaks [57,82,83], however, the identity of specific shallow donors result-
ing in the bound-exciton luminescence has remained unclear. Very recently, attention has focused
on hydrogen as a shallow donor in ZnO [88,90-97,189]. Observations of two-electron satellites for
specific bound-exciton transitions have implicated H as a likely shallow donor in recent PL studies of
as-grown, bulk ZnO [87,191]. Luminescence techniques have also been used to investigate H-treated
_ZnO [78,93,94,188,189], however insufficient Sample cooling or limited spectral resolution have pre-
cluded the observation of any resolved H-related boundéexcitorl_ peaks. In this section, the results
from 4.2 K PL experiments performed for both H-implanted arid 95% Ar/5% Ha plasma-eéxposed
Zn0 samples are repor‘fed. Whereas the 3.364 eV emission is observed to be the dominant PL peak
for untreated ZnO, the. 3.361 eV peak is seen to be the strongest following hydrogen treatment by

» implantation or plasma exposure. For this particular study, two wurtzite étructure Zn0 samplés
were used. The samples were processed on both sides by ﬁrst.lapping and then chemomechanical
polishing. Details of the polishing process are provided in Section 3.2. The samplés were character-
‘ized by 4.2 K PL prior vto H treatment. The (0001) face of one sample was implanted with 0.3 x
10'® H/cm? at 12 keV. The (0001) face of the other sample was exposed to a 200 W tf 95% Ar/5%
Hs plasma for 1 minute at 167 mTorr using a commefcia_l plasma-cleaning in‘stfum_en‘c.' Information

about the measured hydrogen concentration for the two treated samples is reported in Section 3.2.

4.4.1 Hydrogen-Implanted ZnO

Figure 4.38 shows the 4.2 K PL spectra obtained for: (a) unimplanted and (b) H-implanted
(0001) ZnO. The PL spectrum prior to implantation exhibits at least six narrow peaks at 3.358,
3.361, 3.362, 3.364, 3.365, and 3.368 eV with the strongest peak at 3.364 &V measuring about 1 meV
full width at half maximum. As previously discussed, similar narrow peaks in this energy range
have been reported by Reynolds et al. [82] in a study of ZnO also produced by Eagle-Picher and
identified as the radiative recombination of excitons bound to defect-pair complexes which simulate

neutral donors. Subsequent PL studies [87,191] have attributed the dominant luminescence peak in
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Figure 4.38: 4.2 K PL spectra for: (a) unimplanted and (b) H-implanted (0001) ZnO.

billk ZnO (observed here at 3.364 €V) to the radiative recombination of excitons bound to shallow
H-:related donors. After implantation, differences in the 4.2 K exciton PL are observed. First, there
.is a Sighiﬁcant change in the relative intensity for two of the bound-exciton peaks (3.361 €V and
3.364 V). Whereas the 3.364 eV emission is observed to be strongest peak prior to implantation,
the 3.361 &V p‘e'.ak is seen as the most intense of the four resolved peaks after implantation. Second;' '
a new peak at approximately 3..363 eV is observed which was not obsérved prior to implantation.
Third, there is a decrease in the overall eXcitoﬁ luminescence intensity (the ion-implanted spectium
is'scaled by a fa,éfor of 4) and .signiﬁcant line broadening for each of the bound-exciton peaks. Line
broadening ﬁlay account in part for the reduction in number of resolved peaks from six, for the
unimplanted sample, to four for the implanted case. We attribute the reduced overall luminescence
inténs‘ity and line broadening to near surface damage introduced during the impléntatidn process. .
This is consistent with Ip et al. [9‘3] who reported severe degradation of optical properties following

' » H—implanﬁatio'n of ZnO as measured by room temperature PL.

4.4.2 .HydrOgen/Argon Plasma-treated ZnO

Figure 4.39 shows the 4.2 K PL spectra obtained for the sample: (a) before and (b) éfter plasma
exposure. The PL prior to plaéma treatment again exhibits at least six neutral-donor-bound-exciton
peaks. After. plasma exposure, a change in the relative intensities of the 3.361 eV and 3.364 €V peaks
is observed again. We also observe a peak at 3.363 eV which was not observed from the sample prior

to plasma treatment. These results are similar to those observed for the PL from the H-implanted
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Figure 4.39: 4.2 K PL spectra for the sample: (a) before and (b) after plasma expostire.

ZnO however there does nof appear to be any significant line broadening for the plasma-treated
sample. The minimal line broadening for the plasma-exposed sample allows for better resolution of
the individual peaks in the PL spectrum. From Fig. 4.39 (b), six clearly resolved peaks can be seen.
‘There is a shoulder on the high-energy side of the 3.361 eV peak suggesting the presence of a seventh
peak at 3.362 V. Using Haynes’ rule [192] with a coeflicient of 0.3 reported in Alves [191] and the
experimentally observed exciton-to-donor binding energy of 17 meV (using a free exciton erergy of
~ 3.378 eV [171]), a donor ionization energy of 57 meV is computed. This value is consistent with
previously reported donor energies for H in ZnO. Cox et al. [90] in their investigation of H donors
in ZnO using muon spin rotation, experimentally observed a donor energy for isolated muons in
ZnO to be 60 + 10 meV. In another recent report, Shimomura et al. [193] measured a donor energy
of 50 meV for implanted muonium centers in bulk ZnO. Based on the conSistéﬁcy of thése values,
“we conclude that the 3.361 eV peak is due to the collapse of excitons bound to hydrdg'en;related
impurities (donors). These results also suggest that the 3.361 eV peak observed in the untreated
samples may be due to hydrogen introduced during the growth process. The peak observed &t 3.363
eV for the treated samples may also be related to hydrogen in the material, however this point

requires further study.

