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Abstract 

The role of charge transfer and Fermi level position on impurity solubility, native 
defect formation and stability in GaN semiconductors was investigated. Several issues 
were addressed that include: (1) the structure, identity, solubility and stability of 
intentionally added and unintentional compensating donor defects in p-type material, (2) 
the role hydrogen and its complexes play in compensating p-type layers, and (3) the role 
oxygen and Si play in formation of defect complexes with Mg in GaN. The main 
objective was to determine the factors, which limit p-type conductivity in GaN and its 
alloys and to develop doping techniques to increase the hole concentrations to greater 
than 1019 cm'3. The concentrations of both native defects and impurities were measured 
and its dependence on Fermi level determined. From the measured defect concentrations, 
the formation energies were calculated and compared to recent first principles, total- 
energy calculations for both native defects and impurities. 

Project Findings 

Co-doping investigations: 

The co-doping of GaN was investigated in order to understand the mechanism for the 
previously observed increase in p-type conductivity of epitaxial GaN. Two donor co- 
dopants were explored: Si and oxygen 

The defect structure of oxygen-doped GaN grown by MOVPE was investigated. At high 
oxygen pressures, a super-linear increase of electron concentration as a function of partial 
pressure was observed. Electron concentrations as high as 7 x 1019 cm"3 were measured. 
Formation of micropits was observed by scanning electron microscopy in heavily doped 
samples. Cross-sectional transmission electron microscopy studies indicated the presence 
of epitaxial precipitates located on the cavity surface. The precipitates are believed to be 
related to gallium oxide. Using spatially resolved photoluminescence (PL), a broad PL 
band at 3.56 eV was observed near the micropit regions. The band was attributed to free- 
electron recombination from the highly degenerate areas associated with oxygen 

Co-doping of p-type GaN with Mg and Si was investigated to determine its effect on 
deep level defect formation and luminescence. By co-doping with Si, the absolute 
intensity of the 2.8 eV blue luminescence band associated with deep donor-acceptor pair 
(DAP) recombination decreased by more than an order of magnitude. The observed 
decrease is attributed to the reduction of the concentration of nitrogen vacancy complexes 
that form deep donors. The dependence of the emission peak position on hole 
concentration was investigated. A blue shift was observed with increasing carrier 
concentration. The shift of the blue band with dopant concentration and excitation 
intensity is explained semi-quantitatively by a potential fluctuation model indicating it 
importance in DAP recombination. 

Transition metal doping studies 



The optical and electrical properties of Mn-doped epitaxial GaN were studied. Mn is 
believed to behave as an acceptor in GaN. Low-temperature optical absorption 
measurements indicate the presence of a Mn-related band with a well-resolved fine 
structure. The zero-phonon line is at 1.418±0.002 eV with a full width at half maximum 
of 20±1 meV. The pseudolocal vibrational modes associated with manganese were 
observed with energies of /ivi=20 and /iv2=73 meV. Deep level optical spectroscopy 
measurements on lightly Mn-doped samples indicate that Mn forms a deep acceptor level 
at £v+1.42 eV. Using the vacuum referred binding energy model for transition metals 
and the measured Mn energy level, the electron affinity of GaN is calculated to be 3.4 
eV, which agrees well with experimental values 

Optical properties of a series of semi-insulating Mn-doped GaN co-doped with 
Mg were studied using photoluminescence (PL). A strong PL emission band at 1.0 eV 
was observed upon co-doping. The new band exhibited a rich fine structure with peaks at 
1.057, 1.048, 1.035, 1.032, 1.020, 1.014, 1.008, 1.000 and 0.988±0.001 eV. The 
integrated and relative intensities of these lines varied as a function of the Mn 
concentration and excitation source. The measured luminescence decay time was 20-95 
micros and depended on emission energy. 

The optical absorption and photoluminescence spectra of semi-insulating Mn- 
doped GaN films were studied. Two characteristic bands were observed in the absorption 
spectra of Mn-doped epilayers at 300 K. The integrated intensities of these bands 
increased with increasing Mn concentration indicating that there were Mn-related. An 
analysis of the temperature behavior of the absorption band with a maximum at 1.5 eV 
indicated that it involved a free to bound transition from the valence band to the deep 
Mn-acceptor level. Photoluminescence measurements of Mn-doped films indicated the 
presence of an intra 3d-shell transition of the Mn ion. The luminescence band at 
1.25±0.02 eV is tentatively attributed to the 4T,(G)-»6Ai(S) transition. 

These Mn doped GaN films may have potential as high temperature ferromagnetic 
semiconductors. 
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Investigation of the defect structure of GaN heavily doped 
with oxygen 

R.Y. Korotkov, F. Niu, J.M. Gregie, B.W. Wessels* 
Department of Materials Science and Engineering and Materiah Research Center, Northwestern university 212? N. Campus Drive, 

Evanswn, IL 60208-3108. USA 

Abstract 

The defect structure of oxygen-doped GaN grown by MOVPE was investigated. At high oxygen pressures, a super-linear 
increase of electron concentration as a function of partial pressure was observed. Electron concentrations as high as 
7 x 10|l,cm~3 were measured. Formation of micropits was observed by scanning electron microscopy in heavily doped 
samples. Cross-sectional transmission electron microscopy studies indicated the presence of epitaxial precipitates located on 
the cavity surface. The precipitates are believed to be related to gallium oxide. Using spatially resolved photoluminescence 
(PL), a broad PL band at 3.56eV was observed near the micropit regions. The band was attributed to free-electron 
recombination from the highly degenerate areas associated with oxygen. © 2001 Elsevier Science B.V. All rights reserved. 

Keywords: O-doped GaN; Microcavities; Photoluminescence 

1. Introduction 

Oxygen is known as a potential source of residual 
donors in GaN, although its doping behavior is not well 
understood [1-4]. The electrical properties of oxygen 
donors in GaN are somewhat controversial. Ionization 
energy values have ranged from 4 to 75meV as 
determined by Hall-effect and optical measurements 
[1,5-8]. This large variation can be partially attributed to 
difficulties in their determination from Hall effect, 
presumably due to sample dopant inhomogeneities. A 
low temperature-conductivity tail is observed even in 
moderately doped GaN:0 [8,9], which complicates 
calculations. Two possible explanations that account 
for this effect are the presence of a high conductivity 
layer at the layer substrate interface [10] or the 
formation of an impurity band [7]. SIMS studies 
corroborate the former model, since large concentra- 
tions of oxygen were observed within the first micron of 
the GaN film [11]. 

»Corresponding author. Tel.:  +1-847-491-3537; fax: 1-847- 
491-7820. 

E-mail address: b-wessels@northwestern.edu 
(B.W. Wessels). 

While it is now generally believed that oxygen is the 
shallow donor often responsible for the high residual 
background n-type conductivity in GaN, there are still 
unanswered questions regarding its incorporation. For 
example, we previously demonstrated that the electron 
concentration, n, increased with increasing partial 
pressure of oxygen as the square root from 1 x 1017 to 
8 x 10l8cm~3 [8]. However, it was also observed that the 
electron concentration increased super-linearly at higher 
oxygen partial pressures. In this paper, we present 
structural, optical, and electrical characterization of 
heavily oxygen-doped epilayers. Hexagonal surface 
microcavities (micropits) are formed on the surface of 
heavily oxygen-doped samples with n > 10|(,cm~\ Spa- 
tially resolved photoluminescence (PL) data provide 
evidence that the observed emission band at 3.56 eV is 
associated with oxygen doping and the presence of 
micropits. 

2. Experimental 

Oxygen-doped    GaN   epilayers   were grown    by 
MOVPE,  as described elsewhere [8].   In brief,  after 
deposition   of the  GaN  buffer  layer  at 600"C,   the 

0921-4526/01/$-see front matter ,t 2001 Elsevier Science B.V. All rights reserved. 
PII:S0921-4526(01)00658~5 
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temperature was ramped to 1060'C and 50 nm of 
undoped GaN was deposited. This step was followed 
by the deposition of 2 um of oxygen-doped GaN. 
Scanning electron microscopy (SEM) images were taken 
using a Hitachi S-4500 microscope. Typical operating 
conditions were 5-20 kV, with a magnification of 50- 
30,000 x . High-resolution TEM was carried out with a 
Hitachi HF-2000 cold field emission microscope operat- 
ing at 200 kV. The PL measurement setup was pre- 
viously described [12]. He-Cd laser excitation was used. 
For spatially resolved measurements, the laser was 
focussed to a spot size of 20 urn. 

Table 1 
Electrical properties of GaN: O films 

Sample P(02) T NH3 nx 10ls 

(Pa) (K) (seem) (cm -}) 

RK120 0 1333 1400 0.1 
RK2I6 0.4 1333 1400 1.8 
RK213 6.2 1333 1400 16 
RK217 12.1 1333 1400 29 
RK234 10.3 1333 940 20 
RK232 10.3 1273 1400 61 
JG125 0 1333 1400 30 
(GaN: Si) 
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3. Results and discussion 

The surface morphology of deliberately oxygen-doped 
GaN was investigated. The surface of as-grown, 
undoped GaN films as seen in Fig. 1(a) is featureless 
when grown at high temperatures (1000-1070 DC). As the 
partial pressure of oxygen is increased, the surface 
morphology remains unchanged for carrier concentra- 
tion <10l9cm-3. At this concentration, hexagonal- 
shaped microcavities are formed on the surface, as seen 
in Figs. 1(b) and (c). The concentration of the pits 
increased with free electron concentration, as seen by 
comparing Figs. 1(b) and (c), indicating that the 
formation of these surface microcavities was oxygen- 
related. The surface of the oxygen-doped sample with a 
RT electron concentration of 7 x 10l9cm-3 was rough 
and completely covered with pits. A high-magnification 
SEM image of one of the microcavities is shown in 
Fig. 1(d). 

