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ABSTRACT 

Beryllium has been considered a potential alternative to magnesium as a p-type dopant in GaN, 

but attempts to produce conductive p-GaN:Be have not been successful. Photoluminescence 

studies have repeatedly shown Be to have an acceptor level shallower than Mg, but deep Be defects 

and other compensating defects render most GaN:Be material n-type or semi-insulating at best. 

Previous reports use molecular beam epitaxy (MBE) or ion implantation to dope GaN with Be, 
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almost exclusively. Due the high toxicity of Be organometallics, reports of GaN:Be by metal-

organic chemical vapor deposition (MOCVD) has been largely absent. Here, we report a 

systematic study of growth of GaN:Be by MOCVD. All doped samples show the established UV 

band and yellow luminescence signature of GaN:Be, and growth conditions resulting in high 

quality GaN with stable Be incorporation were established. Our results show that the MOCVD 

growth technique allows for Be incorporation pathways that have not been possible with previous 

growth methodologies and is highly promising in achieving p-type conductivity in GaN:Be.   

INTRODUCTION 

Over the last three decades, GaN has become an invaluable material for lighting and power 

management applications1–14. Much of the success enjoyed by GaN is due to the realization of p-

type doping, originally by Amano, et al.15. However, despite more than 30 years of development, 

impurity-doped p-type III-Nitrides still suffer from limited carrier concentration and low 

mobility. Mg, the only widely used and presently viable p-type dopant in III-N, is relatively 

deep, with a level at ~160 meV from the valence band edge in GaN16. Because of this, usually 

only ~1% of Mg dopants are activated acceptors at room temperature, and the high Mg 

concentration necessary to achieve even moderate hole concentrations can lead to increased 

impurity scattering and self-compensation by donor-like defects such as VN
17. 

Be has been suggested as an alternative p-type dopant, and early results showed promise18–21. 

A shallow defect state was identified in photoluminescence (PL) experiments with a band 

centered at ~3.38 eV, with an estimated energy level of 118 meV from GaN valence band edge19. 

However, to date, there have been no reliable and repeatable examples of p-type GaN:Be. In fact, 

the majority, if not all, of GaN:Be reported in literature is semi-insulating22–24, though Ahmad, et 
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al. recently claimed to obtain p-type AlN:Be25. Recent calculations from first principles predict a 

deep BeGa polaronic state, 450–650 meV above the valence band edge, perhaps indicating that 

highly conductive GaN:Be is impossible to achieve without some novel activation 

methodologies26–28. However, to date, this deep acceptor state has not been found 

experimentally, and the predicted associated red PL band has never been observed. Recently, 

Demchenko, et al.29 have explained this phenomenon by calculating the capture cross-sections 

for the shallow and deep radiative states; the shallow BeGa state is predicted to be 1–2 orders of 

magnitude more efficient at capturing photogenerated holes than the deep polaronic state. 

Nevertheless, while this shallow state is the shallowest acceptor level known in GaN, the exact 

nature of Be in GaN is not well known. 

In light of the promising evidence through first-principles calculations and PL, the substantial 

challenges standing in the way of GaN:Be development are worth addressing. Aside from one 

reported Be doped GaN using metal-organic chemical vapor deposition (MOCVD)30 over a 

decade ago, no further reporting has been made. While other growth methods such as molecular 

beam epitaxy (MBE) use effusion cells with a metallic Be source for Be doping, lack of further 

follow up in MOCVD could be due to the high toxicity of Be-containing compounds for the Be 

source material, and their resulting difficulty to obtain and utilize. Here, we report on initial 

results toward the optimization of MOCVD growth conditions to achieve controlled Be 

incorporation in GaN and high activation efficiency.  To the best of the authors’ knowledge, no 

other report exists with a systematic reporting of such development in MOCVD growth of 

GaN:Be. 

