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A B S T R A C T   

Passivation of dangling bonds at the cleaved mirror facet and its durability are fundamental features of semi-
conductor lasers to obtain reliable operation with a long device lifetime. The high non-radiative recombination 
activity of the surface states needs to be controlled to prevent the Fermi level pinning before the deposition of 
mirror coating materials. Here, we report the incorporation of plasma cleaning of the facet and ZnO film as a 
passivation layer for the fabrication of high-power semiconductor lasers. The Argon plasma cleaning process was 
investigated to eliminate surface contamination without damaging the cavity surface. The ZnO passivation films 
were systematically studied by varying the chamber pressure and sputtering power of the radio frequency (RF) 
sputter coating process. We obtained homogeneous and dense ZnO films with high surface quality and optical 
absorption coefficient of zero. By incorporating the optimum plasma cleaning and passivation layer parameters, 
GaAs-based laser devices with significantly improved catastrophic optical mirror damage (COMD) power were 
achieved. COMD threshold was increased from 11.9 W to 20.7 W. The life test results demonstrate no failure for 
facet cleaned and passivated devices for more than 500 h, confirming the long-term effectiveness of the process 
for actual device integration.   

1. Introduction 

The catastrophic optical mirror damage (COMD) is a key issue 
limiting the reliability of laser diodes (LDs), resulting from the wafer 
cleaving requirement of edge-emitting LDs. When a wafer is cleaved into 
bars, dangling bonds are formed on the cavity surface of LDs and they 
are exposed air. For a clean GaAs/AlGaAs surface, such exposure to air 
or photons will create oxide components. These will pin the Fermi-level 
within the bandgap and introduce a high density of surface energy states 
resulting in non-radiative recombination centers. Non-radiative recom-
bination in these states will generate a large amount of heat on the cavity 
surface, and the heat will accelerate the surface oxidation, thus forming 
a vicious cycle. This thermal effect reduces the material bandgap at the 
facet, enhances the absorption of light, and thus makes the cavity sur-
face hotter. This process eventually induces the emergence of COMD for 
the LDs when it reaches a critical temperature [1-3]. To increase the 
COMD threshold of LDs, various techniques have been explored and 
applied to LDs such as bar cleaving in ultra-high vacuum (UHV) 

environment following with in-situ passivation of the facet [4], air- 
cleaving with various surface passivation methods on the laser facet 
[5], low power density design [6], non-absorbing window technology 
[7], unpumped window design [8,9], quantum well intermixing 
[10,11], and facet cooling technique using separate pumped window 
[12,13]. All of these methods have raised the COMD threshold of the 
LDs. Although, LDs with record high output power [14,15] and perfor-
mance [16,17] has been demonstrated, COMD improvement is still a 
major performance metric and research topic with academic and com-
mercial interest. 

Bar cleaving in UHV with in-situ facet passivation avoids native- 
oxide formation and hence non-radiative recombination. This 
approach yields a high-quality facet with long device lifetime but it has 
rather low productivity. This led the industry to combine laser bar 
cleaving in air with subsequent native oxide removal and passivation of 
the cleaned surfaces using standard high vacuum (HV) or UHV pro-
cessing [4]. The cleaning process can be implemented by physical 
treatment (e.g., Ar+, N+ sputtering to clean the air-cleaved facets with a 
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certain energy [23,24]) or chemical reaction (e.g., H+, NH3
+ [5,18]) 

methods. The physical methods inevitably introduce surface defects, 
which can be greatly suppressed by using suitable cleaning conditions. 
Among the above technologies, surface passivation methods for III-V 
semiconductors are possibly the most explored because of their 
simplicity and versatility with applications in microelectronic and op-
toelectronic devices [19,20]. The passivation materials should prefer-
ably have features such as wide energy bandgap, high optical 
transmittance, simple deposition process, high throughput and low cost. 
ZnSe was first chosen as the passivation material in the last century 
[21,22]. It was demonstrated that a ZnSe thin film deposition by mo-
lecular beam epitaxy (MBE) could prevent facet degradation for LDs, 
thereby improving its long-term stability and reliability under high- 
power operation. However, MBE growth of materials comes at the 
expense of high production cost and complexity with low throughput 
compared to the conventional physical deposition methods. ZnSe was 
also applied for LDs with Al-containing active region using the electron- 
beam evaporation method, which was demonstrated to be an effective 
way for improving the reliability of high-power lasers [23]. In recent 
years, AlxNy thin film sputtering combined with nitrogen plasma 
cleaning pretreatment was reported for GaAs-based LDs [24], and 
accelerated aging test results showed significantly improved device 
reliability. SiNx film coated on a photonic crystal-laser diode was 
demonstrated by employing the sputtering method [25]. The plasma 
cleaning process was adopted to eliminate defects and improve the 
quality of the cavity surface. The COMD threshold was increased from 5 
to 15.2 W resulting in higher reliability. 