Fig. 1. SEM planar view image of oxygen-doped samples with 
(a)n = 8x 10l8,(b)2.1x 101 

resolution image of the pit. 
.(c) 1.1 x lO^cm"-' and (d) high- 

Glue 

Fig. 2. (a) XTEM micrograph of GaN films gVown on sapphire 
showing O-doping induced pits, (sample RK234, n = 
2x lO'^cm"3); (b) high-resolution XTEM image of a deep 
pit, with visible precipitate formation on the sidewalks; (c) SAD 
pattern of circled region of (b) that includes the Al:0;/GaN; 
particle interface. 

To determine the structure of the microcavities, TEM 
studies of highly oxygen-doped layers were conducted. 
A cross-sectional micrograph of a highly oxygen-doped 
sample RK234 (see Table 1) is shown in Fig. 2(a). It 
shows two pieces of a GaN sample grown on sapphire 
attached to each other by glue introduced during TEM 
sample  preparation.   Several  pits  are evident  at   the 

L 
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surface of the GaN films. The depth of the pits varied, 
with some pits originating at the buffer layer surface. At 
the same time, several pits that nucleated during later 
stages of the GaN growth were also observed. Interest- 
ingly, a new epitaxial compound in the form of grains 
was observed on the pit surface (Fig. 2(b)). The structure 
of these grains was analyzed and compared to bulk GaN 
using selective area diffraction (SAD) patterns as shown 
in Fig. 2(c). Based on the fact that the SAD pattern of 
the grain regions was aligned in the same crystal- 
lography direction as the GaN, it was concluded that 
these grains formed a textured epitaxial arrangement 
with GaN. The detailed work will be published else- 
where [13,14]. However, as to the identification of this 
second phase, we propose that it is likely a gallium oxide 
phase such as Ga203 or GaN^Oi_.r. The formation of a 
second phase of oxide at high partial pressures of oxygen 
is predicted from thermodynamic calculations [3]. The 
present study indicates that the solubility limit of oxygen 
in epitaxial GaN is of the order of 1 x 1019cm" . 

PL measurements at 20 K were conducted on heavily 
oxygen-doped GaN layers to determine whether or not 
oxygen introduces radiative centers. The samples studied 
are summarized in Table 1. A PL spectrum of a 
moderately O-doped sample (RK216) is shown in 
Fig. 3 for comparison. It consists of a strong donor- 
bound exciton (DBE) (FWHM = 5meV) PL band 
located at 3.482 eV with a smaller shoulder of the free 
exciton (FE) at 3.49 eV, and so-called two-electron 
transitions at 3.458 and 3.463 eV, respectively. The 
exciton transitions are assigned by comparing their 
temperature-quenching behavior, and are in line with 
earlier'results [5]. In heavily oxygen-doped samples, two 
DBEs were observed as shown in Fig. 3. The most 
intense exciton transition was at 3.482 eV for O-doped 

iT=15K 

0.01 
3.35     3.40 3.45     3.50     3.55 

Energy (eV) 

3.60     3.65 

Fig. 3. PL spectra of oxygen-doped and undoped samples at 
20 K. Two DBEs transitions are shown with arrows for the 
sample grown with different oxygen partial pressures (see 
Table 1). 

samples with n<\ x 1019cnT3, and at 3.472eV for the 
samples with higher electron concentrations. Since the 
intensity ratio of the DBE transition at 3.482eV to the 
FE transition was independent of partial pressure of 
oxygen, it was concluded that it did not involve an 
oxygen-bound exciton. In contrast, the relative PL 
intensity of the 3.472eV DBE to the FE peak increased 
with partial pressure of oxygen as seen in Fig. 3. 
Therefore, we attribute the PL peak at 3.472 eV to an 
oxygen-related bound exciton. 

The PL spectrum of a highly oxygen-doped 
(2xl019cnr3) sample also exhibited a broad band 
extending to energies above the band gap in addition to 
the FE, DBE and ABE transitions. The band was 
observed above band gap as a shoulder to the FE and 
DBE transitions at 3.56 eV, as seen in Figs. 3 and 4. The 
intensity of this band increased with increasing partial 
pressure of oxygen, indicating that it was sensitive to the 
incorporation of oxygen in the film. As seen from this 
figure, the 3.56 eV band broadened when the electron 
concentration was increased (Table 1). However, no 
separate peak was observed, even at the highest electron 
concentration (RK232). The 3.56 eV band was only 
observed in heavily O-doped samples with electron 
concentrations higher than 1019cm"~3. We propose that 
the 3.56eV band observed in highly oxygen-doped 
samples is due to free electron recombination. 

To identify the origin of this band in highly oxygen- 
doped samples, spatially resolved PL experiments were 
conducted.' It can be seen in Fig. 4 that the intensity of 
the 3.56 eV band is higher in the pit regions than in 
nearly pit-free areas. Therefore, the 3.56eV band PL is 
associated with the regions covered by hexagonal pits. 
The degenerate regions are formed in the vicinity of the 
hexagonal pits in agreement with spatially resolved PL, 
SEM, TEM and SIMS data. A similar broad, asym- 
metric band was previously observed in HVPE-grown, 
undoped GaN. In that case, it was related to localized 
degenerate regions using spatially resolved cathodolu- 
minescence [15]. 

4. Conclusions 

In this work, we have presented a study of heavily 
oxygen-doped GaN films grown by MOVPE. For higher 
electron donor concentrations, n > 1019 cm" , the for- 
mation of surface microcavities or micropits was 
observed. The pits were associated with oxide micro- 
precipitates. These studies indicate that the solubility of 
oxygen in GaN is limited by the formation of Ga2Oj- 

' Hexagonal shaped pits and clusters can be observed with the 
help of optical microscopy. The He-Cd laser beam was focused 
(rf~20um) both on the nearly pit-free regions (b in Fig. 4) and 
pit-clusters (a in Fig. 4). 
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3.35       3.40       3.45       3.50        3.55       3.60 
Energy (eV) 

Fig. 4. LT PL spectra of nearly pit-free (RK217a) and pit- 
covered (RK217b) surface of highly oxygen-doped 
(2.9 x 10l9cm 3) sample. The spectra of an undoped sample 
(RK120) and a highly Si-doped sample (JG125) are shown for 
comparison. 

related precipitates. Using spatially resolved PL mea- 
surements, these micropit regions were correlated with 
the 3.56 eV band due to free electron recombination in 
degenerate regions. These structural defects are likely 
responsible for the low mobility of the highly oxygen- 
doped layers. 
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Abstract 

Codoping of p-type GaN with Mg and Si was investigated to determine its effect on deep level 

luminescence. By codoping with Si, the absolute intensity of the 2.8 eV blue luminescence band 

associated with deep donor-acceptor pair (DAP) recombination decreased by more than an order 

of magnitude. The observed decrease is attributed to the reduction of the concentration of 

nitrogen vacancy complexes that form deep donors. The dependence of the emission peak 

position on hole concentration was investigated. A blue shift was observed with increasing carrier 

concentration. The shift of the blue band with dopant concentration and excitation intensity is 

explained semiquantitatively by a potential fluctuation model indicating its importance in DAP 

recombination. 

Kb-wessels@northwestern.edu 



Introduction 

Bipolar doping in wide-band-gap semiconductors such as GaN is difficult because of 

compensation by native defects or impurities.1. Although high conductivity «-type of GaN is 

readily achieved, /»-type material is much more difficult to attain.3 It has been shown that in p- 

type GaN compensation by hydrogen donors and by nitrogen vacancy donors are factors that lead 

to highly resistive material.4 While hydrogen donors can be eliminated either by low energy 

electron beam irradiation (LEEBI)3 or by a N2-ambient thermal annealing above 900K5, 

elimination of native donors, such as the nitrogen vacancy (VN) and its complexes, remains a 

more serious problem and represents the "doping limit" ofp-type GaN.6'7 

To minimize the formation of deep donor defects in GaN, codoping with shallow donors has been 

proposed. ' Theory predicts that the formation energy of charged defects and impurities, which 

determines their equilibrium concentration, depends on the Fermi level.4 The level in turn can be 

controlled through codoping with appropriately charged impurities. An example of the effect of 

codoping is that of hydrogen in p-type GaN.4'9'10 Incorporation of hydrogen during growth 

suppresses the formation of nitrogen vacancy donors.4 The hydrogen can be subsequently 

removed by annealing at high temperatures in nitrogen, thus activating acceptors.4 Nevertheless, 

compensation by native defects still limits the hole conductivity in GaN:Mg layers even after 

hydrogen codoping and removal.7'11 Meanwhile, only under certain restrictive conditions (e.g. 

low formation energy of the hydrogen defect, low activation barriers to dissociate the H-impurity 

complex and high diffusivity of H atom) can hydrogen passivation be applied to suppress native 

defect compensation and increase free carrier concentration in wide-gap-semiconductors.4 

Yamamoto et al. proposed that highly conductive /»-type GaN can be achieved by deliberate 

simultaneous incorporation of p-type dopants and controlled amount of «-type dopants.12 Several 
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studies have confirmed these predictions.13"15    Korotkov et al. observed improved p-type 

conductivity upon oxygen donor codoping through a decrease of the acceptor (Mg) activation 

energy.15 However, the different mechanisms by which the codoping method leads to high 

conductivity are not well-established and remain controversial. Indeed, using first principles total 

energy calculations, Zhang  et al  predicted that under thermal equilibrium neither higher 

solubility of desired (p-type) dopants nor shallower acceptor levels in semiconductors can be 

achieved by codoping.16 

In this work Mg-doped GaN has been co-doped with the shallow donor Si to suppress the 

formation of native donors. Photoluminescence (PL) measurements were carried out on 

deliberately codoped material to determine the effect of shallow donor incorporation on deep 

donor-acceptor pair (DAP) luminescence associated with nitrogen vacancy complexes. Upon Si 

codoping, the intensity of the blue DAP band decreased by more than an order of magnitude. For 

heavily Si-doped, n-type films, the band is completely quenched. These results indicate that 

native defect formation can be efficiently suppressed by means of codoping the films with «-type 

dopants. This approach to defect control is generally applicable to wide-band-gap semiconductors. 