4.4.3 He-implanted ZnO

To verify that the increased relative intensity of the 3.361 €V peak is not related to damage

introduced during implantation, we compared the 4.2 K PL from H-implanted ZnO to that from
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a He-implanted sample. For this study, one chemomechanically polished (0'001) saimple was used.
One half of the surface was implanted with H and the other half implanted with He. Figure 4.40"
shows a comparison of PL from the H-implanted region to that from the He-implanted region. For
reference, PL from the sample prior to implantation is also shdwn., The spectra are ﬁorméﬂﬁe’d using
the 3.364 ¢V peak. Whereas the PL from the H-implanted region is consistent with pr'evibus results
(increased 3.361 eV peak intensity relative to the 3.364 eV peak), PL from the.Hé-implanted region is
similar to that from untreated ZnO. PL from the He-implanted region shows no measirable incréase
for the 3.361 eV or 3.363 €V peaks, relative to the untreated sample, further suggesting that these
peaks (clearly observed for the H-implanted region) are from the récombination of excitons bound

to H-related donors and not from damage introduced during the ithplantation process.

e
 T=42K -=--- untreated ZnO

~— —~ H implanted ZnO
He implanted ZnO 7

PL Intensity (a.u.) -

3.355 3.360 3.365 3.370 3.375
Energy (eV)

Figure 4.40: Comparison of 4.2 K PL spectra for H-implanted, He-implanted, and uii-

treated ZnO. The spectra are normalized using the 3.364 eV peak.
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Chapter 5

Conclusions and Possible Future

Work

A study of the effects of subsurface damage on the PL of wurtzite, (0001)—0fie‘nted, bulk ZnO vha’s.
been pe‘rforméd. Subsurface damage, resulting from ultrafine finishing processes s_ﬁch as polishing,
is shown to have a significant effect on the PL of ZnO substrates. In addition to introducing
vnonradia,tive paths for the recombination of free carriers, effectively lowering the PL efficiency, near-
surface disorder is shown to introduce new transitions for radiative recombination. PL is shown to
be sensitive to small lattice disorder such as that found in chemomechanically polished stbstrates.
Tt is also shown to be a good technique for characterizing the large range of lattice diso’rd’erfOun’d

in this study (e.g., chemomechanically polished versus mechanically polished substrates).

5.1 Conclusions

1. Significant differences were observed between the RT PL from surfaces prepared by mechanical
polishing as compared to those prepared by chemomechanical polishing. These include relative
changes in both the spectral content and overall PL intensities. Mechariical polishing resulted
in a two order of magnitude reduction in PL intensity over that for chemomechanically polished
surfaces. Significant differences in PL intensity for the 1/4 pm abrasive and 1 pm abrasive
mechanical polish were also observed. The PL results were compared to the amount of lattice
disorder obtained by ion channeling, and the overall trend of decreased PL intensity with

increased lattice disorder was observed.
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2. Both free- and bound-exciton emission from the 20 K PL spectrum of (0001) ZnO were ob-
served and are consistent with results published in ‘ghe literature for similar material. The
témperature-dependent free-exciton energy was fit using an equatioh developed by ManOOgian
and Woolley (MW). The coefficients of the MW equation E = 3.379 - 5.04 x 1075(T)101 —

(1.84 x 107%) (398.4) (coth(398.4/2T) — 1) obtained by curve fitting in the present study are
in good agreement both with first-principle theoretical calculations and empirical values for |
other II-VI semiconductors. The strongest of the bound-exciton peaks exhibited a ’ch‘e'rmﬁl
activation energy of 14 meV, which is in agreement with the binding'eﬁergy of the exciton. to
the defect (donor). Further analysis of the 3.364 eV bound-exciton peak observed at 4:2 K’
s‘uggeéts a dissociation into a free exciton and a neutral-donor-like defect-pair complex ocecurs

with increasing temperature.

3. We have observed three distinct peaks at 3.458 (HX-1LO), 3.385 (HX-2LO) and 3.312 (HX-
3LO) eV from the 4.2 K PL spectra of bulk ZnO for both (0001) and (0001) surfaces prepared by
mechamcal polishing with a 1 ym diamond abrasive slurry, which we associate w1th hot—excxton ,

_emission. The three peaks are thermally quenched as the temperature is increased from 4.2
to 300 K while the energy remains constant. No hot-exciton peaks were observed for surfaces
prepared by chemomechanical polishing. The hot-exciton emission from the mechanically
polished crystals is attributed to reduced exciton lifetime resultant from disorder introditced

by the mechanical polishing process.

4. PL spectra from both polar faces; prepared by mechanical polishing with a 1 pm diamond
abrasive slurry, exhibit a new 4.2 K luminescence peak at 3.211 €V believed to be DAP recotn-
bination. Sa;mple—to—sé,mple intensity variation of this DAP peak coupled with the abgence or
significantly reduced intensity of this peak from 1/ 4 pm mechanically polished and ché'mome—
chanically polished samples suggest it is related to the amount of subsurface da‘ﬁrage present
in the sample. From comparison of the 4.2 K PL to ion channeling results obtained from a
previous study for each of the polished surfaces, an overall trend of increased PL intensity .of
the 3.211 eV DAP peak with increased lattice disorder is observed. We believe this peak to be

resultant from defects introduced during the polishing process.

5. We have observed a distinct peak (S peak) from the RT PL of etched (0001) and (000T)
at ~3.12 eV which we attribute to inelastic exciton-electron interaction. The (0001) etched
-surface is seen to exhibit a stronger S emission when compared to the (0001) etched surface.

Chemomechanical polishing results in reduction of the intensity of the S peak. We attribute
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this to disorder introduced by the polishing process.” :

6. We observe significant sample-to-sample differences in the bound-exciton emission of the 4.2 K
PL spectra for chemomechanically polished samples. It is unknown whether these differences »

can be attributed to the growth process or the final finishing processes.

7. Aging is also seen to introduce measurable differences in the bound-exciton PL spectrum at 4.2
K. From our results, storing the samples in a desiccator for seven months resulted in changes

in the relative intensities of each of the six identified DX peaks.

8. The bound-exciton peaks were observed to be significantly broadened when compared to the
same peaks for chezﬁomechanically polished samples. This broadening is believed to be due to

the introduction of defects during the mechanical polishihg process.

9. Whereas the 1LO phonon-assisted-free-exciton (FX-1LO) luminescence is easily identified for
the chemomechanically polished samples in the temperature range of 50-150 K, the wet-etched
samples exhibit-a 1TO phonon—assisted—bo‘und—exciton luminescence that precludes the obser-
vation of an FX-1LO peak in the same temperature range. This difference in PL for these
two surfaces may be caused in part by the presence of near-surface damage in the polished

material.

10. The 4.2 K PL of ion-implanted H_ in ZnO exhibits an increased importance of the 3.361 eV
‘peak relative to the 3.364 eV peak. Similar behavior is observed for the PL from a saﬁip’le»
exposed to a plasma containing 5% Hs. To a first abproximation, Haynes rule provides a donor
energy of 57 meV for the observed 3.361 eV peak. This value is consistent with values for donor
energies of H in ZnO reported in the literature. We conclude the péék_ observed at 3.361 eV
is from the collapse of excitons bound to hydrogen-related donors for both the‘H-ir'n'plant‘ed
and plasma-exposed samples. These results point to the possibility that the 3.361 eV peak
observed in the PL from as-grown and polished ZnO may also be specifically related to the

presence of hydrogen.

5.2 Possible Future Work

1. Estimate the DAP spacing for PL from mechanically polished substrates using experimentally

observed Huang-Rhys factor and theoretical models from the literature.
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. Using taper polishing techniques or photoelectrochemical (PEC) etching, investigate the depth-

resolved PL from polished ZnO substrates.