Of all the passivation materials, zinc oxide (ZnO) is also suitable for 
its great properties such as wide bandgap (3.30 eV at room temperature) 
[26], high laser damage threshold (1.03 × 109 W/cm2 at 1064 nm 
wavelength and 2 Hz repetition rate) [27], high thermal conductivity 

(100 W/m⋅k at room temperature) [28], high melting point (2248 K) 
[29], high transmittance (≥95% in the visible light wavelength range) 
[30], and high mechanical hardness (9.2 GPa for films annealed at 300 
℃) [31]. Although there are O atoms in Zn-O bonds, it is almost 
impossible for ZnO to react with Ga or As due to the large Zn-O bond 
strength (i.e., cohesive energy ~ 7.5 eV) [5,32], which makes ZnO a 
strong candidate for surface passivation. ZnO film was shown to 
passivate the GaAs surface with significant suppression of both Ga-O 
bond formation near the interface and As segregation at the interface. 
Trapping of carriers in oxide defects were effectively suppressed with 
energies near the valence band edge of GaAs [33]. Metal-organic 
chemical vapor deposition (MOCVD) deposited ~ 2 nm-thick ZnO 
passivation layer was demonstrated to effectively suppress the oxide 
formation and minimize the Fermi level pinning, a MOS device with 
leakage current reduced from 3 × 10-4 A/cm2 to 10-7 A/cm2 [34,35]. 
ZnO layer was shown as a strong diffusion barrier between Al2O3 and 
GaAs, effectively reducing the chance of Ga and As on the GaAs surface 
contacting the oxygen atoms in Al2O3 [36]. The application of ZnO for 
the passivation of AlGaAs surfaces and LDs have not been reported yet. 
Therefore, a systematic investigation of ZnO passivation films and their 
impact on LD performance are of high academic and commercial 
interest. 

This paper focuses on the Ar plasma cleaning and ZnO passivation 
processes for LD facet and the impact on reliability. By implementing Ar- 
plasma cleaning, no obvious cleaning defects were introduced, and the 
oxidation and carbon contamination of LD facet can be removed to a 
large extent. The passivation process was optimized by adjusting 
chamber pressure and sputtering power to get a low absorption and low 
roughness ZnO film. The LD facet treatment combined with the opti-
mized Ar-plasma cleaning and ZnO passivation conditions results in 
significantly enhanced COMD power and a longer accelerated lifetime, 

Fig. 1. The change of (a) C1s (b) O1s (c) Ga3d and (d) As3d XPS peaks during the Ar-plasma cleaning process of the LD cavity surface.  
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Fig. 2. The XPS spectra of C1s (a, b), O1s (c, d), Ga3d (g, h), and As3d (e, f) before (left) and after (right) the facet cleaning process.  
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demonstrating the effectiveness of the method for LD reliability 
improvement. 

2. Facet cleaning process 

The LDs facet is the natural cleavage surface of GaAs. The existence 
of dangling bonds makes the facet easy to absorb impurities such as 
oxygen and carbon, forming a relatively high surface state density. The 
native oxide forms rapidly and grows to a thickness of more than 1 nm 
within a few minutes [37]. This results in the Fermi level pinning effect, 
which will degrade the electrical and optical properties of the LDs 
[2,38]. To eliminate these surface states, the Ar-plasma cleaning was 
adopted for the LDs facet before the passivation process. This cleaning 
process was relatively moderate because higher plasma power and 
higher gas flow may introduce more defects. Based on this consider-
ation, the cleaning conditions were set as plasma power of 30 W, the gas 
flow of 30 sccm, chamber pressure of 5 mTorr, and sample stage tem-
perature control of 35 ℃, which are applied on air-cleaved wafers. The 
surface orientation of the air-cleaved wafers used for the facet cleaning 
development was (110). The cleaning time needs to be controlled to 
maximize the removal of contaminants and oxides on the LDs facet 
without surface damage. We varied the cleaning duration from 0 to 20 
min. The cleaned sample was transferred through a vacuum line to the 
XPS chamber for characterization. The XPS data were obtained using Al 
Kα monochromatic excitation source operated at 1486.6 eV and 25 W. In 