Experimental details 

Mg-doped and Mg-Si co-doped GaN films were grown by atmospheric pressure metal-organic 

vapor phase epitaxy (MOVPE) on c-phase sapphire substrates. Ammonia (NH3) and 

trimethylgallium (TMGa) were used as reactants, and hydrogen was the carrier gas. The source 

materials for Mg and Si are bis(cyclopentadienyl)magnesium (Cp2Mg) and a 100 ppm silane 

(SiH4) mixture in H2, respectively. Hydrogen is the carrier gas. For these studies a multi-layer 

structure was used. Film growth was initiated with a low temperature GaN buffer layer, followed 

by a 500 nm insulating, Mg-doped layer. The Mg-Si codoped layer, 0.5-1  um thick, was 
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subsequently grown at 1030°C. The codoped films were annealed for 15 minutes in N2 at 850°C 

to eliminate hydrogen. 

Photoluminescence measurements were made between 17K and 350K using a closed-cycle He 

cryostat. The sample temperature was measured with a carbon temperature sensor and stabilized 

by a temperature controller at temperatures between 17K and 350K. A He-Cd laser (photon 

energy 3.81 eV) was used as an excitation source in the reflection configuration. The PL signal 

was dispersed by a 0.75m SPEX grating monochromator and detected by a Hamamatsu 

photomultiplier tube R928 and a photon counting system. The excitation intensity was varied 

over the range 10"5-3.2 W/cm2 using calibrated neutral density filters. 

Van der Pauw measurements were conducted at room temperature. Either In or Ni/Au were used 

as contacts. The magnetic field was 3200 G. The applied currents were between 0.01 and 0.1mA. 

Experimental results and discussions 

1. The effect ofcodoping on PL intensity of the blue band 

PL spectra for Mg-doped and Mg-Si co-doped films were measured at 17.5 K. At a high Mg 

concentration, a broad blue band peaked around 2.8 eV is observed in the Mg-doped GaN as 

shown in Fig. 1. The origin of the blue band was previously attributed to DAP emission involving 

a MgGa acceptor and a nitrogen vacancy donor or related deep donor complex.   '  ' 

To determine the effect of Si codoping on the blue band emission intensity in p-type GaN, a 

series of Mg-Si co-doped films were investigated grown with a constant Mg flow rate, while the 

flow rate of Si was varied. The growth conditions and the electrical characteristics for this series 

of films are summarized in Table I. 
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Fig. 1 shows the PL spectra for this series of co-doped samples at a constant excitation level. 

Since the maximum peak position of the blue band depends on temperature and excitation 

intensity, all the PL spectra in Fig. 1 were measured with an excitation density of 40 mW/cm2. 

The excitation power was kept at a relatively low level to avoid saturation of the intensity. 

However, the intensities of the blue bands are high enough to allow comparison of the PL 

intensity among different samples. 

The dominant emission band in the Si-Mg co-doped samples was also at 2.8 eV at 17.5 K. As 

shown in Fig. 1, the measured intensity of the blue band in/?-type GaN decreased with increasing 

Si doping. Compared to a Mg-doped film grown under similar condition, but without Si, the 

absolute intensity of the blue band forp-type co-doped GaN decreased by more than an order of 

magnitude with Si codoping. When the Si dopant concentration was very high, the film converted 

to «-type. In that case, no blue band can be observed (as shown with a dotted line in Fig. 1) and a 

shallow DAP band with zero phonon line peaked at 3.27 eV dominates the spectrum. The 

quenching of the blue band is attributed to suppression of the deep native donor formation by 

incorporation of the shallow donor—Si, which will be discussed later. 

To determine the nature of the defects involved in the blue band observed in codoped samples, 

the temperature dependence of the emission intensity was measured. The quenching of the PL 

intensity with increasing temperature for Mg-doped and Mg-Si co-doped p-type films is shown in 

Fig. 2, The blue band quenches in all three samples at temperatures above 150K. The quenching 

is attributed to the thermal release of trapped electrons from a deep donor state.19 The temperature 

dependence of the blue band intensity can be fit using the equation: 

/(r) = /0/[l + ,4exp(-£D/*r)] (1) 
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where ED is activation energy of the donor and A is taken to be a temperature independent 

constant. The measured activation energies for the samples are summarized in Table I. The 

quenching curves indicate that the thermal depth of the donor is 245+5 meV for all the epilayers 

studied. Consequently, the donors involved in the DAP emission band remain unchanged with Si 

codoping. This leads to the conclusion that donor responsible for the blue DAP emission is 

identical in the Mg-doped and Mg-Si codoped samples. Since the PL intensity decreases with 

increasing Si flow rate and the blue band dominates the low temperature PL spectrum for solely 

Mg-doped GaN, the donor cannot be attributed to the shallow donor SiGa or a Si related complex. 

Otherwise an increase of the blue band intensity, rather than decrease, should be observed with Si 

flow rate. The intensity quenching is therefore attributed to a decrease in the deep donor 

concentration. 

It should be noted that similar concentration quenching was observed for codoping with shallow 

oxygen donors in GaN:Mg by Korotkov et al.8 In that work, the absolute intensity of the blue 

band was also found to decrease with increasing oxygen incorporation. It was concluded that the 

oxygen donor plays no role in the blue DAP band. 

The observed quenching of the blue band with addition of shallow donors is consistent with 

calculations for the native defect formation and the influence of Fermi energy reported by Van de 

Walle et al20 In these calculations, the formation energy of the compensating native donor 

increases with Fermi energy EF, which in turn is increased by addition of shallow donors. This 

addition leads to the decrease of the concentration of native donors. Consequently, a decrease of 

the absolute intensity of the blue DAP band would be expected." It is important to note that no 

blue band is observed in the «-type film. This is consistent with the high formation energy of the 

native donors in «-type samples. 
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Si is not highly diffusive in p-type GaN and cannot be eliminated as easily as hydrogen by post- 

growth treatment,4 Therefore, in order to decrease the total concentration of donors in/j-type GaN 

by codoping with Si, the reduction of the native donor (nitrogen vacancy or its complexes) 

concentration must be larger than the increase of Si concentration. 

To determine quantitatively the effect of addition of Si on the reduction of deep donors, its 

dependence on Fermi level needs to be considered. The equilibrium concentration of the native 

defect ND(V >and its dependence on formation energy is given by N D(VN) =Nsiles exp(-Ef / kT). 

The formation energy, if, in turn, is a function of the Fermi level: 

E' (GaN: VN) = EJGaN: VN) + MN + qEF (2) 

where Etot is the formation energy of the neutral defect, EF is the Fermi level, pN is the chemical 

potential, and q is the charge state of the defect. Generally, the Fermi energy of/7-type GaN at 

growth condition (1300K) is within 0.3 eV of the top of the valence band.21 According to 

theory,20 the 3+ charge state is more stable than the 1+ charge state for VN in this range. 

The Fermi level can be increased by adding shallow donors. In highly compensated /»-type GaN, 

the dependence of Fermi energy on Si donor incorporation is: 

dEF = kT ^ dN^sn <3) 
(NA-ND)ND      D{Sl) 

where NA the concentration of acceptors, No the total concentration of donors and NDiSI) the 

concentration of Si in the GaN layer. For a large Si concentration, it is the dominating 

compensating defect in p-type GaN at 1300K,4 ND *NDlSi). When NA>ND, Eq. (3) reduces to 

dEF=kTd\n{\Nd{Si)\). Combining Eq. (2) and (3), it follows that ND{Vs)  decreases with EF 

following: 



clND^ = ±-[Nslles exp(-Ef/kT)}(-3dEF) = -ND(VJ3d\NDiSl)\] (4) 

Eq. (4) shows that dln|wD(,,v)| = -3d\n\ND{Sl)\. Consequently, when Si is incorporated intop-type 

GaN, the Fermi level increases and the reduction of N d (Kj>, is more than the increase of Nd{SI) 

because of the differences in charge states of nitrogen vacancy and Si in p-type GaN. Although Si 

cannot be removed after growth, codoping p-type GaN with Si can still improve electrical 

properties of the/?-type material by reduction of deep donors. 