. Determine the absorption coefficient for each of the prepared surfaces to better estimate the

volume of investigation using PL.

.-Perform PL excitation (PLE) spectroscopy for each of the prepared surfaces. Because the
PLE spectrum approximates the absorption spectrum [101], these experiments could serve as

an alternative to the absorption measurements sugg’ested above.
. Investigate the effects of annealing on the H-related exciton luminescence from as-grown ZnO.

. Optimize the chemomechanical polishing process parameters (e.g., slurry chemistry, pad speed,

etc.) for ZnO using PL as characterization technique for the near-surface integrity‘ of the

-

substrates.
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Appendix A

7Zn0O Properties

Property Symbol Valde ' Refe‘rgﬁce
Symmetry hexagonal (wurtzite) [110]
Lattice Parameters a 3.249 A [17]
c 5.207 A - [17]
‘Room Temperature Band Gap Energy E, 3.37eV lb - 17 _'
Exciton Binding Energy | E.y 60 meV ' [17]
Longitudinal Optical Phonon Energy hwro 72 eV - [179]
Exciton Effective Mass m?, 0.31mg [110]
Dielectric Constant €s 8.5 _ | [110]
€oo 40 [110]
Refractive Index n 2.0 - [110]
Debye Temperature ' fp 920 K [176]
Melting Temperature Tm 2250 K [194]
Modulus of Elasticity E 124 GPa [177]
Shear Modulus G 45.3 GPa [177}
Mean Thermal Expansion Coefficient ag, 43 x107% 1/K [179]
Band Gap Pressure Coeflicient %% 2.7 x 107% ¢V /bar [178]
Band Gap Temperature Coefficient 2% —-8x107* eV/K [181]

Table A.1: ZnO material properties
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Appendix B
RT PL of As-grown ZnO

Figure B.1 shows the RT PL of as-grown (i.e., prior to sawing, lapping, dicing, and polishing)
bulk ZnO. For comparison, the RT PL from a chemomechanically polished surface is included. A

reduction in PL intensity is observed.
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Figure B.1: Comparison of RT PL from as-grown (0001) and chemomechanically polished
(0001) ZnO
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Appendix C
PL of Ion Channeled ZnO

Axial ion channéling has been used to characterize each of the polished surfaces in this study.
Ion channeling is known to introduce some lattice disorder during the channeling procesvs'. “We
have investigated the effect of this damage on the RT PL from (0001) Zn0 and Compared this
luminéscence to a spectrum from a chemomechanically polished (0001) sample. Thes'e results are
shown in Fig. C.1. The net effect of damage resultant from ion channeling on the RT PL initially
appears to be the introduction of nonradiative paths for the recombination of free carriers in the

channeled region of the crystal resulting in significantly reduced luminescence intensity. -
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Figure C.1: Comparison of RT PL for channeled and chemomechanically polished (0001)
ZnO.
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Appendix D
RT PL of Etched CdS

Figure D.1 is a comparison of the RT PL for etched (wurtzite) CdS and etched ZnO. The spectra
have been normalized by their characteristic emission peak and plotted using two different energy
scales so that a direct comparison of their lineshapes can be miade. Only one characteristic peak is

observed for CdS.

Energy (eV)
290 3.00 3.10 320 330 3.40 3.50

T T Ty 0, LI S e e e e e 4

PL Intensity (a.u.)

2.20 2.30 2.40 2.50 2.60
Energy (eV)

Figure D.1: RT PL comparison between etched (0001) ZnO and etched (0001)-oriented
CdS.
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Appéndix E
Operation of PL System

E.1 Art Laser

The following checklist is not intended as a replacement for propér safety practices. Rather; it
is a way to ascertain that the laser is working properly and offers the user a series of éteps’to' follow
to ensure reliable operation. For each system, the user should rely on manuals (provided by the

manufacturer) located in the laboratory for safe operation.
1. Lock all doors, put on safety spectacles and vmlock switchbox.

2. Place the 10 W power meter sensor in front of the laser (at-a slight angle) and tirn on the

poweér meter..
3. Turn on the heat exchanger (switch to “on” position)
4 Slowly open the valve labeled Lab Chilled Wtr Return.
5. Slowly Op.en the valve labeled Lab Chilled Wtr Supply.

6. Make sure the chilled water is flowing and _cdld by looking at the flow meter and feeling. the
supply line. The flow meter should make a vibration noise at startup. The flow valve on the

heat exchanger is open and so the flow through the heat exchanger is a maximum.
7. Turn on the main power at the switchbox.

8. Turn the key (for remote box) to the on position (90° cw). The current should rise at 1 A/s

after a short delay (5-10 seconds).
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9.

10.

11.

12.

13.

14.

Allow the laser 20-30 minutes to stabilize. Wheﬁ the laser has stabilized, the beamlock indi-
cator should be centered. The current (power mode) or the power (current mode) should be

stabilized.

The temperature of the water in the heat exchanger should stabilize at 20°C. Thé temperiture

of the supply water should be about 11°C. The flow rate should vary betWeén 2-3.5 gpm. The
pressure should vary accordingly between 26-30 psi. The valve on the heat exchanger should
begin to close about 5 minutes after starting the heat exchanger and the vibration.noi'se should
dissipate. The DI LED should turn from red to green after a few minutes. (If LED stays red,

cooling water and filter must be changed in the heat exchanger.)
For 125 mW output power with the UV prism, the current should be about 58 A.

Remember the following: Don’t close the aperture while in power mode. Don’t make vertical
and/or horizontal adjustments (for the high reflector or the output coupler) while beamlok
is on. (Always turn beamlok off when adjusting the beam.) Always close the shutter .and

turn beamlok off when cleaning or replacing optics in the laser. Refer to the Spectra-Physics

" manual for specific operation issues for the laser.

To shut down the laser, turn the key (remote box) to the off position (90° cew). Turn off the

main power at the switchbox and lock the padlock. Turn off the power meter.

Allow the heat exchanger to run at least 10 minutes. After 10 minutes, slowlyvclo’s‘e the valve -
labeled Lab Chilled Wtr Supply, then slowly close the valve labeled Lab Chilled Wtr Return.

Turn the heat exchanger off (switch to “off”).

E.2 Monochromator

The following checklist is not intended as a replacement for proper safety practices. Rather, it

is a way to ascertain that the laser is working properly and offers the user a series of steps to follow

to ensure reliable operation. For each system, the user should rely on manuals (provided by the

manufacturer) located in the laboratory for safe operation.

1.

2.

