
Enhancement of 1.5 lm emission under 980 nm resonant excitation
in Er and Yb co-doped GaN epilayers

Q. W. Wang, J. Li, J. Y. Lin, and H. X. Jianga)

Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, Texas 79409, USA

(Received 13 September 2016; accepted 3 October 2016; published online 12 October 2016)

The Erbium (Er) doped GaN is a promising gain medium for optical amplifiers and solid-state high

energy lasers due to its high thermal conductivity, wide bandgap, mechanical hardness, and ability

to emit in the highly useful 1.5 lm window. Finding the mechanisms to enhance the optical absorp-

tion efficiency at a resonant pump wavelength and emission efficiency at 1.5 lm is highly desirable.

We report here the in-situ synthesis of the Er and Yb co-doped GaN epilayers (ErþYb:GaN) by

metal-organic chemical vapor deposition (MOCVD). It was observed that the 1.5 lm emission

intensity of the Er doped GaN (Er:GaN) under 980 nm resonant pump can be boosted by a factor of

7 by co-doping the sample with Yb. The temperature dependent PL emission at 1.5 lm in the

ErþYb:GaN epilayers under an above bandgap excitation revealed a small thermal quenching of

12% from 10 to 300 K. From these results, it can be inferred that the process of energy transfer

from Yb3þ to Er3þ ions is highly efficient, and non-radiative recombination channels are limited

in the ErþYb:GaN epilayers synthesized in-situ by MOCVD. Our results point to an effective

way to improve the emission efficiency of the Er doped GaN for optical amplification and lasing

applications. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964843]

Rare earth (RE) doped semiconductors have been exten-

sively investigated for applications in optoelectronics and

optical communications. It is well established that the ther-

mal stability of RE emission increases with an increase in

the energy gap and the ionicity of the host materials.1–4 As

such, GaN has been recognized as an excellent host for RE

doping.4–7 In particular, the erbium (Er) doped GaN

(Er:GaN) has been extensively studied.8–14 Er:GaN is a very

promising gain material for optical amplifiers15 and high

energy lasers16 due to its emission at the wavelength of

1.5 lm, which coincides with the wavelength of lowest atten-

uation in silica optical fibers,17–19 and it has high transmis-

sion in the atmosphere,20 and has a relatively high upper

limit of eye-safe laser exposure.21 Moreover, GaN possesses

a high thermal conductivity (j¼ 253 W/m�K) and a low ther-

mal expansion coefficient (a� 3.53� 10�6 �C�1),22 making

it highly attractive as a laser gain medium because the maxi-

mum achievable lasing power for a solid-state laser, to the

first order, is characterized by the thermal shock parameter

of j/a2.23–26 For all the emerging applications, finding mech-

anisms to further enhance the Er emission at 1.5 lm in

Er:GaN is highly desirable.

It has been well established that Er and ytterbium (Yb)

co-doping in a solid host is an effective approach to enhance

the Er emission at 1.5 lm under 980 nm resonant excita-

tion.24,27–31 This is due to the fact that the absorption cross

section of Yb3þ at 980 nm is about one order of magnitude

larger than that of Er3þ. In the Er and Yb co-doped materials,

Yb3þ ions act as sensitizers by absorbing 980 nm excitation

photons and then transferring energy resonantly from their

excited 2F5/2 state to the 4I11/2 level of Er3þ ions.24,27–31 This

efficient resonant energy transfer process is facilitated by the

close match between the energy levels of the 2F5/2 state of

Yb3þ and the 4I11/2 state of Er3þ. This transfer is then fol-

lowed by a rapid nonradiative decay to the first 4I13/2 excited

manifold of Er3þ ions, after which a direct transition to the
4I15/2 ground state of Er3þ occurs, resulting in the 1.5 lm

emission.31 The incorporation of Yb at a doping level similar

to that of Er is thus expected to provide a nearly one order of

magnitude enhancement in the effective optical absorption

efficiency at 980 nm and hence a higher emission efficiency

at 1.5 lm.31 Different methods have been employed to obtain

Er and Yb co-doped semiconductors so far, including mag-

netron sputtering27,28 and ion-implantation.29 Compared to

these methods, in-situ co-doping of Er and Yb via epitaxial

growth has the advantages of providing a more uniform dis-

tribution of RE concentrations and reduced impact to the

crystalline quality of the host crystals;30 however, this had

not been previously attempted in GaN. We report here the

in-situ synthesis of the Er and Yb co-doped GaN epilayers

(ErþYb:GaN) using metal-organic chemical vapor deposi-

tion (MOCVD).