A similar process can circumvent the problem of self-compensation by native defects in other 

wide-band-gap semiconductors as long as the dopant impurity (e.g. Si) is the dominating 

compensation defect at growth conditions and the charge state of native defects is larger than that 

of the impurity codopants. 

2. Properties of the blue emission band in compensated p-type GaN. 

The dependence of emission energy on excitation power of the blue band was studied in 

compensated/»-type GaN to determine the role of potential fluctuations. Fig. 3 shows the PL peak 

shift of the blue band at room temperature as a function of excitation power for Mg-doped and 

Mg-Si codoped samples. A blueshift of the blue band with increasing excitation intensity has 

been consistently observed for all the p-type samples. 

Although most groups agree that the blue band involves a DAP transition between a Mg acceptor 

and deep nitrogen vacancy donor, the reason why the emission peak energy varies for different 

samples is still controversial. The shift can be explained by the DAP nature of this transition,18 or 

alternatively a model involving potential fluctuaions.23 Colton et al. suggested that the peak 

energy of the blue band marks the transition from localized states to delocalized states within an 
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Urbach-type band tail.24 All these explanations are qualitative. In this investigation, a quantitative 

model based on potential fluctuations is given to explain the shift of the blue emission peak 

energy. 

In compensated and highly doped semiconductors, potential fluctuations are expected to strongly 

affect the optical properties due to the inhomogeneous distribution of charged defects.19'25 

Diagonal radiative transitions between holes localized in the "hills" of the valence band and 

electrons localized in the "valleys" of the conduction band reduce the recombination energy and 

redshift the PL band. The wide range of photon emission energies made possible by these 

potential fluctuation broadens the PL band. According to the model developed by Shklovskii and 

Efros,25 when the impurities are randomly distributed, the average amplitude r of potential 

fluctuations for a /»-type semiconductor depends on the total concentration of charged impurities 

(NT =N~A+N*D) and the hole concentration p: 

„2      N 2n 

In the presence of potential fluctuations, the blue DAP emission energy is thus given by26 

(~f—PY 
E{hw) = Es -{ED+EA)-2Y = Eg-EA-ED-2-1^z ^3     (6) 

■ 0 P 

'™AL       -2/3 
e2       KK + p 

where Eg is the band gap and EA and ED are the acceptor and donor energies, respectively.K is 

defined in Ref. 26. As a result, when the excitation intensity increases, the band blueshifts as 

shown in Fig. 3 because of increased screening of the potential fluctuations by photogenerated 

carriers,. At the low excitation limit, no shift is observed. This can be explained by the fact that at 

low excitation intensity, photogenerated nonequilibrium carrier concentration is very low 

compared to equilibrium carrier concentration generated by thermal ionization. In this case, the 
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hole  concentration  in  the  films  is  essentially  identical  to  that  obtained by  Hall  effect 

measurements  in  the  dark.   The  small   change  in  carrier  concentrations  upon  low-level 

photoexcitation leads to a negligible change of the potential fluctuation magnitude and no shift is 

observed. 

The peak positions for two films (JG138 and JG142) at low excitation limit are close, indicating 

similar potential fluctuation amplitudes. Since the hole concentration of both films are around 

3xl017 cm"3, Eq. (6) indicates that the Mg doping density A^ is nearly the same for these samples 

even though Si dopant was increased. 

To determine the amplitude Tof the potential fluctuations, the energy of the main peak at the low 

excitation limit is plotted versus the cube root of the measured hole concentration in the epilayers 

at room temperature, as shown in Fig. 4a. The solid curve is calculated using Eq. (6) after 

assuming NA is independent of Si dopant concentration. For these calculations, NA is used as a 

fitting parameter and obtained by least square regression. The estimated value of NA from the fit 

is 4.8xl019 cm"3. From the Mg doping density NA and measured hole concentration/?, i^can be 

calculated (Ref. 26). The potential fluctuations range from 0.072 to 0.141 eV as listed in Table 1. 

Using Eq. (6) the peak position of the blue band without any potential fluctuations is thus 

calculated to be 2.95 eV 

After taking into account the effect of potential fluctuations, the activation energy of the acceptor 

involved in the blue band can be determined from Eq. (6) and is given as EA =Eg -hco-ED, 

where the band gap Eg is taken as 3.42 eV at room temperature, and hco (2.95 eV) is the emission 

energy without potential fluctuations. ED was previously determined from thermal quenching as 

245±5 meV. The activation energy of the acceptor is, therefore, 225±5 meV. This further 
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supports the model that the blue band involves a transition from a deep donor to MgGa; the 

ionization energy of the latter defect was reported to be between 200 and 290 meV. ' 

While the relationship between peak position and hole concentration is well-described by Eq. (6) 

. nevertheless a linear dependence of the peak position of the blue band on the reciprocal of the 

hole concentration can also be used to describe the observed room temperature dependence, as 

indicated by Fig. 4 b. For a constant NA, the magnitude of the potential fluctuation can be 

simplified tor = Sxp~\ whereS = (2NAK)2lie2 lAnee^ =23*\0]6eV cm'' ,29 Consequently, the peak 

energy of the blue band in p-type GaN films depends linearly on the reciprocal of the hole 

concentration at room temperature following: 

E(hco) = Eg-(ED+EA)-2S*p-1 (7) 

From a simple linear extrapolation of the data the peak position blueshifts to 2.96 eV when the 

potential fluctuation r = Sxp~l decreases to zero at p' = 0. This result is in agreement with the 

result of 2.95 eV previously obtained using Eq. (6). 

Conclusions 

In conclusion, codoping ofp-type GaN with Mg and Si was investigated to determine its effect on 

deep level luminescence. The absolute intensity of the blue luminescence (DAP) band for Mg- 

doped p-type GaN is reduced by more than an order of magnitude with Si-codoping. The 

decrease is attributed to a decrease in the compensating native defects, VN, in Mg-doped p-type 

GaN upon codoping of «-type dopants. Our result is consistent with density-functional theory 

calculations for the native defect formation and the influence of Fermi energy on defect stability 

in GaN. The blue shift of the blue DAP band was studied for the codoped films. The shift is 
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explained semiquantitatively by a potential fluctuation model. Potential fluctuations as large as 

0.14 eV are observed in the compensated films. 
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Sample       .Mg.        , Sl , p n ,n     .    Activation energy 
No           <r<?         ^       (xl017cm-3)      piQcm)       of donor (eV)              r(eV) 

 /mm) /mm)  
JG136 0.18 0 2.5 2.6 0.25 0.087 
JG138 0.18 0.28 3 1.8 N/A 0.072 
JG140 0.18 0.56 1.5 3.9 0.24 0.141 
JG141 0.18 1.12 2 3.2 0.25 0.107 
JG142 0.18 2.24 3 2.2 N/A 0.072 
JG148 0.09 4.48 55* 0.09 N/A N/A 
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Figure Captions: 

Fig. 1. PL spectra for heavily Mg-doped and Si co-doped samples taken at 17.5 K and 40 

mW/cm2. The absolute intensity of the blue band in p-type GaN decreased steadily with 

increasing Si flow rate. The data shows that the band (dotted curve) is completely quenched in 

n-type material with over codoping of Si. 

Fig. 2. Temperature dependence of the blue band emission intensity in Mg-doped and Si-codoped 

samples. Solid lines are fits based on Eq. (1). The calculated activation energy for donors in 

different samples is 245±5 meV. 

Fig. 3. Dependence of the blue band peak position on excitation intensity at room temperature for 

the Mg-doped and Si-codoped samples. The peak shift is independent of excitation level at the 

low excitation limit. Note the peak positions of sample JG 138 and JG 148 are close at low 

excitation intensity. 

Fig. 4.a Dependence of the peak energy of the blue band with the cube root of the free carrier 

concentration. The solid curve is the fit based on Eq. (6). The fitting parameter, NA, is 4.8x1019 

cm'3, b, A linear dependence of the peak position of the blue band on the reciprocal of the hole 

concentration can also be used to describe the observed room temperature dependence as in Eq. 

(7). 
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Abstract 

Optical properties of a series of semi-insulating Mn-doped GaN co-doped with Mg were studied using photo- 
luminescence (PL). A strong PL emission band at 1.0 eV was observed upon co-doping. The new band exhibited a rich 
fine structure with peaks at 1.057, 1.048, 1.035, 1.032, 1.020, 1.014, 1.008, 1.000 and 0.988 + 0.001 eV. The integrated and 
relative intensities of these lines varied as a function of the Mn concentration and excitation source. The measured lumine- 
scence decay time was 20-95 us and depended on emission energy. © 2001 Elsevier Science B.V. All rights reserved. 

Keywords: GaN; Photoluminescence; Mn doping 

1. Introduction 

The luminescence properties of the transition metal 
element Mn have been widely studied in III-V semi- 
conductor compounds [1-3]. Manganese preferentially 
incorporates on the metal site forming an acceptor. 
Photoluminescence (PL) studies have shown that Mn 
can form donor-acceptor pairs (DAP) in these com- 
pounds. Furthermore, manganese has been shown to 
have intra-atomic transitions involving the d-shell 
electrons. The identification of the specific transition 
involved in optical spectra is often complicated by the 
presence of the two types of transitions [3,4]. Substitu- 
tional Mn will form the Mn2+ (d5) and Mn,+ (d4) states 
if placed on the cation site in III-V compounds [1-4]. It 
has been shown that three defect centers are formed in 
III-V semiconductors. They are a neutral acceptor, A 
(d4), an ionized acceptor (when an electron is captured 
by the A0 from the valence band (VB)), A" (ds) and a 
neutral acceptor formed by a complex with a hole, A 
(d5 + h) [5]. A negative acceptor (A~) and complex 
(d5 + h) were observed for the GaAs: Mn, whereas the 
A" and A~ states were detected in GaP [5]. In GaN, the 
d* ion configuration was observed in EPR studies of 

»Corresponding author. Tel.: + 1-847491-3537; fax: + 1-847- 
491-7820. 