Monochromator and CCD controller should be left on at all times. If not, the CCD must be

initialized prior to pouring liquid nitrogen into the CCD dewar.

Launch the Spectramax software. The correct version is loaded on the C drive of “Lumen”.
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10.

11.

12.

13.

14.

15.

16.

Always launch the software using the shortcut on the desktop. Do not use the default layoiit.

Select the layout (CCD or V1 for the InGaAs detector). -

For the CCD, makeé certain controller is on and connected to the detector head before adding
liquid nitrogen. Slowly add liquid nitrogen. Stop occasionally to allow the detector to cool.
The monochromator must be moved to a new wavelength before the CCD controller will

register a temperature.

For the InGaAs detector, make certain the head is disconnected from the controller before
adding liquid nitrogen. Slowly add liquid nitrogen. Stop occasionally to allow the d'etector to

cool.

Remove the entrance slit cap. Make certain the slit height adjustment is closed (pushed all

the way in). Check (and set) entrance (and exit, if necessary) slit widths.

: Oc"casibnally check CCD temperature (if applicable) using visual setup on Spectramax. Allow

the CCD to stabilize at 140-150 K (this can take up to an hour).
Move the monochromator to desired wavelength position.

Turn off all fluorescent lights. Turn on incandescent lights.

Open slit height to desired setting.

Using RTD, make necessary adjustments to maximize signal. Use incandescent :lights for

adjustments for RTD measurements. (Fluorescent light have a specific large spectral signal)

Switch to Experiment window in Spectramax, prepare data collection information and begin
collecting data. Any software settings made in RTD DO NOT translate into the Experiment

window. All settings must be made in Experiment window.
Remember to select dark offset and linearization (CCD) for data collection. -
ONLY 8 characters are allowed for the file name in Spectramax.

To shut the system down, move grating in monochromator to 500 nm {(monochromator wave-

length meter should read 10,000 A).

Close slit (using slit height adjustment). Replace cap over slit. Exit from Spectramiax. Exit

from Instrument Control Center window last. Do not save settings as default.

Remember to leave the monochromator controller and the CCD controller on at all times.
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E.3 Cryostat

The following checklist is not intended as a replacement for proper safety practices. Rather, it

is a Wa,y to ascertain that the cryostat is working properly and offers the user a series of steps to

follow to ensiure reliable operation. For each system, the user should rely on manuals (provided by

the manufacturer) located in the laboratory for safe operation.

1.

10.

The first step is to evacuate the two vacuum spaces for use with liquid cryogen. - The two

volumes are the transfer line and the cryostat. It is best to evacuate the transfer line first.

. Connect the transfer line to the turbomolecular pump (Pico DRY) and open the valve (CCW)

on the transfer line.

. Once the pump is connected to the transfer line, open the valve on the pump (switch from

“SHUT” to “OPEN”).

. Connect the Active Gauge Controller (AGC) to the Active Inverted Ma’gnefron (AIM) pressure

gage (red cylinder attached to pump) using the FCC68 (3 m) cable. Connect préssure gage to
channel 1 on the AGC.

. Turn on the AGC. After initializing, the display should read “1 OFF”. Make sure units ‘are

Torr.

. Turn on the pump. The green “RUNNING” LED should be lit. After about 3 minites, the

“NORMAL SPEED” green LED ‘should light.

. IMPORTANT: Once the pump is running, DO NOT move the pump. The rotor is turning at |

about 90,000 rpm. Any deflection could damage the pump.

. ‘Once the “NORMAL SPEED” light comes on, press the button on the AGC that has the .

circular shape next to it on the front panel. This will spark the pressure gage: Once the gage
has ignited (should happen very quickly after pressing button), it will display a pressure (in
Torr). ‘

. Allow the pump to run until the desired pressure (< 2.0 x 10~ Torr) is achieved. For the

transfer line this time can vary between 3-6 hours.

To achieve better vacuum, use a hair dryer to heat (vaporize) the adsorbed water in the annular

space, so that the water vapor can be pumped out faster.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

After the desired pressure is achieved, very carefully and slowly (without disturbing the hose
or transfer line) close the valve on the transfer line (CW). Note: DO NOT disturb the pump
during operation! After closing the valve (hand tight), the pressure display will begin to

decrease further. This is a good indication that the valve has been closed.

Switch off the pump. Turn off the pressure gage (by pressing the same button with the circular
shape next to it) before the pressure increases to 7.5 x 1072 Torr. The spin down times are: a.)
After about 1.5 minutes, the “NORMAL SPEED” light turns off. b.) After about 3 minutes,
the “FAIL” light turns on. c.) After about 3.5 minutes, the “FAIL” light turns off. d:) After
about 6.5 minutes, the pump passes throﬁgh a naturél frequency and the pump makes 3 slight

vibration noise.

Wait for at least 1 hour after shutting down the pump, before disconnecting or inoving the

pump to ensure it has stopped spinning:.

After about 1 hour, close the valve on the pump (switch from “OPEN” to “SHUT"). Disconnect -

the transfer line from the pump.
Connect the pump to the cryostat and open the valve on the cryostat.

Once the pump is connectéd to the cryostat, open the valve on the pump (s’witvch from “SHUT”

to “OPEN").

Connect the Active Gauge Controller (AGC) to the Active Inverted Magnetron (AIM) préssure

gage and turn on the AGC.

Turn on the pump. After the “NORMAL SPEED” light comes on, turn on the AIM pressure
gage. Allow the pump to run until the desired pressure (~ 2.0 x 10~5 Torr) is achieved. For

the cryostat, this time can vary between 1-4 hours.

After the desired pressure is achieved, very carefully and slowly (without disturbing the hose

or cryostat) close the valve (hand tight) on the cryostat.

Switch off the pump. Turn off the pressure gage (by pressing the same button with the circular
shape next to it) before the pressure increases to 7.5 x 1072 Torr. The spin down times are: a.)
After about 1.5 minutes, the “NORMAL SPEED” light turns off. b.) After about 3 minutes,
the “FAIL” light turns on. c.) After about 3.5 minutes, the “FAIL” light turns off.. d.) After
about 6.5 minutes, the pump passes through a natural frequency and the pump makes a slight

vibration noise.
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21.

Wait for at least 1 hour after shutting down the pump, before diseonnecting or moving the

pump to ensure it has stopped spinning.

22.

23.

24.

25.

26.

After about 1 hour, close the valve on the turbo pump (switch from “OPEN” to “SHUT”).

Disconnect the ctyostat from the pump.
Turn off the AGC and disconnect from the ATM gage.
Both vacuum spaces (transfer line and cryostat) are ready for low temperature studies.

Connect the temperature controller to the cryostat using 10-pin feed-thru. Turn on the terh-

perature controller. After initializing, the controller should read about 296 K.