The inset of Fig. 1 shows the schematic structure of the RE

doped GaN epilayers (RE:GaN) used in this study, which were

grown on the (0001) sapphire substrates. Trimethylgallium

(TMG) and NH3 served as the Ga and N sources, respectively.

The precursors used for Yb and Er dopants were tris(cyclopen-

tadienyl)ytterbium and tris(isopropylcyclopentadienyl)erbium,

respectively. The precursors for Ga, Yb, and Er were held in

stainless steel bubblers at 3 �C, 60 �C, and 60 �C, respec-

tively, and were carried into the reactor by H2 gas, and their

flow rates were controlled by metal-sealed mass flow control-

lers. Prior to the growth of the RE doped epilayer, a thin GaN

buffer layer was first deposited on the sapphire substrate at

550 �C, followed by the growth of an undoped GaN epilayer

template of 1.2 lm in thickness. This was then followed by

the growth of a 0.5 lm RE doped GaN epilayer. The growth

temperature of the GaN epilayer template and RE doped GaNa)hx.jiang@ttu.edu
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epilayers was 1050 �C. During the growth process, an inter-

ferometer consisting of a 670 nm laser was used to monitor

the growth rate and surface conditions, and the typical growth

rate was 1.5 lm/h. The relative Er and Yb concentrations in

the RE doped GaN epilayers were controlled by the flow rates

of hydrogen to the bubblers containing the metal organic

sources of Er and Yb. Consequently, the reported flow rates

of Er and Yb are referring to the flow rates of hydrogen to the

bubblers of Er and Yb, respectively. For comparison studies,

pure Yb doped GaN (Yb:GaN) and Er doped GaN (Er:GaN)

epilayers were also synthesized to serve as reference samples

to guide the growth of the ErþYb:GaN epilayers. The

ErþYb:GaN epilayers were grown using similar growth con-

ditions established for the Er:GaN and Yb:GaN epilayers.

Secondary-ion mass spectrometry (SIMS) was performed by

Evans Analytical Group (EAG, Inc.) to probe the Er and Yb

concentration profiles in the RE doped GaN epilayers. For

instance, for an ErþYb:GaN epilayer grown under a Yb

flow rate of 1.8 standard liters per minute (SLM) and an Er

flow rate of 2.2 SLM, SIMS results shown in Fig. 1 revealed

that the concentrations of Er and Yb are quite uniform

throughout the crystal and are about 1.0� 1020 and

1.5� 1020 atoms/cm3, respectively. The effects of co-doping

on the 1.5 lm emission properties of the ErþYb:GaN epi-

layers were probed by photoluminescence (PL) spectroscopy.

For room temperature PL spectra measurements, the excita-

tion sources used consist of diode lasers operating at 375 nm

and 980 nm, and the infrared PL spectra near 1.5 lm were

recorded by an InGaAs infrared photodetector in conjunction

with a spectrometer providing a spectral resolution of 3 nm.

The temperature dependent PL spectra near 1.5 lm were

excited by a frequency-tripled Ti:Sapphire laser at 260 nm

and recorded by a 1.3-m monochromator providing a spectral

resolution of 0.1 nm. The impact of Er and Yb co-doping on

the crystalline quality of ErþYb:GaN epilayers was evalu-

ated by X-ray diffraction (XRD) measurements.

To provide a reference for the co-doped samples and

verify the incorporation of Yb, the room temperature PL

emission spectra of Yb:GaN epilayers grown under varying

Yb flow rates were measured under a near bandgap excita-

tion (kexc¼ 375 nm), and the results are shown in Fig. 2(a).

The Yb:GaN epilayers exhibit emission peaks around 1 lm,

resulting from the quasi-three-level 2F5/2 ! 2F7/2 transition

in Yb3þ ions.31 These emission lines have been previously

observed in the Yb ion-implanted materials29,32 and the Yb

doped InP.30 The integrated emission intensity near 1 lm of

Yb:GaN epilayers as a function of the Yb flow rate shown in

Fig. 2(b) confirms that the Yb3þ related emission intensity

increases almost linearly with an increase in the Yb flow rate

employed during the growth, establishing appropriate flow

rates for Yb.