E-mail address: b-wessels<a,nwu.edu (B.W. Wesseis). 

unintentionally doped [6] and intentionally Mn-doped 
GaN [7,8]. 

Little is known about the Mn-related optical emission 
and absorption GaN. It is expected that the spin 
forbidden transition within Mn d5 ion will have low 
intensity and long lifetime. We have recently investi- 
gated the absorption and PL spectra of Mn-doped 
epitaxial GaN [9]. A weak broad band was observed at 
1.25±0.02eV in the PL spectra of Mn-doped samples 
with the full-width at half-maximum (FWHM) of 250- 
300 meV for above band gap excitation. The indepen- 
dence of the energy peak position of this band with 
temperature and a long ~8ms decay times indicated 
that it was likely related to the spin forbidden transition, 
4T|-6A, of Mn (d5) ion [10]. The energy position for this 
band was similar to that (1.3eV) for 4T,-6Ai recombi- 
nation observed for Fe" + in GaN [11]. 

In this paper, PL properties of the GaN:Mn co- 
doped with Mg are investigated. A new strong PL band 
with a rich structure is observed on the low energy side 
of the 1.25eV band previously reported in Mn-doped 
GaN samples [9]. 

2. Experimental 

The MOVPE growth of the Mn-doped GaN layers 
has been previously described [9], For the Mn. Mg co- 

0921-4526/01/S-see front matter C 2001 Elsevier Science B.V. All rights reserved. 
P1I: S0921-4526(01)00654-8 
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doping experiments, the Mg source partial pressure was 
0.18 umol/min1 and Mn source partial pressure was 
varied in the broad range from 0.02 to 5 umol/min. The 
epitaxial layer consisted of a 20 nm GaN nucleation 
layer, a 500 nm Mg-doped (0.03 umol/min) layer grown 
at 1060"C, and a 2-2.5 urn thick Mn. Mg co-doped layer 
grown at 1060"'C. As-grown Mn-Mg epilayers had semi- 
insulating behavior. The Mg co-doped samples were 
annealed at 850°C to produce p-type material. Photo- 
luminescence spectra were measured over the spectral 
range of 0.7-1.2 eV. Photoluminescence was excited with 
either the 325 nm line of a He-Cd laser or a semi- 
conductor laser with excitation wavelength of 973.8 nm. 
The excitation densities of these lasers were 0.32 and 
3 W/cnr, respectively. The PL signal was dispersed by a 
Zeiss monochromator with a resolution of 2meV at 
1 urn and detected with a high sensitivity Ge-detector 
and a lock-in amplifier. The sample temperature was 
varied from 20 to 300 K using a closed cycle helium 
cryostat. The He-Cd laser intensity was varied using 
neutral density niters in the range of 2 x 10~°-10 W/cnr. 
All PL spectra were normalized to account for the 
spectral responsivity of the Ge-detector as well as the 
monochromator. Transient PL decay curves were 
excited using 500 MHz pulsed 974 nm laser. The system 
resolution was limited by the Ge-detector rise time of 
16 us. 

3. Results and discussion 

A new strong band with a peak at approximately 
1.0 eV was observed in the PL upon co-doping with Mg. 
It was composed of a series of sharp lines with FWHM 
of ~3-10meV. A PL spectrum of this fine structure 
obtained with below band gap excitation (974 nm) is 
shown in Fig. 1. Note, however, that the 1.25eV PL 
band observed in Mn-doped samples was not detectable 
above the excitation 974 nm laser noise suggesting that 
the new sharp emission was activated in GaN: Mn by 
co-doping with Mg.2 The major energies of the sharp 
lines observed in the co-doped samples spectra are 
summarized in Table 1. They are at 1.057, 1.048, 1.035, 
1.032, 1.020, 1.014, 1.008, 1.000 and 0.988 + 0.001 eV. A 
few weak transitions were also observed on the lower 
energy side of the main band as seen in Fig. 1. This fine 
structure was observed with both extrinsic and intrinsic 

' This Mg partial pressure was used to achieve 
p = 2 x 10l7cirf-' in Mn-doped GaN [13]. 

2 It is important to note that our undoped GaN samples did 
not exhibit emission bands in the near infra-red. Previously 
observed Co2", (Cr4 + /Ti2") and Fe' * emission bands at 1.047. 
1.19 and 1.3eV [1.14] were not detected in our undoped GaN 
samples. Therefore, the observed fine structure is specifically 
related to the Mn-Mg co-doped samples. 
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Fig. 1. PL spectrum for one of the co-doped samples (RK 340) 
obtained with 974 nm excitation at 20K. The energies of the 
fine structure are listed in Table 1 for the strongest lines. 

excitation sources [12]. It was observed with above band 
gap energies of 325 nm He-Cd laser as well as below 
band gap 632.8 and 974 nm lasers. The positions of the 
peaks were the same for these excitation sources. 
However, the integrated and relative intensities varied 
as a function of the excitation wavelength indicating that 
each major separate emission line is likely to have its 
own excitation spectra. 

To study the effect of Mn concentration on the 
integrated intensity of the 1.0 eV band, a series of co- 
doped films were grown with different Mn concentra- 
tions. In this experiment, the Mg acceptor concentration 
was constant, whereas the Mn concentration varied. The 
normalized PL spectra for this series of samples are 
shown in Fig. 2. The integrated intensity of the 1.0 eV 
band increased at first with the increase of Mn-partial 
pressure and then decreased [12]. Note that the 
energy positions of the sharp emission lines were the 
same for these samples indicating that the optically- 
active centers involved were of the same nature in all 
studied samples. However, relative intensities of these 
lines varied as a function of the Mn concentration 
indicating that the concentration of the optically active 
centers involved in the separate sharp lines changed with 
Mn concentration. 

To detail the nature of the 1.0 eV band it was studied 
as a function of temperature and excitation intensity. 
Thermal quenching of the luminescence was studied 
under 974 nm excitation. All bands except one were 
thermally quenched above 100 K with activation energy 
of ~70meV as shown in Fig. 3/ The intensity of the 

-1 A slightly different activation energy of 0.1 eV was 
calculated for the experimental data obtained under 325 nm 
excitation. 

i 
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Table 1 
Energy positions and lifetimes of sharp peaks observed in Mg co-doped GaN:Mn samples and Mn-doped samples (1.25eV band) 

1.25 Energy (eV) 

T (us) 

1.057 1.048 .034 1.032 

40 95 68 68 

1.02 1.013 0.988 0.986 

52 42 54 54 

0.95 

49 8000 

325 nm (0.32 W/crrf) 
T = 20K Ö 

0.90 0.92 0.94 0.96 0.98   1.00  1.02   1.04   1.06 

Energy (eV) 

Fig. 2. Above band gap excited (325 nm) PL spectra of co- 
doped samples at 20 K grown with different Mn concentrations. 
The Mg partial pressure was constant (0.18 umol/min). The Mn 
partial pressures were 4.54, 1.36. 0.079 and 0.02 umol/min for 
samples RK 341, RK 340, RK 338 and RK 337, respectively. 

highest energy transition observed at 1.057 eV first 
increased from 20 to 100 K and then decreased with 
the increase of the temperature, T > 100 K. The increase 
of 1.057 eV band was likely due to interactions with 
phonons. The PL intensity of the lines comprising the 
1.0 eV band increased linearly with excitation power as 
shown in Fig. 4 for selected transitions under 325 nm 
excitation. In addition, for below band gap excitation 
the intensity of the sharp structure linearly increased 
with excitation power [12]. 

To determine whether these emission lines were 
associated with intra-d shell transitions, the luminescent 
recombination lifetime was measured on the co-doped 
samples. A PL decay curve for transitions at 1.032 eV is 
shown in Fig. 5. The PL intensity decayed exponentially 
at low temperature (20 K). The decay time was 66 us. 
The lifetime of the sharp lines (40-90 us) in the co-doped 
samples was two orders of magnitude smaller than that 
observed for the characteristic 1.25 eV Mn band for the 
Mn-doped GaN samples [10]. In this case, the lifetime 
was of the order of ~8ms. Furthermore, each emission 
line had slightly different recombination lifetime, as 
shown in Table 1, suggesting that emission lines in the 

10 20 30 40 

1000H", (K"1) 

Fig. 3. Thermal quenching of the individual transitions of the 
1.0 eV band excited with 974 nm excitation. 

1000 

-2- 

0.001 

Excitation Power (W/cm ) 

Fig. 4. Excitation intensity dependence of the PL intensity for 
three sharp lines obtained with above band gap excitation 
(325nm)at20K. 

fine structure are associated with different recombina- 
tion centers. 