Refer to Janis Research Manual for subsequent instructions for low temperature operatioi.

~ E4  Low Temperature PL Procedure

1.

Mount sample. Using aluminum clip, place sample onto optical mount: Attach optical mount
to cold finger and insert assembly into the vacuum jacket. Make certain to wear gloves when

handling the optical mount.

. Prepare monochromator and detector. Pour liquid nitrogen into detector and allow détector to

cool to 140 K (cooling can take niearly an hour). Move grating to wavelength of interest.: See
“Op'era,ting the monochromator and detectors” for startup and shutdown procedure. [Note:
After launching the software (Spectramax), the monochromator must be moved to a new

wavelength before the CCD controller will register a temperature.]

Start laser. Initially the laser will be used to align the sample with the entrance slit of the
monochromator. See “Operating the laser” for startup procedure. Make certain to allow ’enoug’h

time for the laser to warm up (~1 hour).

Adjust orientation of sample (within shroud) for optimum signal into the monochromator.

Fasten clamp on shroud once sample is in place.

Perform RT PL to ensure proper alignment of sample for good signal. This will provide a

good baseline for the low temperature data. Record the temperature from controller during

experiment.
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10,

Use turbomolecular pump to evacuate cryostat vacuum jacket. The transfer line should already .
be evacuated. If not, evacuate transfer line prior to using.- See section on cryostat for startup

and shutdown procedure.

Refer to Janis Research Manual for subsequent instructions for low temperature operation:

. Collect PL data for temperatures of interest. Afterward, shut down cryostat using instructions

from Janis Research’s operating manual.
Shut down spectrometer. See section on monochromator.

Shut down the laser. See section on Art laser.
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Appendix F
Arrhenius Plot

The intensity (I) for many of the luminescence peaks from ZnQO varies with temperature (T7)

according to Arrlienius’ equation. This is expressed as:

I=Cezp (i—%%—) B (F.1)
B R

where E4 is the thermal activation energy and C is a proportionality constant: Taking the natural

logarithm of both sides results in:

N ExN\ 1 L
m(H=C—-1{ -] = (F.2) .
n(l) (kB) T : L .( )
Comparing this result to an equation for a straight line, y = maz -+ b, we see that f—; Tépresents

the slope of the natural logarithm of intensity (I) as a function of inverse temperature (1/7"). From
a plot of the natural logarithm of intensity (I) as a function of inverse temperature (1/T), we ¢an
then use the slope of the resulting linear portion of the data to determine an activation energy for

any PL peak that is observed to be thermally quenched with increasing ternperature.
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Appendix G
FX Line Broadening

Using the niotation developed in [102], the predicted difference in emission and 'ab’sorptidn‘eﬁer”gy;v
as discussed in Chapter 2, is computed. The emission lineshape {Rgp} is assuinied to be vpr’o'p'or‘tioﬁal
to the product of the absorption lineshape {S(fiw — E;)} and the exponential dependence of the
luminescence lineshape {exp (—fw/kpgT)} [102], shown as Eqn. (G.1).

Ryp o< S(hw — Ey)ewp (=hw/kpT) (@)
G.1 Lorentzian Lineshape

For a Lorentzian absorption lineshape as given by Eqn. (G.2),

S(fw — By) = (a0/2m)/ {[hw - B,I* + (hT/2)?} (G
the emission lineshape, using Eqns. (G.1) and (G.2), is given by:

Rgp o exp[—Fw/kpT] (hT'/2)/ {[ruu ~ B’ + (hI‘/2)2} . (G3)

By taking the derivative of Eqn. (G.3) wrt Aw and setting the result equal to zero, one obtains:

[(ﬁw _B)? (Z—Fﬂ (—#) — 2w — Ey) (G.4)

Solving for fuu, yields two solutions:
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. ' '~ 2
(o) =Ez—kBTi\/(kBT)2— (5) (@.5)

The solution (Aw), = E; — kT — (kgT)? — (-hzl)2 is discarded Becaus’e it results in energy differ-
ences larger than the linewidth of emission peak at higher temperatures. Theréfore, the predicted
difference (6) between the energy of the measured free evxcitvon emission peak (fiw) and the true (i.e.,
absorption) free exciton energy (E;) is given by Eqn. (G.6)

§=hw—FE =—kBT+\/(kBT)2—<E>2 : (G.6)

2
** where the negative sign indicates that the energy of luminescence is less than the absorption energy

for the FX peak.
G.2 Gaussian ’"Lineshape
Fora Gaussianvlineshape as given by Eqn. (G.7),
S(hw — Ey) = (1 /(27r)1/20) exp [—(hw — Em-)2 /2&2] - (G.7)
the emission lineshape, using Eqns. (G.1) and (G.7), is given by:

Rsp o exp[—hw/kpT)exp [—(hw — E,)?[26%] . (G:8)

By taking the derivative of Eqn. (G.8) wrt fw and setting the result equal t0 zero, one obtains:
2 LA (@9

Solving for fiw — E, yields:

o2

Using a value of ¢ = 0.425I" as quoted by [99] where I' is the FWHM of the measured pesk, we

obtain a predicted difference (6) between the measured free exciton energy (fiw) and the true (i.e.,
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absorption) free exciton enérgy (F;) of:

~ 0.181(I)

§=hw—=E; = 7eT

(G.11)
where the negative sign indicates that the energy of luminescence is less than the absorption energy ‘
- for the FX peak. These results suggest that the energy difference between the measured free exci-

ton peak position and the true value of its posit‘ion is a function of the absorption lineshape and

temperature.
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Appendix H

Temperature Dependent LO

Phonon-assisted FX Luminescence

Momentum selection rules dictate that only those excitons with nearly zero kinetic energy can

. radiatively fecombine [102]. Excitons with nonzero kinetic energy can recombine via éxcitdn—phondn
intEraction, however. Emission from such transitions is referred to as phonon-assisted luminescence.

For phonon-assisted FX luminescence, the peak position is a function of the number of phonon

interactions (e.g., one or two) and temperature. Increased temperature is known to increase the

total exciton kinetic enefgy. Because the total exciton energy depends in part on the exciton kinetic

e‘hérgy, the energy of the phonon-assisted FX transition (fw) is increased by the kinetic energy dis-

‘tribution of the excitons (ukpT) as given in Eqn. (H.1) [102].

hw = E;,,- — mhwro + ukgT . (Hl)

where the value of v is either 3/2 for a one LO phonon assisted transition (m = 1) or 1/2 for a two

LO phonon assisted transition (m = 2) as shown below.