To obtain the ErþYb:GaN epilayers, the Er flow rate

was set at a value of 2.2 SLM, and the Yb flow rate was varied

from 0.9 to 2.4 SLM with an increment of 0.3 SLM. XRD was

used to characterize the influence of Yb incorporation on the

crystalline quality of the ErþYb:GaN epilayers. A pure Er

doped GaN epilayer (Er:GaN) grown at an Er flow rate of 2.2

SLM has a typical full width at half maximum (FWHM) of

the GaN (0002) XRD rocking curve (x-scan) of �430 arcsec.

As shown in Fig. 3(a), the FWHM of GaN (002) rocking curve

increases with an increase in the Yb flow rate (or Yb concen-

tration) for the ErþYb co-doped epilayers. For a clear illus-

tration, we plot in Fig. 3(b) the FWHM of GaN (002) rocking

curve as a function of the Yb flow rate, and the results indicate

that FWHM increases roughly linearly with the Yb flow rate

FIG. 1. SIMS profiles of Er and Yb concentrations in an ErþYb:GaN epi-

layer grown under a Yb flow rate of 1.8 SLM and Er flow rate of 2.2 SLM.

The inset is a schematic structure of ErþYb:GaN epilayers used in this study.

FIG. 2. (a) Room temperature PL spectra of Yb:GaN obtained under a near

band edge excitation (kexc¼ 375 nm). (b) Integrated PL intensity near 1 lm

(integrated from 940 to 1060 nm) as a function of the Yb flow rate.
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and reaches �540 arcsec for a Yb flow rate of 2.4 SLM. The

results shown in Fig. 3(b) thus suggest that increasing the Yb

concentration introduces more defects in the ErþYb co-

doped GaN epilayers during growth. This can be attributed to

the fact that both the atomic sizes of Er and Yb ions are larger

than that of Ga. During in-situ doping via MOCVD growth, Er

and Yb are expected to replace Ga,33,34 and their incorporation

will induce stress in GaN due to the difference in the atomic

sizes between Yb/Er atoms and Ga atoms. Therefore, a certain

number of defects and dislocations will be generated in order

to compensate for the atomic size differences as well as stress

in the ErþYb:GaN epilayers.

The PL emission spectra near 1.5 lm of the same set of

ErþYb:GaN epilayers have also been measured at room tem-

perature under a near band edge excitation (kexc¼ 375 nm),

and the results are shown in Fig. 3(c). The integrated emission

intensity as a function of the Yb flow rate is plotted in Fig.

3(d). The results clearly show that the emission intensity near

1.5 lm under a near band edge excitation (kexc¼ 375 nm)

decreases with an increase in the Yb flow rate, corroborating

the observation of a reduction of crystalline quality with an

increase in the Yb flow rate shown in Figs. 3(a) and 3(b). In a

band-to-band or near band edge excitation scheme, the excita-

tion of RE ions has to involve the generation of free or bound

excitons and their subsequent energy transfer to RE ions. The

results shown in Figs. 3(c) and 3(d) suggest that the genera-

tion efficiency of excitons as well as their energy transfer to

Er3þ ions under a near bandgap excitation scheme is impacted

by an increase in the dislocation density or reduction in the

crystalline quality, which in turn reduced the 1.5 lm emission

intensity. It was previously observed that the optical attenua-

tion coefficient at 1.5 lm in Er:GaN waveguides increases lin-

early with the GaN (002) XRD rocking curve linewidth.35

The present results of XRD and 1.5 lm PL emission under a

band edge excitation hint that a tradeoff between the benefits

gained from co-doping and impact of co-doping on the crys-

talline quality may need to be considered for the implementa-

tion of practical devices such as Er:GaN waveguide optical

amplifiers.

The expected major benefit of Yb and Er co-doping is

the enhancement of the absorption efficiency at 980 nm via

the sensitization effect.24,27–31 The room temperature PL

spectra of the same set of ErþYb:GaN epilayers grown

under varying Yb flow rates from 0 to 2.4 SLM and a fixed

Er flow rate of 2.2 SLM were measured under 980 nm reso-

nant excitation, and the results are presented in Fig. 4(a). For

the Yb flow rates below 1.0 SLM, there is no gain in the Er

related emission intensity at 1.5 lm in ErþYb:GaN over

Er:GaN. The improvement in the 1.5 lm emission intensity

in the ErþYb:GaN epilayers over Er:GaN epilayers

becomes gradually visible when the Yb flow rate is increased

beyond 1.0 SLM. The integrated emission intensity near

1.5 lm is plotted in Fig. 4(b) as a function of the Yb flow

rate. It is clear that the Er related emission intensity at

1.5 lm reaches a maximum enhancement factor of 7 when

the Yb flow rate was at 1.8 SLM, beyond which a further
increase in the Yb rate resulted in a reduction in the emission