The dramatic change in the luminescence spectra of 
Mn doped GaN upon co-doping with Mg was un- 
expected. Its origin is not understood. Co-doping with 
Mg acceptors may potentially lead to several changes in 
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Fig. 5. Transient PL spectra of one of the co-doped samples 
obtained at 1.032eV, 20 K. The calculated exponential decay 
(66 us) is shown with a solid line. System response of 16 us is 
shown for comparison. 

4. Conclusions 

In conclusion, the luminescent properties of semi- 
insulating Mn-doped GaN co-doped with Mg were 
studied. Upon co-doping, a strong PL band at 1.0 eV 
was observed. The PL band displayed a rich fine 
structure at low temperature. It is comprised of at least 
10 emission lines separated by 2-10meV. The FWHM 
of these lines varied from 3 to lOmeV and was limited by 
the resolution of the monochromator. Transient spectro- 
scopy measurements indicated the 1.0 eV PL band 
decayed exponentially with a lifetime of 20-90 us. The 
measured lifetimes were at least two orders of magnitude 
shorter than that observed for the 4T|-6A| transition at 
1.25 eV in Mn-doped GaN. 
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the optical behavior of Mn. Addition of Mg could lead 
to complex formation. Furthermore, interactions with 
Mg may distort the Mn-ion surroundings. The altera- 
tion of the Mn-ion (d5) surroundings changes the 
environmental symmetry of Mn ion leading to the 
breakdown of the selection rules by the appreciable 
sextet-quartet mixing [2,3]; consequently, the forbidden 
4T!-6A| transition becomes allowed. The decrease of the 
lifetime for the 1.0 eV PL band by two orders of 
magnitude from 8 ms observed in Mn-doped GaN seems 
to support changes in local symmetry in co-doped 
samples.4 

While co-doping with Mg could lead to changes in 
local symmetry, addition of Mg acceptors will also lower 
the Fermi energy, potentially leading to a change in the 
charge state of Mn. In addition, lowering of the Fermi 
level will result in increased compensation of the p- 
doped GaN with donors, D. An alternative explanation 
is that the observed fine structure could involve Mn3 + -D 
and Mn2 + -D centers. The alteration of the Fermi energy 
upon co-doping could potentially stabilize one of these 
complexes. Indeed a model involving transitions from 
Cr3 + -D to Cr2 + -D was proposed to explain the fine 
structure consisting of 19 lines observed in absorption 
spectrum of Cr in GaAs [4]. 

4 The fact that the observed fine structure in co-doped GaN is 
formed on the low energy side of the 1.25 eV band in GaN: Mn 
can be explained by the fact that in the moderately doped 
GaN:Mn, two exponential decays were observed with the 
lifetime of 200 us centered at 1.38+ 0.02 eV and 8 ms centered at 
1.1 ±0.05eV [9,14]. The last transition was assigned to4Ti-4A| 
recombination of Mn in GaN. 
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Abstract 

In this paper, the optical absorption and photoluminescence spectra of semi-insulating Mn-doped GaN films were 
studied. Two characteristic bands were observed in the absorption spectra of Mn-doped epilayers at 300 K. The 
integrated intensities of these bands increased with increasing Mn concentration indicating that they were Mn-related. 
An analysis of the temperature behavior of the absorption band with a maximum at 1.5 eV indicated that it involved a 
free to bound transition from the valence band to the deep Mn-acceptor level. Photoluminescence measurements of Mn- 
doped films indicated the presence of an intra 3d-shell transition of the Mn ion. The luminescence band at 1.25±0.02eV 
is tentatively attributed to the 4T|(G)-*6A,(S) transition. © 2001 Elsevier Science B.V. All rights reserved. 

Keywords: Gallium nitride; Transition metals; Manganese; Absorption 

1. Introduction 

Manganese has extensively been studied as a dopant 
in II-VI [1] and III-V [2,3] materials for optical 
applications [3]. The features of the optical spectra of 
Mn-doped films have usually been assigned to internal 
3d-shell transitions within the Mn ion. The free Mn2 + 

ion with d3 electron configuration has a 6S ground and a 
4G first excited state [2]. A crystal field of trigonal 
symmetry in the wurtzite structure leads to the splitting 
of the 4G excited state into three states, 4T,, 4T> and 
4A|, (from the lowest to the highest energy) [4-7]. The 
ground state of the Mn ion, 6A|, is unaffected by the 
crystal field. Therefore, a series of transitions including 
A|- T|, 6A|-4T2 and 6A|-4A| are often observed in 

absorption for Mn in wide gap hosts. 
Manganese has been shown to form an acceptor level 

when it substitutes in the group-Ill metal site [2]. The 
binding energy of the Mn acceptor varies from 113meV 
in GaAs to 400 meV in GaP and InP [2,3,8]. The binding 

energies of Mn were found to follow a universal trend 
[9]. Caldas et al. indicated that the transition metal 
binding energies are referenced to the vacuum level and 
independent of the band edges of the host crystal [9]. 

The behavior of Mn in GaN has received limited 
attention [10]. However, electron paramagnetic resonance 
(EPR) studies of residual Mn impurities in GaN grown 
by the sublimation 'sandwich method' [11] and GaMnN 
grown by the ammonothermal method [12] unambigu- 
ously identified the presence of the Mn: + d5 ion. 
Furthermore, Raman scattering studies of GaMnN 
observed new bands around 300 and 667 cm"' [12]. We 
previously reported our preliminary data on the absorp- 
tion and PL spectra of deliberately Mn-doped GaN 
grown by metal organic vapor phase epitaxy (MOVPE) 
[13,14]. It was shown that Mn introduced two well- 
resolved characteristic absorption bands in the GaN thin 
films. In this paper, the optical properties of a series of 
GaN samples deliberately doped with Mn are reported. 

♦Corresponding author. Tel.:   +1-847-491-3537; fax:   +1- 
847-491-7820. 

E-mail address: b-wesseIs®northwestern.edu 
(B.W. Wessels). 

2. Experimental 

The MOVPE growth of Mn-doped GaN layers has 
been  previously  described  [13].  Optical  absorption- 

0921-4526/01/$-see front matter £; -001 Elsevier Science B.V. All rights reserved. 
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reflection measurements at room temperature and in the 
300-1200 run range were performed using a Cary-500 
spectrometer. Absorption spectra at 20 300 K were 
measured in the range 0.8-1.63 eV using a quartz 
halogen lamp and Zeiss monochromator with a resolu- 
tion of 1.5 nm at turn. A Ge-detector was used to 
measure Iransmittance of the sample. All absorption 
spectra were normalized to account for the spectral 
responsivity of the lamp and Ge-delector as well as the 
monochromator. Transient PL decay curves were 
excited using 20 Hz, 4 ns pulses of N2 laser with an 
excitation energy of 3.68eV. The signal was detected 
using a Hammamut.su photomultiplicr tube (R632i with 
a rise tune of 9 us. 

3. Results and discussion 

The normalized reflectance spectra of a series of 
undoped and Mn-doped samples at room temperature 
are shown in Fig. 1. The studied samples are reported in 
Table 1. It can be seen from Fig. 1 that in addition to the 
characteristic band gap absorption at 3.4eV, observed in 
the undoped sample, two new well-resolved bands have 
been observed for the Mn-doped samples. The first band 
has a minimum at 1.5 + ().02eV with a full width half 
maximum (FWHM) of 370 meV. The second band has 
an onset at 2.0 eV and a minimum at 2.8 +0.05 eV. Its 
asymmetrical shape indicates that it may be comprised 
of two separate bands. The absolute intensities of these 
two bands increase systematically with an increase of the 
Mn dopant, indicating that they are Mn-related. 

table I 
Absorption coefficients and resistivities of undoped ;md Mn- 
doped films at T = 296 K 

Sample If     Mn Resistivity     a(2.9eV) 
(umol/min)     (ficm) (cm"') 

a(1.5eV) 
(cm  ') 

JCJ38 12.7 > 100 3688 
JG40 7.6 > 100 3232 
RK.V42 4.5 > 100 1076 
RIO 26 I fndoped 0.1 — 

1405 
1221 

2.0 2.5 

Energy (eV) 

Fig 2. Absorption coefficient as a function of energy for a 
series of undoped and Mn-doped samples listed in Table 1. The 
dashed line is a calculated fit using an ionization energy of 
2.1 eV. 

0.22 

0.20 

ro 0.18 
<i> o 
iZ 0.16 
o 
<D 

<X. 
0.14 

w 
N 0.12 ■W / ro 

°   0.10 

0.08 

T = 296 K 

1.2      1.6     2.0     2.4     2 0      3 2 

Energy (eV) 

4.0 

Fig. I. Room temperature reflectance spectra of undoped. and 
a series of Mn-doped samples (Table 11. Two new transitions at 
1.5 and 191?V nbserved in Mn-doped samples are labeled »will 
arrows. 

To determine the absorption coefficient of Mn-doped 
GaN films, polarized (Elc) transmission and reflec- 
tion spectra were measured at 295 K. The absorption 
coefficient was calculated based on these measurements 
[13]. The dependence of the absorption coefficient as a 
function of energy for undoped and a series of Mn- 
doped eptlayers is shown in Fig. 2. The maximum values 
of the absorption coefficient for the observed bands are 
also presented in Table 1. The nominally undoped GaN 
film is transparent in the visible region with the band 
edge absorption onset at Es ~ 3.42 + 0.02 eV at room 
temperature. However, two absorption bands are 
formed, in Mn-doped GaN. The first band has an onset 
at l.-leV and a maximum at 1.5 + 0.01 meV. This band 
has an asymmetrical shape with an FWHM of 
245 i; 10 meV. The second band is seen ;H a broad 
shoulder with an onset at 2.1 eV. This absorption occur-, 
over a wide energy range (2.1 -2.9eV). The intensity o\' 
both bands systematically increased with Mn dopant as 
shown in Table I. 