EXPERIMENTAL 
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GaN:Be layers, ~500 nm thick, were grown on unintentionally doped GaN (u-GaN, n-type) on 

c-plane sapphire substrates in a vertical cold wall MOCVD reactor. Trimethylgallium (TMGa) 

and ammonia (NH3) were used as Ga and N precursors, respectively, with V/III ratio of about 

7000. Beryllium acetylacetonate (Be(acac)2) obtained from Strem Chemicals was used as Be 

precursor (see Supporting Information for SDS). Given the unknown growth space for MOCVD 

of GaN:Be, several growth conditions were investigated while maintaining TMGa flow at 19 

µmol/min, and 970 °C growth temperature, as described in Table 1. For brevity and clarity, we 

discuss a representative set of three growths marked with “*” in Table 1, for which the Be(acac)2 

flow was varied from 460 nmol/min to 3 µmol/min by varying both the Be(acac)2 bubbler 

temperature and the H2 carrier gas flow rate. Molar flows of Be(acac)2 were calculated based on 

vapor pressure values at various temperatures given by Truemper31. Immediately after growth, 

the material was  annealed in situ under flowing N2 at 500 Torr and 750 °C for 30 min without 

removing from the growth chamber. Be concentration in the doped films was determined using 

dynamic secondary ion mass spectroscopy (SIMS) and surface morphology was characterized 

using atomic force microscopy (AFM). Characteristic Be-related defects were identified using 

detailed PL studies. The steady-state PL was excited with a HeCd laser. The as-measured PL 

spectra were corrected for the spectral response of the PL system, and PL intensity was 

additionally multiplied by λ3, where λ is the light wavelength, to present the PL spectra in units 

proportional to the number of emitted photons as a function of photon energy32. Other details of 

PL experiments can be found elsewhere32. Hall effect measurements at room temperature were 

performed, however the results are inconclusive, pointing to the compensated nature of the 

material. 
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Table 1. Growth conditions used for Be doping of GaN thin films. The samples marked with “*” 

are discussed in greater detail. 

Sample ID Growth Pressure 

(Torr) 

Be(acac)2 Temp. 

(°C) 

Carrier Gas 

Flow (sccm) 

Be(acac)2 Molar 

Flow (nmol/min) 

R0039 300 60 120 3000 

R0040* 300 60 120 3000 

R0041 300 60 120 3000 

R0045* 300 40 120 1400 

R0048* 300 40 40 460 

R0049 100 20 120 560 

 

RESULTS AND DISCUSSION 

From detailed PL studies, which included steady-state and time-resolved PL measured in wide 

ranges of temperatures and excitation intensities, we concluded that all GaN:Be samples that we 

studied are semi-insulating. Very intense Be-related yellow band (YLBe) along with the Be-

related UVLBe band were observed in all samples. Fig. 1 shows low-temperature PL spectra from 

the three representative samples. The shape and position of the YLBe band is the same as in Be-

doped GaN samples grown by MBE33. The characteristic feature of the YLBe band is that its 

thermal quenching always demonstrates two steps: a small step at about 100 K and an abrupt step 

at about 200 K29,34. This behavior was observed for all samples, and examples are shown in Fig. 

2. The quenching in semi-insulating GaN:Be samples always occurs by an abrupt and tunable 

mechanism32,35. Namely, the temperature at which the abrupt quenching of PL begins increases 

with excitation intensity (the inset to Fig. 2). 
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The UVLBe band can be recognized by its characteristic shape: a sharp peak at 3.38 eV is 

followed by several LO phonon replicas the intensities of which correspond to the Huang-Rhys 

factor of 0.229,34. At T = 18 K, the UVLBe band is caused by electron transitions from the shallow 

donor to the shallow Be level at 113 meV above the valence band29, the donor-acceptor-pair 

(DAP) transitions. With increasing temperature, the DAP-related peaks gradually disappear and 

a band with a similar shape but shifted by 0.02 eV to higher energies emerges. This new band is 

caused by electron transitions from the conduction band to the same shallow Be level (eA 

transitions). The characteristic transformation of the PL spectrum from DAP to eA has 

previously been observed in MBE-grown GaN:Be samples29,34 and now in this work in 

MOCVD-grown samples. 

The quantum efficiency of the YLBe band (estimated by comparison with calibrated GaN 

samples)32,35 is extremely high and varies from 0.1 to almost 1 in the studied samples. The 

UVLBe band is less intense, and its quantum efficiency slightly increases with excitation 

intensity. The same behavior was observed for GaN:Be grown by MBE34. The Mg-related 

UVLMg band with a peak at 3.27 eV followed by LO phonon replicas was also observed and 

sometimes obscured the phonon replicas of the UVLBe band. Although the UVLMg band is 

relatively strong, it is caused by contamination of Mg with the concentration of ~1015 cm-3 or 

lower32. 
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Figure 1. PL spectra of GaN:Be from samples R0040, R0045, and R0048 collected at 18 K with 

excitation intensity 10-4 W/cm2. The UVLBe peak at 3.38 eV is associated with a shallow 

acceptor level of BeGa, and the YLBe band with a maximum at 2.15 eV is presumably caused by a 

complex defect involving BeGa. The NBE peak at 3.48 eV is the donor-bound exciton.  
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Figure 2. Temperature dependences of the YLBe band intensity at Pexc = 0.0001 W/cm2 for 

R0040, R0045, and R0048 normalized at 18 K. The two-step thermal quenching of the YLBe 

band confirms the Be-related origin of this band. The inset shows the second step of quenching 

at two excitation intensities.  