intensity at 1.5 lm. This behavior could be related to a

reduction in the crystalline quality or Yb ion-ion cluster for-

mation at higher Yb flow rates. However, the observed

enhancement in the 1.5 lm emission efficiency in MOCVD

grown ErþYb:GaN epilayers over Er:GaN epilayers is con-

sistent with the expected sensitization effect.24,27–31

A low thermal quenching of 20% in the 1.54 lm emission

from 10 to 300 K has been previously observed in the Er:GaN

epilayers for an above bandgap excitation (kexc¼ 263 nm).12 A

band-to-band excitation can excite both the isolated RE centers

as well as defect-related RE optical centers.36 In the case of

isolated RE optical centers, the photo-generated excitons are

trapped immediately by Er3þ ions affected very little by any

non–radiative processes. In the case of defect-related optical

centers (RE ions strongly associated with nearby defects or

impurities), the photo-generated excitons are first trapped by

impurities or local defects near RE ions, followed by a non-

radiative energy transfer to RE ions. Therefore, a band-

to-band excitation process could involve more non-radiative

recombination channels than a resonant excitation at 980 nm,

which provides a photon energy perfectly matching with a

FIG. 3. (a) The XRD rocking curves

of GaN (002) of the representative

ErþYb:GaN epilayers grown under

varying Yb flow rates, whereas the Er

flow rate was fixed at 2.2 SLM. (b)

Plot of the full width at half maximum

(FWHM) of the GaN (002) XRD rock-

ing curve as a function of the Yb flow

rate from 0 to 2.4 standard liters per

minute (SLM), whereas the Er flow

rate was fixed at 2.2 SLM. (c) Room

temperature PL spectra of the same set

ErþYb:GaN epilayers grown under

varying Yb flow rates under a near

band edge excitation (kexc¼ 375 nm).

(d) Integrated PL intensity near 1.5 lm

(integrated from 1.48 to 1.6 lm) as

a function of the Yb flow rate under

a near band edge excitation (kexc

¼ 375 nm).
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higher-lying inner shell transition in both Yb3þ and Er3þ

ions. To make a fair direct comparison with the Er:GaN epi-

layers, the temperature dependent PL spectra of the co-doped

sample exhibiting the maximum enhancement in the 1.5 lm

emission, i.e., an ErþYb:GaN epilayer grown at a Yb flow

rate of 1.8 SLM and Er flow rate of 2.2 SLM, were measured

under an above bandgap excitation using kexc¼ 260 nm and

recorded by a 1.3-m monochromator, as shown in the inset of

Fig. 5. Two emission peaks at 1.538 lm and 1.560 lm were

resolved more prominently in the low temperature PL spec-

tra. The integrated PL emission intensity near 1.5 lm as a

function of temperature for this sample is plotted in Fig. 5.

The results revealed a thermal quenching of 12% in the

1.5 lm emission intensity from 10 K to 300 K. The small ther-

mal quenching associated with the 1.5 lm emission resulting

from the 1st excited manifold (4I13/2) to the ground state

(4I15/2) in Er3þ ions implies that the process of energy transfer

from the Yb3þ to Er3þ is very efficient and is also much

shorter than the recombination lifetime of the 2F5/2-2F7/2 tran-

sition in Yb3þ ions.29 Furthermore, this small thermal

quenching implies that there are many more isolated RE opti-

cal centers than the defect-related optical centers in the

ErþYb:GaN epilayers as in the case of Er:GaN epilayers, in

which more than 70% of the contribution to the 1.5 lm emis-

sion is from the isolated Er optical centers.36

In summary, the Er and Yb co-doped GaN epilayers

have been synthesized in-situ by MOCVD. The XRD and PL

results revealed that co-doping boosts the 1.5 lm emission

efficiency by a factor of up to 7 under 980 nm excitation

despite a reduced crystalline quality due to the incorporation

of Yb. A small thermal quenching of only 12% of the 1.5 lm

emission from 10 K to 300 K was measured for the

ErþYb:GaN epilayers, implying that the energy transfer

processes are very efficient and the non-radiative recombina-

tion channels are limited. The results suggest that the

ErþYb:GaN epilayers are promising for devices applications

at room and elevated temperatures.
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