the quantitative analysis, we used CasaXPS software. Fig. 1 shows the X- 
ray photoelectron spectroscopy (XPS) changes of C1s, O1s, Ga3d, and 
As3d peaks during the cleaning process using the conditions detailed 
above. In the beginning, there is a strong C1s peak centered at 284.8 eV, 
corresponding to the C-C bond, and gradually decreased during the 
cleaning process. The C1s peak is close to zero after continuous cleaning 
for 12 min, which indicates that the carbon contamination has been fully 
eliminated. The O1s peak mainly contains Ga2O3 (centered at 530.8 eV) 
and As2O3 (centered at 531.7 eV), which are almost completely removed 
after cleaning for 20 min. Compared with the carbon contamination 
distributed only on the cleaved surfaces of the LDs, the oxide can spread 
into the near-surface of the bulk material, requiring a prolonged 
cleaning time. Fig. 1(c) and 1(d) illustrate the modification in XPS 
spectra of Ga3d and As3d during the cleaning process. The different 
cleaning time for the Ga2O3 (centered at 20.6 eV) and As2O3 (centered at 
44.9 eV) is mainly due to their different proportions in the GaAs, as 
elaborated later in Fig. 2(c). The O1s peak is split, and the fitting dem-
onstrates a higher Ga bond with a Ga2O3/As2O3 ratio of 1.5. 

To have a more detailed analysis, Fig. 2 illustrates the impact of the 
procedure by comparing the XPS spectra before (left column) and after 
(right column) the cleaning process. As shown in Fig. 2(a) and (b), the 
C1s peak signal disappeared after 12 min of cleaning, indicating that the 
carbon contamination had been completely eliminated. Fig. 2(c) and (d) 
demonstrate the O1s peak change before and after 20 min of Ar-plasma 
cleaning. The high-resolution O1s peak can be split and fit into two 
different sub-peaks before cleaning. It marks that 531.2 eV and 532.1 eV 
correspond to Ga2O3 and As2O3, with the proportion of 60% and 40%, 
respectively. The binding energies and corresponding percentages of the 
two oxides are consistent with the previously reported results [39,40]. 
This indicates that the oxide layer is essentially enriched in the Ga2O3 
phase for the naturally oxidized GaAs surface. The O1s peak almost 
totally disappeared after cleaning for 20 min. Fig. 2(e) is the high- 
resolution As3d XPS spectra of the natural cleavage surface for LD. 
The fitting shows two sub-peaks. The peak at 44.7 eV corresponds to 
As2O3 with a ratio of 20.7%, and the Ga-As peak is centered at 41.2 eV 
with a ratio of 79.3%. The As2O3 peak disappeared after cleaning for 12 
min, as shown in Fig. 2(f). Fig. 2(g) is the XPS spectra of Ga3d for the as- 
cleaved surface. Three distinctive subpeaks are identified as Ga-As (19.2 
eV), Ga2O3 (20.5 eV), GaN (17.7 eV) with the corresponding proportions 
of 58.3%, 39.4%, and 2.3%, respectively. The appearance of the GaN 
peak is likely due to the nitriding effect of air on the cavity surface. After 
cleaning for 20 min (Fig. 2h), the GaN peak was removed, and the Ga2O3 
peak was dramatically reduced to 3.1%. The removal of Ga2O3 slowed 
down with process times longer than 14 min. Ga2O3 was not entirely 
eliminated even for longer than 20 min of processing. Since the extended 
duration of physical cleaning times may inevitably introduce non- 
radiative surface defects, our study’s cleaning time was limited to 20 
min. Fig. 3 shows the SEM picture of the LD facet before and after argon 

Fig. 3. The SEM images of the LD facet (a) before and (b) after Ar-plasma cleaning for 20 min.  

Fig. 4. The influence of chamber pressure on extinction coefficient and 
refractive index (the inset) of the ZnO films at the sputtering power of 35 W. 
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plasma cleaning for 20 min. The cleaning process induced no apparent 
defect at the facet surface. 

3. ZnO passivation study 

Undoped (100) GaAs substrates were first immersed in H2O2- 
NH4OH-H2O liquid for 30 s with the ratio of 1:1:2 to degrease the wafers 
and remove surface oxide. Then, they were rinsed in deionized water for 
1 min and dried by nitrogen. A radio-frequency (RF) plasma-enhanced 
magnetron sputtering machine was employed to obtain thin ZnO 
films. The deposition was carried out at room temperature, where the 
chamber pressure was varied in the range of 0.4 to 1.0 Pa. The sputtering 
power was varied between 20 and 60 W to obtain the optimum ZnO 
deposition conditions. 20 nm thick ZnO films were deposited for the 
characterization. GaAs wafers were used to characterize the refractive 
index (n) and extinction coefficient (k) of the films. For optical band gap 
(Eg) measurements, ZnO was deposited on high transmittance high pu-
rity Al2O3 substrates. Refractive index and extinction coefficient data 

were obtained using a spectroscopic ellipsometer (SE). 