The [Be] vs. depth profiles for samples R0040, R0045, and R0048 are plotted in Fig. 3. From 

R0040 to R0045, the Be(acac)2 flow was reduced from 3000 nmol/min to 1400 nmol/min by 

reducing the bubbler temperature from 60 °C to 40 °C. The Be concentration profile reveals little 

if any change in Be incorporation between these two samples, despite >50 % decrease in 

Be(acac)2 molar flow. In both samples, the [Be] peaks around 5–6×1019 cm-3 near the surface 

region and shows a gradual decrease deeper into the doped layer. The high [Be] measured within 

the nominally undoped GaN region (deeper than ~500 nm) in Fig. 3 is an artifact. To confirm 

this assumption,  SIMS measurements were repeated after removing the top GaN:Be layer (~600 

nm) using ICP-RIE, with no discernable Be signal detected in the samples. The cause of the 

measurement artifact is unknown at this time; however, it may be the result of non-uniform Be 

incorporation causing the formation of high [Be] domains. Interestingly, despite the presence of 

oxygen in the Be(acac)2 precursor, uniformly elevated [O] was not observed in doped layers. 

However, in all doped material, the [O] gradually decreased with depth for the first 200–300 nm 

down to the bulk [O] value. This long oxygen “tail” was not observed in nominally undoped 

material. Long surface tails in concentrations of common environmental impurities such as 

oxygen and carbon are fairly common in SIMS and generally indicate surface contamination in 

the form of particulate species or an uneven native oxide layer. 
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Figure 3. SIMS concentration-depth profiles of Be in R0040, R0045, and R0048. 

By decreasing the H2 carrier gas flow rate from 120 sccm to 40 sccm, the Be(acac)2 molar flow 

was reduced further to 460 nmol/min for R0048. A decrease in maximum [Be] of over an order 

of magnitude was measured by SIMS, down to 1018 cm-3. Additionally, the incorporation of Be 

at a lower flow rate appears to result in a more controlled incorporation into the material, with a 

nearly constant [Be] measured through the depth of the doped layer and a sharp interface 

between doped and undoped layers. By contrast, the [Be] in R0040 and R0045 decreases through 

the depth. 

It is apparent that at very high Be(acac)2 flow (e.g., R0040, R0045), the [Be] in the GaN 

saturates, and incorporation efficiency decreases. The non-uniform [Be] concentration through 

the depth of the doped layer suggests that surface segregation of Be occurs during growth. 

Surface saturation of Be during growth of GaN:Be using MBE has been reported previously, 

where [Be] increases during the introduction of Be and peaks at or after Be flux is cut off20,36,37. 

Segregation of other common GaN dopants Si and Mg during MOCVD growth has also been 
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observed, particularly when doping concentrations exceed the solubility limit38–41. Theoretical 

calculations indicate that steady-state incorporation of the Mg into GaN during growth occurs 

when the adlayer is populated with ≥0.25 monolayers (ML) of Mg42,43, and X-ray photoelectron 

spectroscopy (XPS) measurements have shown surface [Mg] on as-grown GaN:Mg to be much 

higher than bulk [Mg]39,40. In addition to dopant accumulation at the surface, lateral 

inhomogeneity in heavily doped GaN is also common. In particular, Mg, which is electrically 

similar to Be, is known to segregate into clusters12,44,45.  It is likely that Be behaves similarly to 

other dopants in GaN, particularly Mg. Under conditions where Be(acac)2 flow is very high and 

Be is oversaturated, clusters or second-phase particles of locally high [Be] may form. In the 

current study, increased Be(acac)2 flow, most probably beyond the point of saturation, results in 

depression of the intensity of the UVLBe and excitonic PL peaks, further indicating the presence 

of competing defects and/or degradation of material quality. In contrast, GaN:Be with lower [Be] 

has higher intensity UVLBe and excitonic peaks, as shown in Fig. 1. 