H.1 One LO Phonon-assisted FX Luminescence

From Bebb and Williams [102], the spectral photon flux F'(Aiw) for the emission from a one LO

phonon assisted FX transition is:
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hw— E, L
F(hw) o« (hw — E; + ﬁ/,uz,o)s/2 exp | — + Awzo (H.2)
kgT
By setting the derivative of Eqn. (H.2) wrt fuw equal to zero, one obtains:
3 1 »
— (ﬁw - B, + thO)l/2 = (ﬁw —E, + tho)3/2 — (H3)
2 kT
Solving for Aw yields:
. 3 ' '
fw = E; = hwro + —Z—kBT i i (H;4)'

H.2 Two LO Phonon-assisted FX Luminescence

A similar analysis for the emission from a two LO phonon assisted transition can also be per-
formed. Form Bebb and Williams [102], the spectral photon flux for the two LO phondh‘tra,nsition

is:.

. hw — Ep + 2hw .
- F(hw) o (hw — By + 2hwro)"? exp (- + LO) (H.5)
v kT _
By setting the derivative of Eqn. (H.5) wrt Aw equal to zero, one obtains:
1 12 _ e 1 : i
— (hw — Ey +2hwro) = (hw — E; + 2hwro) — (HG)
2 kT v
Solving for fw yields:
hw =E, — 2hwro + —2—kBT ] (H7)

Figure H.1 illustrates the convergence of the FX and FX-1LO peak energies with increa‘siﬁg
temperature. The energy separation between the FX and FX-2LO peaks exhibits only a weak

temperature dependence.

126



340 e T
3.35¢
g 3.30
? 325-
o .
25]
3.20 [
3_15-..+,1;..'.'|...,l.».f...l.vv I "
0 50 100 150 200 250 300
Temperature (K)

‘Figure H.1: Temperature dependent FX, FX-1LO and FX-2LO peak positions for 0=
- 300 K. The FX curve is from Ref. [171], the FX-1LO and FX-2LO curves are from

Eqns. (H.4) and (H.7), respectively.
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Appendix I
Photoelectrochemical Etching

I.1 Literature Review

‘Compared to dry etching techniques, photelectrochemical (PEC) wet etching has many a,dva'n-.
tages. First, material removal is achieved without damaging the near surface of the wafer. Wheréas
dry etching uses accelerated, high-energy ions coupled with a chemical etching component to rémove '
maferial [195] resulting in layers of damaged material, PEC relies only on the oxidétive dissociation
of the semiconductor [196]. Second, the surface stoichiometry is preserved [197]. This is an impor-
tant advantage as dry etching can result in significant stoichiometric changes in the near surface
affecting device performance [198]. For these reasons, PEC wet etching has trémendous potential
as either a complementary tool in the near surface characterization of ZnO or as a final surface
preparation prior to epitaxy. PEC is currently used in the fabrication of many devices in‘cl‘ﬁ‘ding
wavegiiide filters [199], laser facets [200], and MESFETs [201] and has been used on a variety of -
compound semiconductors including GaN [202], GaAs [203], InP [203] and SiC [204]. Tﬁe ﬁhbtoen—
hanced etcﬁing setup consists of a simple electrochemical cell, described in [196], a light source with
energy above the band gap of the semiconductor (e.g., Hg lamp or Ar™ laser), and a dilute concen-
tration of an acid or base as the electrolyte. Typically, a portion of the sample is metalized to fofrri '
an electrical contact to the material. The mask can also serve in the patterning of the substrate for.
depth characterization. A bias may also be applied to ’;he sample to facilitate etching.

The earliest published work on PEC etching of GaN [202] compared the room temperature etch-
ing of GaN films in HCL:H20 (1:10) to that of the films in a solution of 45% KOH:H,0 (1:3). The
films were unintentionally doped n-type of thickness (1-2 pym) grown by MOCVD onbsapphire stib-

strates. The masking layer was formed from Ti (200 nm) and was annealed after deposition to form
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a good contact with the film. No bias was applied during any of .the etching experiments. Using
a He-Cd laser (325 nm) with a power density of 0.57 W/cm?, etch rates in HCI weére reported to
be 40 nm/min for the masked film compared to 1.5 nm/min for the unmasked film. Etch: rates
in KOH were 400 nm/min for masked films. The differences in etch rates for the masked versus
the unimasked samples in HCl was attributed to the efficient extraction of electrons in the masked
sample resulting in a substantial increase in the etch rate. Although the exact reactions for GaN
remain unclear, etching was reported to take place photoelectrochemically with electrons and holes
generated by the UV illumination enhancing the oxidation and reduction reactions in the cell. To
verify the photoenhanced effect, a “dark” etch was performed using masked samples in HCI va;nd _
KOH without UV illumination. No significant etching of either sainple was observed. Experi'rﬁents‘
were also conducted ﬁsin‘g a sub-bandgap illumination (He-Neé laser) of the film in each electrolyte.
No significant etching was observed. Lu et al. [205] used photoassisted anodic etching with a Hg
lamp and an aqueous solution of tartaric acid and ethylene glycol to achieve etch rates of 2—'16(.)A
nm,/min for anintentionally dopéd n-type GaN. The samples were patterned with wax and attached
to a polypropylene plastic sheet in the electrochemical cell. The roughness of the 'etch‘e.d surface was
‘reported to be 81.5 nm. “Dark” etch experiments were also conducted to verify the photoenhanced
.mechanism. No measurable etching was observed after the sample had been immersed for 24 .hours".
without UV illumination. One significant advantage of the PEC etching technique on GaN is its
high anisotropy. With an etching apparatus that consisted of a Teflon base for th_e sample, a Ni .
washer to fasten the sample to the base, and a Pt wire as the cathode in the electrochemical cv‘ell,'v
Youtsey et al. [206] demonstrated highly anisotropic etch profiles (app'roxiélately 3.5 um) with etch
rates exceeding 300 nm/min on n-typé GaN. The UV illumination was from an unfiltered Hg lamp
(5-50 mW /cm? at 365 nm) and no bias was applied for the etching process. Using standard metal
lift-off techniques, 100 nm of Ti was patterned on the surface of the GaN to provide electrical contact
to the sample and an etch mask. In contrast to [202], the Ti metal contacts were not annealed. It
was observed that less than 100 nA flowed without sample i.llumination, corresponding to-a negiigi—
ble etch rate (<10 nm after 12 h). After illuminating the sample with UV light, the photocirrent
increased rapidly to approximately 30 mA, then steadily decreased (app'roxima,tely exponentially)
for the remainder of the etching process {30 min duration) and ceased when the light was removed.
Using Faraday’s law of electrolysis, it was reported that the current flow in the electrochemical
cell was proportional to the reaction rate at the semiconductor/electrolyte interface, and thérefore
provided an instantaneous measure of the etch rate of the GaN film. One plausible explaﬁation