32 R.Y. Korolkov et al. j Physica B 308-310 (2001) 30-33 

The low temperature absorption spectrum of 
GaN: Mn was measured. The variation of the absorp- 
tion band shape with temperature for the 1.5eV band is 
shown in Fig. 3. At 20 K, a fine structure was resolved. 
We attributed the first sharp peak at 1.418±0.001 eV to 
the zero-phonon line (ZPL) of the Mn free to bound 
acceptor transition, E0 [14]. The fine structure at higher 
energies of the low temperature spectrum was attributed 
to coupling with two local vibration modes with energies 
of 20 and 73meV. The observed fine structure is a 
characteristic feature of an absorption band involving a 
deep defect level and its phonon replicas [7,15]. 

With increasing temperature, however, the sharp 
peaks involved in the Mn-absorption band become less 
resolved, as seen in Fig. 3. Although the line shape 
changes, the total absorption intensity is approximately 
independent of temperature, such that as the intensity of 
the ZPL decreases the intensities of the side bands 
increase [7,15]. Therefore, the 'area conservation law', 
that is a characteristic feature of absorption involving a 
deep level, governs the behavior of the absorption 
spectrum at higher temperatures, as seen in Fig. 3. At 
room temperature a broad band (FWHM = 340 meV) is 
observed. 

Based on the configuration coordinate analysis of the 
temperature-dependent behavior of the 1.5 eV band, it is 
concluded that this band involves a deep Mn-acceptor 
level, and not an internal 3d-shell transition. The 
position of this level is placed at 1.42 eV based on the 
ZPL. The level position with respect to the valence band 
is at EA = Ev + 1.42 eV based on deep level optical 
spectroscopy measurements [14]. The threshold of the 
2.1 eV band was independent of temperature-(22 and 
300 K), as seen in Fig. 4. Weak shoulders were also 
observed in the absorbance curve at 2.3 + 0.05 and 
2.7-I-0.05eV at T = 22K. 

A broad PL band at 1.25±0.02eV was observed in 
Mn-doped samples [13]. The peak position of this band 
was independent of temperature. The transient decay 
curves obtained for the 1.25 eV band at different 
temperatures for one of the samples are shown in 
Fig. 5. The decay was exponential at low temperature. 
The calculated decay curve (T = 7.8 ms) is shown with a 
solid line in Fig. 5. A long decay time is a characteristic 
feature of forbidden transitions, such as 4T|-»6Ai [2,6]. 
At high temperature, the decay time decreases and the 
decay curves become non-exponential. Similar behavior 
was observed for the Mn internal transitions in ZnS, 
where long decay times of 1.6 ms were measured [16]. In 
that case, the decay curve was non-exponential due to 
non-radiative recombination processes that become 
important at high temperatures for the Mn ion. 
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Fig. 4. Absorption spectra of the heavily Mn-doped films at 22 
and 300K. 
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Fig. 3. Absorbance spectra of the heavily Mn-doped film at 
different temperatures. 
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Fig. 5. PL decay curves at 1.25eV measured at different 
temperatures (RK342). The calculated exponential decay with 
a lifetime of 7.8 ms is shown with a solid line. 
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-. proposed energy level scheme Tor Mn in GaN is as 
Uijicnvv. the Ma-acceptor level is located at£, f i.42cV. 
the observed higher lying absorption bands at 2.1 and 
:\;'cV are tentatively associated with electron excitation 

fror,) tins level to the conduction band' and electron 

excitation from the VB to the first excited state ( T|).""' 
The observed photoluminescence band at l.25eV is 

attributed to an intra d-shell transition from the first 
excited state to the ground state given as ''Ti->"AS. 
Higher lying 3d excited states are believed to be 
degenerate with the conduction band and thus, are not 

observed in photoluminescence measurements. 

4. Conclusions 

The optical absorption and photoluminescence pro- 

perties of semi-insulating Mn-doped GaN films were 
studied. Two characteristic absorption bands were 
observed in the spectrum of" Mn-doped epilayers at 

300 K. The integrated intensities of these bands in- 
creased with increasing Mn concentration, indicating 

that they were Mn related. An analysis of the 
temperature behavior of the absorption band with a 
maximum at 1.5eV indicated that it involved a free to 
bound transition from the valence band to the deep Mn- 
acceptor level. Photoluminescence measurements of Mn- 
doped films indicated the presence of an intra 3d-shell 
transition of the Mn ion. The luminescence band at 
J.25±0.02eV is tentatively attributed to the 
4T,(G)~>''A|(S) transition. 
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'This assignment assumes a large degree of compensation ot 
the GaN, which is usually the case. 

"The higher lying intra-ion transitions, °A|-> T2 and 
"A|->4A, are likely to occur at 2.1 and 2.7eV based on the 
observed transition in GaN: bV " [5] absorption spectra, 
however, the intensity of these forbidden transitions has to be 
small. In contrast, large absorption coefficients were measured 
for the 2.1 eV band (Table 1), which were higher than that of 

Mis 1.5 eV band.   . 
' It is important to note, however, that several different states 

of Mn, such as 'Mn2 +. Mn3', Mn4' can potentially introduce 
several deep levels in the band gap giving rise to several free to 
hound transitions as in Ref. [7|. 
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The optical and electrical properties of Mn-doped epitaxial GaN were studied. Low-temperature 
optical absorption measurements indicate the presence of a Mn-related band with a well-resolved 
fine structure. The zero-phonon line is at 1.418±0.002 eV with a full width at half maximum of 
20± 1 meV. Two pseudolocal vibrational modes associated with manganese were observed with 
energies of hu [=20 and hv2=73 meV. Deep-level optical spectroscopy measurements on lightly 
Mn-doped samples indicate that Mn forms a deep acceptor level at £„ + 1.42 eV. Using the vacuum 
referred binding energy model for transition metals and the measured Mn energy level, the electron 
affinity of GaN is calculated to be 3.4 eV, which agrees well with experimental values. © 2002 
American Institute of Physics.   [DOI: 10.1063/1.1456544] 

While the optical properties of shallow impurities in 
GaN have been widely studied, the behavior of deep-level 
defects in this material is not well established. This is espe- 
cially the case for transition metals. The open J-shell con- 
figuration of transition metals often results in the formation 
of localized deep levels in the band gap that are characteristic 
of the impurity.12 Since these metals introduce deep levels, 
they can be used as dopants to obtain semi-insulating mate- 
rial in III—V semiconductors.3 Recently, there also has been 
interest in transition-metal dopants to enable formation of 
ferromagnetic semiconductors. Of particular interest is man- 
ganese, which has been shown to form a ferromagnetic semi- 
conductor alloy with InAs and GaAs.4 However, little is 
known about its behavior in GaN.56 Previously, electron 
paramagnetic resonance (EPR) studies unambiguously iden- 
tified the presence of the Mn2 + ion in GaN bulk crystals 
from its hyperfine structure due to interactions of 55Mn 
(7=5/2) nuclei.1 EPR measurements of microcrystalline 
Ga]_tMntN were also performed on samples with a Mn 
content of x=0.005 prepared by the ammonothermal 
method.5 Electron spin resonance measurements indicated 
the presence of the Mn_+ (dJ) ion, and paramagnetic behav- 
ior was observed. The absorption and photoluminescence 
(PL) of Mn-doped GaN layers obtained by metal-organic 
vapor-phase epitaxy (MOVPE) were recently studied.6 Two 
characteristic absorption bands were reported in the absorp- 
tion spectra of Mn-doped epilayers at 296 K.6 The high- 
energy absorption band had a threshold at 2.1 eV and was 
very broad. The low-energy band had a threshold at 1.4 eV 
with a maximum at 1.5±0.02 eV, and a full width half maxi- 
mum (FWHM) of 245±10 meV at 296 K. This band was 
tentatively attributed to a free-to-bound transition involving a 
deep Mn acceptor level.6 Hall-effect measurements sup- 
ported this conclusion, since as-grown as well as nitrogen 
annealed GaN:Mn films were semi-insulating with p>100 
flcm, whereas undoped crystals were typically n type and 
conducting.7 

In order to establish the ionization energy and the 
energy-level positions with respect to the band edge, detailed 

■"'Electronic mail: b-wessels@nwu.edu 

optical measurements are required. In this letter, low- 
temperature absorption spectra were measured to determine 
the optical ionization energy of Mn in GaN. The absorption 
measurements indicate that Mn forms a deep acceptor level 
at 1.42 eV. From deep-level optical spectroscopy (DLOS) 
measurements, it is concluded that the optical ionization en- 
ergy is with respect to the valence band. 

The Mn-doped samples used in this study were grown 
by MOVPE as previously described.6 The epitaxial layer 
consisted of a 20 nm GaN nucleation layer, a 500 nm un- 
doped GaN layer grown at 1060 °C, followed by a 2-2.5- 
/im-thick Mn-doped layer also grown at 1060 °C. Absorption 
spectra at low temperature were measured in the energy 
range of 0.8-1.63 eV with a 250 W quartz-halogen lamp 
and a Zeiss MM 12 double-prism monochromator with reso- 
lution of 1.5 nm at 1 fim. A Ge detector was used to measure 
the sample transmittance. The absorption spectra were nor- 
malized to account for the spectral responsivity of the lamp, 
monochromator, and detector. The sample temperature was 
varied from 20 to 300 K using a closed-cycle helium cry- 
ostat. 