Difficulties with solubility and self-compensation are expected in GaN:Be, owing to the low 

solubility of Be in GaN and the low formation energies of Be3N2 and Bei
2+ 18. The small size of 

Be exaggerates these effects, but low solubility and self-compensation are well-known issues 

with Mg in GaN as well. Methods such as using a pulsed growth method (or δ-doping) have been 

successfully employed in MOCVD GaN:Mg growth to significantly improve Mg incorporation 

and/or activation efficiency2,46 and may be effective in GaN:Be. Other methods, such as the use 

of indium surfactant, have been suggested for improved GaN:Be47. 

AFM scans (Fig. 4) show qualitatively similar surface morphology for R0040 and R0045 with 

prominent step-bunching. In 10 µm × 10 µm scans, the RMS roughness in R0040 and R0045 is 

1.5 nm and 2.3 nm, respectively. In addition to lower [Be] and more controlled Be incorporation, 
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R0048 had a significantly smoother surface with step bunching significantly suppressed, as 

shown in Fig. 5 and RMS roughness is <0.5 nm.  

 

Figure 4. 10 µm × 10 µm AFM scans of (a) R0040 and (b) R0045. Insets are 1 µm × 1 µm scans 

with 3 nm height scale to show morphology of terraces between bunched steps. The RMS 

roughness of both of these scans is 0.3 nm.  The step bunching observed here may be due to 

compressively stressed layers. 

 

Figure 5. 10 µm × 10 µm AFM scan of R0048.  Accompanying SIMS measurement showed 

significantly lower [Be] and more controlled Be incorporation in this sample. 
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X-ray rocking curve (XRC) scans were performed in both symmetric (0002) and asymmetric 

(101̅2) planes on each sample, shown in Fig. 6, to assess crystalline quality. The full width at 

half maximum (FWHM) values of the symmetric XRC scans are similar for all three samples. 

However, the FWHM of the asymmetric XRC from R0048 is significantly smaller than the other 

samples. Dislocation densities were calculated to be 9.6×108 cm-2, 9.7×108 cm-2, and 4.5×108 cm-

2 for R0040, R0045, and R0048, respectively. The reduction in dislocation density by more than 

a factor of two for R0048 is further an indication of Be-related degradation of material quality 

with high dopant precursor flows. Specifically, the increase in asymmetric XRC FWHM 

indicates an increase in edge and mixed dislocation density associated with high [Be]. 

 

Figure 6. (a) symmetric (0002) and (b) asymmetric (101̅2) x-ray rocking curve (ω) scans of 

GaN:Be material. 

Similar results were obtained for other growth conditions shown in Table 1. At the high molar 

flow of Be(acac)2, [Be] saturates and SIMS traces are similar. For Be(acac)2 flow less than ~500 

nmol/min in this experimental set, Be incorporation is controllable and varies with the flow. 

(a) (b) 
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Differences in growth pressure between 100 and 300 Torr appear to have little effect on Be 

incorporation at these growth conditions.  

Although p-type conduction could not be established in the samples in this preliminary study, 

the clear Be-acceptor-related PL peaks observed for every sample indicate that MOCVD has 

great potential as a robust growth methodology toward achieving reliable, high conductivity p-

GaN:Be.  The growth method appears to disfavor an incorporation pathway for oxygen from the 

Be source material which is promising in lowering compensation. 

CONCLUSION 

MOCVD-grown GaN doped in situ with Be was systematically investigated. Growth 

conditions that result in stable [Be] incorporation and smooth GaN surfaces were identified and 

correlated to the flow of Be precursor Be(acac)2. The presence of shallow BeGa acceptors was 

confirmed by detailed PL characterization studies. At high Be(acac)2 flow, [Be] saturates, Be 

incorporation becomes unstable, and material surface quality degrades. Based on these results, it 

appears that Be behaves similarly to other common GaN dopants such as Si and Mg and 

segregates into Be-rich domains when the dopant concentration exceeds the solubility limit in 

GaN. This may contribute to self-compensation, and further study is required to optimize doping 

conditions and mitigate these effects. 

Although samples studied here were compensated and resistive, these preliminary results 

demonstrate the efficacy of MOCVD as a highly promising growth method for the investigation 

of GaN:Be. The clear Be-related PL peaks in every sample studied indicate that this growth 

method shows great potential toward achieving reliable, high conductivity p-GaN:Be.  The 



 14 

growth method appears to disfavor an incorporation pathway for oxygen from the Be source 

material, favorable in lower compensation. 
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