given for the decreasing current over time was a decrease in etch rate due to variations in material
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quality of the epilayer at increasing depths. The anisotropy of the etching process was, in part, due
to the collimation of the incident light, but may also have been due to the high density of vertical
dislocations present in the film. Additionally, during etching, bubbles were observed on the sample
surface. The authors believed that this was due to the release of N5. No bubbles were reported in
the absence of sample illumination. In a similar study, Peng et al. [207] studied the effect of varying
the pH (-1 to 15) of the electrolyte (KOH and H3PO4) on the PEC etch process of n-type GaN
" using a deep UV (253.7 nm) light source. Peak etch rates of 125 and 90 nm/min were observed
for H3PO,4 (pH=0.75) and KOH (pH=14.25) solutions, respectively. From the SEM micrographs,
the etched surfaces could be characterized as extremely rough. For PEC etching to become truly
important and useful in the fabrication of devices it must be able tob facilitate the characterization
" of defects in the semiconductor or it must exhibit a capability of rendering smooth surfaces While
removing subsurface damage for subsequent film growth or laser facets. Recently, a comparison was
made between conventional etching techniques for GaN (molten bases, hot HzSO4/H3PO,) and the
PEC etching in aqueous KOH solutions as a means for defect characterization [208] Whereas; the
conventional methods result in the formation of etch pits on the dislocation sites, the PEC method
results in the formation of protruding pillars instead of pits. Experiments were perforrned using
single crystal GaN and homoepitaxial epilayers grown by MOCVD. The PEC technique used a 0.02 _
M KOH solution and a Hg lamp to illuminate the electrochemical cell. Subsequent characterization
of etched samples was performed using differential interference contrast (DIC) optical microscopy,
.scanning electron microscopy (SEM), atomic force microscopy (AFM) and transmiission electhn
microscopy (TEM). Initial PEC experiments performed on G.a— and N-polar heteroepitaxial films
exhibited no substantial differences in the surface morphology. The density of the protruding etc_h
pillars showed correlation with the density of dislocations established using cross-sectional TEM of
the same material. It was suggested that the conventional etching téchniques are more suitable for
the study of defects within bulk GaN single crystals due to the low defect density. For the epilayers
(particularly the heteroepitaxial films), the PEC method is preferable for revealing the dislocations.
Others have also reported the usefulness of the PEC Ameth‘od for defect characterization. Yout-
sey [209] was one of the first to report this “whisker” formation on the surface of GaN after PEC
etching. One possible mechanism for the whisker formation was related to the electrical activity at
the dislocations. For example, the dislocations may introduce nonradiative recombination centers,
resultant from dangling bonds or impurities gettered from the bulk, that locally decrease the hole
concentration at the surface. This reduction in hole concentration then reduces the etch rate at

dislocations. TEM analysis showed that dislocations inhibited the PEC etching of GaN. TEM anal-
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ysis also showed good agreement of dislocation density with PEC etched whiskers. In a subsequent
study, Youtsey [210] observed a one-to-one correspondence between the surface pits (prior to etching)
identified by AFM, and the whiskers that were subsequently formed by photoenhanced wet etching
of the identical region of the GaN sample. It was reported that the formation of thie whiskers was
associated with both edge and mixed character dislocations. The selective etching ornly occurred for
very specific process conditions resulting in high etch selectivity at the dislocations. For electrolyte
concentrations below the threshold (0.001 M KOH), strongly diffusion-limited etching would occur
and result in a smooth etched surface (1.5 nm rms) [211]. The close correspondence between the
etched pillars and threading dislocations was confirmed uéing TEM and AFM analjéis. PEC etching
shows promise in revealing different types of dislocations in epilayers. One advantage is that even
those layefs with high dislocation densities can be evaluated [208]. Another significant advantage
of‘ PEC etching is the smoothness of the resulting surfaces that achievable. This is particularly
impOrtént ﬁhen using this technique as a pre-growth subsurface preparation method for substrates.
As mentioned previously, for very specific processing parameters, namely the concentration of
the electrolyte and the intensity of the illumination, very smooth surfaces are achievable using PEC
etching. Using external bias voltage, Stocker and Schubert [212] demonstrated a reduction in surface
roughness of PEC etched GaN surfaces from 170 nm (rms) to a minimum of 20 nm (rms) as the
bias voltage was increased from 0 to 2.5 V and the KOH concentration was reéduced from 1.0 to 0.01
M. Etch ratés were reported as high a; 400 nm/min at room temperature. Another novel technique
for achieving smooth surfaces is the use of ultrasonic treé,tment after PEC etching to remove the
whiskers mentioned above [213]. Etching rates were reported to be 20 nm/min with an rms surface
‘roughness of 0.9 nm (after ultrasonic agitation) as compared to 0.98 nm obtained using RIE for the
same n-GaN. The roughness is the best reported to date for PEC-etched surfaces and démonstrates

the usefulness of the technique to achieve device quality etched surfaces over a large area.

1.2 Preliminary Results

Our group is 'attempting to develop photoelectrochemical etching (PEC) as a means for damage
depth profiling of the polished substrates, as well as for a possible final surface preparation technique
prior to film growth. Initial studies of photoelectrochemical etching (PEC) have been performed.
A typical electrolytic cell similar to the one reported in [206] and shown in Fig. I.1 was used. The
cell includes ZﬁO as the working electrode (anode), Pt wire as the counter electrode (cathode) and

a Ag/AgCl reference electrode to measure the applied bias to the working electrode. All three
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Figure 1.1: PEC setup

electrodes are immersed in an aqueous solution (electrolyte) of a prescribed pH. UV excitation
was used to create the needed minority carriers (holes) for etching. The variables investigated were:
electrolyte type, electrolyte concentration, applied bias, electrolyte pH, and UV light intensity. Initial
experiments were conducted to determine the best choice for electrolyte. Electrolytes selected for
investigation in this study include aqueous solutions of KOH, Na;SQO4, KCl, and NaCl with molarities
ranging from 0.001 to 0.5 M. All chemicals used in this study were of reagent grade. Consistent
with reports found in the literature [214], we have observed the best results using aqueous NaCl
buffered with NaOH to a pH of about 12. Comparisons were then made for a range of UV light
intensities from about 10-100 mW using either a Hg lamp, or a HeCd laser. Preliminary results
indicate the best choice to be the Hg lamp with about 25 mW excitation power. The Hg lamp has
a relatively smooth spatial intensity profile, as compared to the multimode HeCd laser, which has a
highly non-uniform intensity profile. This uniform intensity profile of the Hg lamp lends itself to a
more level etch. Whereas early results are mixed, we do believe anodic etching of the ZnO electrode
has occurred. An increase in electrolytic cell current has been measured with exposure to UV light,
indicative of the necessary photo-effect for PEC. Etching appears to be limited to the spot on the
sample from the Hg lamp. Preliminary results indicate an etch rate of about 1 pum/min. Long
etch times on the order of 30 minutes have resulted in extremely rough, pitted surfaces. Recently,
we have observed a significant improvement of surface roughness by decreasing the amount of time
the sample is etched. From a recent experiment, using NaCl as the electrolyte, a sample etched
for only two minutes exhibited a surface roughness of about 13 nm rms as measured by atomic