DLOS measurements8 were performed on lightly Mn- 
doped Schottky diodes, which were n type. To fabricate the 
diodes, Au dots with a diameter of 475 yu.m were deposited 
through a shadow mask using e-beam evaporation. Indium 
was used as the Ohmic contact. Measurements were taken 
over the spectral range of 0.80-3.45 eV, at 0.05 eV intervals. 
Monochromatic light was provided by the same lamp and 
monochromator setup used for the absorption measurements. 
The diodes were cooled to 78 K with a liquid-nitrogen cry- 
ostat to minimize any thermal ionization effects. To record 
an individual scan, the sample was first forward biased in the 
dark to 1 V for 10 s to partially fill the traps. Next, the diode 
was reverse biased in the dark to -1 V and allowed to sta- 
bilize for 20 s. Subsequently, the shutter was opened and the 
optical emission at a specific wavelength was recorded for 1 
min with a Boonton 72B capacitance meter operating at 1 
MHz. For DLOS measurements, the derivative of the tran- 
sient response at each wavelength was determined over the 
time interval of approximately 10-20 s, and was normalized 
to the excitation intensity. 

Figure 1 shows the optical absorption of Mn-doped GaN 
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FIG. I. Low-temperature (20 K) absorbance spectrum of highly Mn-doped 
GaN is shown with a dotted line. The ZPL, £,> is at I.4I8 eV. Two sets of 
sharp peaks with energy separations of 20 and 73 meV are seen. The calcu- 
lated absorbance spectrum using Eq. (I) with Huang-Rhys factors of 
5| = l.l and 52=0.9 is shown with a solid line. The single peak (dashed 
line) on the left side of the ZPL is the simulated shape of the ZPL. 
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FIG. 2. Optical cross sections as a function of energy at 77 K of Mn-doped 
and undoped /(-type samples. The calculated dependence of the cross section 
using Eq. (2) with £,= 1.55. CT=0.33 for the undoped sample is shown with 
a solid line. An additional peak with £, = 2.0. cr=0.1 was observed for the 
Mn-compensated sample (dashed line). The sum of the peaks in the Mn- 
doped sample is shown with a solid line. 

at low temperataure, using polarized light (Elc). A band 
consisting of a series of sharp peaks is observed. The lowest- 
energy peak at 1.4l8±0.002 eV is attributed to a zero- 
phonon-line (ZPL) transition. An analysis of the spectra in- 
dicates that the fine structure is formed by superposition of 
two series of peaks. The distance between peaks in the first 
set is hvi=20±\ meV. This set is repeated at energies of 
hv2—7?> meV. 

Observation of fine structure in absorption spectra en- 
ables determination of the vibrational characteristics of the 
defect in the excited state. The ZPL at 1.418±0.002 meVeV 
has a FWHM of 20 meV. Its replicas at energy multiples of 
20±1 meV are attributed to transitions involving pseudolo- 
cal vibrational modes of the Mn acceptor. Repetition of this 
set over 73 meV demonstrates coupling with another 
pseudolocal vibration mode with higher energy. The fre- 
quency of the pseudolocal modes of Mn can be estimated 
using the simple mass defect approximation.9-" The calcu- 
lated values are 19.7 and 72.7 meV, which is in excellent 
agreement with the experimental values. Therefore, the Mn 
acceptor forms a deep defect that is coupled with two 
pseudolocal vibrational modes in GaN. 

In the case of two vibrational modes, the intensity of the 
phonon replica corresponding to emission of in and n 
pseudolocal phonons, Wmn is given by12 

W 
S'l'S'l 

mini :D 

where S, and S2 are the Huang-Rhys factors describing the 
coupling with two pseudolocal vibrational modes. Equation 
(1) was used to calculate the shape of the absorption band. 
The calculated absorption band obtained using Eq. (I) with 
5| = l.l (for the pseudolocal phonons with /ic, =20 meV) 
and S2 = 0.9 (for the pseudo local phonons with /it;, — 73 
meV) is shown in Fig. I by the solid curve. It was assumed 

for simplicity that the shape of the phonon replicas is iden- 
tical to that of the zero-phonon line, which in turn was simu- 
lated (dashed line on the left side of the absorption spectra in 
Fig. 1). It can be seen from Fig. I, that a good quantitative fit 
was obtained using Eq. (I).12"15 

With increasing temperature the sharp peaks of the Mn- 
absorption band broaden.16 The intensity of the ZPL also 
decreases with temperature. However, the total integrated in- 
tensity of the absorption band remains approximately con- 
stant such that at room temperature an asymmetric broad 
absorption band (FWHM = 340 meV) is observed.6 

To determine the position of the deep Mn acceptor level 
with respect to the band edge, DLOS was used. DLOS mea- 
surements were performed on /i-type GaN that was lightly 
doped with Mn. The electron concentration of this sample 
was 2X 1016 cm-3 at 300 K. The DLOS spectra of Mn- 
compensated samples are shown in Fig. 2. In the Mn- 
compensated sample a new deep-level transition with a 
threshold at approximately 2.0 eV was observed. For com- 
parison, it can be seen from Fig. 2 that three additional deep- 
level transitions are observed in both the Mn-doped and the 
unintentionally doped GaN sample at approximately 1.5, 2.9, 
and 3.3 eV, which are not Mn related. 

To calculate the ionization energy of the Mn deep level, 
the method of Mooney et al.]1 is employed.18 In this model, 
the photoionization cross section is convoluted with a Gauss- 
ian broadening function. There are two adjustable param- 
eters, optical ionization energy f, and broadening term a. 
Optical cross section a° as a function of hv is given by 

o-u* </.v.r/2exp 
Jo 

{x-[(lw-E,)/a]}T 

(Au)-j 2 
(2) 

The position of the Mn-acceptor level, EA with respect 
to the band edge, may be estimated on the basis of the DLOS 
measurements. Since an increase in capacitance was oh- 
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FIG. 3. Schematic energy diagram for the deep Mn acceptor in GaN. 

served at 2.0 eV in an //-type sample, the transition involves 
electron emission from a deep acceptor to the conduction 
band. Therefore, the acceptor ionization energy with respect 
to the valence band is £,, = £,,--£,- = 3.5-2.0= 1.5±0.1. 
Note that the band gap (£„) at 77 K is estimated as —3.5 
eV.7 From the DLOS measurements it is concluded that the 
absorption band with ZPL at 1.418 eV involves a transition 
from the valence band into the deep Mn-acceptor level at 
EV + EA= 1.42 eV. 

The broadening term, o\ from the fit of the optical cross 
section obtained from the DLOS measurements gives an in- 
dication of the degree of the lattice coupling of the defect. 
For the Mn-related peak at 2.0 eV, cr=0.1, while for the 
defect at 1.55 eV found in both the undoped and Mn-doped 
sample, <r=0.33, as shown in Fig. 2. The observed broaden- 
ing supports the absorption data that indicate that the Mn 
acceptor is not strongly coupled to the lattice. 

From the measured position of the Mn acceptor, the 
value of the electron affinity of GaN can be obtained using 
the vacuum referred binding energy (VRBE) model, which 
predicts the position of the transition metal with respect to 
the vacuum level.3 In this model electron affinity x 's equal 
to # = £vRBE+£/*-£e< wnere EA '

S
 

trie Mn ionization en- 
ergy obtained from experiment and £VRBE '

S
 

trie vacuum 
referred binding energy. If we assume that the Mn present in 
our samples is in the Mn2 + state, the calculated £VRBF. '

S
 5-4 

eV3 Therefore, calculated electron affinity x °f GaN is 3.4 
±0.1 eV for £„ = 3.4 eV (Ref. 7) and £A = 1.4±0.1 eV for 
GaN at 300 K. For comparison using ultraviolet photoemis- 
sion spectroscopy, the measured electron affinity of GaN has 
been reported to be 3.2±0.2,19 3.5±0.1,2n and 4.1 ±0.1 eV.21 

Note that Pankove and Schade21 in their letter indicated that 
the 4.1 eV value is the upper limit of the electron affinity of 
GaN. Therefore, the calculated electron affinity of 3.4 eV for 
GaN obtained from the VRBE model and the measured man- 
ganese energy-level position agrees well with the experimen- 
tally measured values.1920 This finding supports the conclu- 
sion that Mn forms an acceptor level in the band gap of GaN 
that is predicted by VRBE theory.22-23 It also agrees with 
recent local density functional calculations of Mn in GaN, 
where it was predicted that the Mn level sits 1.44 eV above 
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the valence-band maximum.24 The band diagram indicating 
the position of Mn is shown in Fig. 3. 

In summary, the low-temperature optical properties of 
Mn centers in GaN have been measured by optical absorp- 
tion. Mn is a deep level in GaN. The optical ionization en- 
ergy is 1.418 eV as determined from the zero-phonon-line 
position. From DLOS measurements the Mn level is located 
at £,, + 1.4 eV The measured position is in good agreement 
with theoretical predictions based on the VRBE model and 
experimental electron affinity values of GaN. 
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