force microscopy (AFM). From scanning electron microscopy (SEM) results, for the same etched
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sample, we observe a small amount of crystallographic (hexagonal) pitting néar the edge of the
etched region, with an even distribution of approximately 10 pm-sized features that initially appear
‘to protrude from the surface. In between these apparent protrusions, however, the 'surfa'ce appears
quité smooth. Further investigation is required to determine the nature of these 10 um features and
causes for pitting near the edge of the etch. Another important variable controlling etch rate and,
perhaps, surface finish is the applied bias. By applying a bias to ZnO, the band b'endiﬁ‘g at the
surface can be manipulated, thereby controlling the diffusion of holes to the surface. These holes are
believed to be the carriers that participate in the anodic etching of ZnO. We have observed a 1arge
increase in the measured current, which is related to the etch rate of ZnQ, by increasing the appiied
bias to ZnO. Applied bias conditions have ranged from 0.5 V to 2 V resulting in 300 pA to 3 mA
of current. Clearly much work in this area remains. Alternative methods for improving the ohmic
contact between the cathode (Pt wire) wire and the anode (ZnO substrate) muist be determiried.
" In addition, new techniques for insulating the metal-to-semiconductor junction shbuld be sought.
We believe that improved ohmic contact and higher insulation for this junction will result in more
’ cOnsistent_etch results. Future work should also include quantifying material removal raﬁes for higher

applied bias voltages and characterization of resulting etched sutfaces using akial-iOn'channéling,
‘v photoluminescence and scanning electrical techniques. With improved parameter selection and the
proper control of all of the parameters, PEC wet etching has potential as a-defect characterization
tool as well as a complimentary technique for damage depth profiling. PEC also offers the possibility

of a final substrate surface preparation technique prior to epitaxial growth.
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Appendix J
PL of Si Implanted SiO-

J.1 Literature Review

Quoting from a very recent Nature addendum [215] “It is now becoming clear that-crystalline
silicon, when appropriately engineered, is capable of supporting efficient light emission, opening up
many significant applications”. Several methods have been employed to create silicon-based matexi- :
als that luminescence in the visible. Such methods include: stain [216] and photochemical etching |
of Si [217] to create porous silicon (PS), boron implantation of Si [218], hydr‘o“geﬁ implaﬁf&ﬁon and

~annealing of Si [219] pressure annealing Si [220], and Si/Ge multilayers [221] among ma;l‘y others.
Today much of the PS is created by etching in an HF solution referred to as stain etching, -Obser-
vations of luminescence from PS layers have generated significant interést as researchers attempt to
capitalize on the possibility of creating novel optoelectronic devices usig current microchip faBri=
cation techniques [216].

Whereas reports of visible luminescence from PS dominate thé recent literature, PS dbé's have
somme serious deficiencies that include fragiliﬁy, high reactivity, spontaneous oxidation in air ﬁmd un-
stable luminescence that degrades over time [222]. Creation of PS also poses serious health risks as
poisonous NO, gas is created by the chemical reaction that forms PS [217]. Additionally, the lumi-
nescence mechanism for PS layers is still not clearly understood. Some researchers have reported .
that the visible luminescence is related to defects in the near surface [222], while others repott
quantum confinement [223] as the principal cause. There are reports in the literature of ‘visible-
luminescence from Si other than PS. It has been demonstrated that ion implanted Si nandcrystals in
a Si0, matrix exhibit visible luminescence [224-227]. The characteristic wavelength of emission has

been shown to be a function of dosage of Si ions, but independent of annealing time and excitation
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energy [224]. Other studies,however, have shown the characteristic luminescence wavelength to be

dependent on the annealing conditions [228] and the size of the Si nanocrystals [229].

J.2 'Preliminary Results

In a collaborative investigation with LANL we have performed some initial experiments on Si
implanted SiO2 using RTVPL as shown in Fig. J.1. Shown ‘are RT PL curves for four implanted sam-
ples with different annealing conditiornis and an unimplanted sample. The fout impl'anted‘sambles
are identified as follows: room temperature Si implanted SiO2 without annealing (RT), hot temper-
ature Si implanted SiOs without annealing (Hot), room temperature Si implanted SiOs annealed at
1000 C (RT1000), hot temperature Si implanted SiO; aﬁnealed at 1000 C (HoflOOO). The specific

_experimental parameters are not reported, however from these preliminary results W"e"can report
soine interesting observations. Most important, we do observe a, dep_‘endén‘ce of thé Si luminescence
” wavélength on annealing conditions, with the RT1000 saﬁple exhibiting the strongest luminescence.
at about 1.6 €V, as compé,red tb nio luminescence at this safrle energy prior to annealing.. OQur re-
sults are consistent with those reported in the literature. Future work will focus on the va;riatioﬁ of

wavelength emission with Si nanocrystal size.
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Figure J.1: RT PL comparison of four Si implanted, annealed SiO2 samples.
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Appendix K
List of Abbreviations

AFM atomic force mictoscopy
BX - bound exciton

- CAIBE éhemica,lly assisted ion beam etch.

CCD charge-coupled device
CL cathodoluminescence
Has continuous wave
"DAP donor—a,cceptdr pair
DIC differential interference conitrast
DL deep level
EHP electron-hole paif
EP Eagle-Picher Technologies
ERD elastic recoil detection
FX free exciton

GDMS  glow discharge thass spectrometry

HX hot exciton

IR infrared

LD laser diode

LED light emitting diode
LO longitudinal optical
LPB lower polariton braﬁch

MOCVD metal-organic chemical vapor deposition

MOVPE metal-organic vapor-phase epitaxy
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MW
NBE
PEC
PL
PS
RRS
RT
SAW
SCVT
SEM
TEM
TES-
TO
UPB
UV
XPS

Manoogian-Woolley

near band edge
photoelectrochemical
photoluminescence

porous silicon

resonant Raman scattering
room temperature

surface acoustic wave

seeded chemical vapor transport
scanning electron microscopy
transmission electron microscopy
two-electron satellite

transverse optical

. upper polariton branch

ultraviolet

X-ray photoelectron spectroscopy
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