3.1. Chamber pressure 

Fig. 4 shows the influence of chamber pressure on the refractive 
index and extinction coefficient. The sputtering power (Psput) was kept 
at 35 W to better compare the effect of different chamber pressures. With 
higher pressure, the refractive index reduces in the wavelength range of 
200 nm to 1700 nm. The higher amount of argon at higher pressure 
increases the collision between the argon and the sputtered ZnO parti-
cles. This results in a smaller mean free path and reduced kinetic energy 
of the ZnO particles reaching the substrate. The adhesion of the ZnO film 
to the substrate and the structural compactness will decrease, and all 
these factors together lead to reduced density and lower refractive index 
of the film. The changing trend of the extinction coefficient with pres-
sure is the same as the refractive index. The corresponding extinction 
coefficient under different pressure conditions is zero when the wave-
length is longer than 400 nm. The k = 0 corresponds to ultra-low optical 
absorption and is critical for improved COMD levels [25]. 

According to the interband absorption theory, the optical band gap 
(Eg) of ZnO films was calculated based on the following relation [41]: 

(αhv) = A(hν − Eg)
n (1)  

where α is absorption coefficient of the film, hν is the incident photon 
energy, A is a constant, n is determined by the transition type, being 1/2 
for the direct transition, 3/2 for the direct forbidden transition, 2 for the 
indirect transition, and 3 for the indirect forbidden transition [42]. 

The plotting of (αhν)1/n against hν and then Eg is obtained by 
extrapolating the curve to the hν intercept. Fig. 5 shows the results of 
(αhν)2 versus photon energy for the ZnO films under different chamber 
pressures. The results obey the equation (1) with n = 1/2, indicating a 
direct transition as expected for the band-edge region [43]. As the 
chamber pressure increased from 0.4 Pa to 1.0 Pa, the optical band gap 
Eg also increased from 3.22 eV to 3.31 eV. Burstein-Moss effect is 
commonly considered for such an increase in the bandgap of the film 
due to the carrier concentration effects [44]. However, this is not related 
to our case since no such doping is involved in our process. We speculate 
that this change might be related to the stoichiometry of the deposited 
materials. 

Surface images obtained by three-dimensional atomic force 

Fig. 5. The relationship of (αhν)2 and photon energy (hν) for the ZnO films 
with the various chamber pressure at 35 W. The inset shows the optical 
bandgap as a function of the chamber pressure. 

Fig. 6. The three-dimensional AFM morphology of the ZnO films (2 μm × 2 μm), sputtered by different chamber pressures. (a) 0.4 Pa, (b) 0.6 Pa, (c) 0.8 Pa, (d) 1.0 
Pa. (e) RMS roughness and refractive index change with pressure at Psput. = 35 W. 
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microscopy (AFM) show different morphology for the ZnO/GaAs films, 
as shown in Fig. 6. The root-mean-square (RMS) roughness (Rrms) of the 
ZnO/GaAs films under different chamber pressures are 0.70 nm (0.4 Pa), 
0.83 nm (0.6 Pa), 1.37 nm (0.8 Pa), and 1.52 nm (1.0 Pa). The increased 
Rrms with pressure indicates degradation in the surface quality of the 
film. The ZnO particles deposited on the GaAs surface do not gain 
enough energy when the chamber pressure is too high. Thus, these 
particles cannot spread, combine and form large crystal grains, which is 
the necessary process of the ZnO film growth. Fig. 6(e) shows the vari-
ation of RMS roughness and refractive index with pressure. A low sur-
face roughness corresponds to a high optical refractive index and 
indicates a better film quality at 0.4 Pa. 

3.2. Sputtering power 

Fig. 7 depicts the refractive index and extinction coefficient versus 
wavelength for the ZnO films under different sputtering power and 
maintaining the chamber pressure of 0.4 Pa. The refractive index shows 

a downward trend as the wavelength increases from 400 nm to 1700 nm. 
Besides, the refractive index of the ZnO film increases with the rise of the 
sputtering power. This can be explained by the fact that when the argon 
plasma obtains higher energy, on the one hand, the number of ZnO 
particles sputtered per unit time will increase, and more particles can 
directly collide to form crystal nuclei. On the other hand, the sputtered 
ZnO particles have higher energy, which leads to higher migration ki-
netic energy of these particles on the surface of the substrate. Therefore, 
surface diffusion and bonding can occur more easily to form crystal 
nuclei, and these crystal nuclei are the key to creating a denser structure 
and higher refractive index ZnO film. Fig. 8 presents the AFM charac-
terization results. The measured RMS roughness values show a 
decreasing trend as the sputtering power increases, consistent with the 
refractive index results. It is mainly due to the denser film structure with 
higher sputtering power. 

Fig. 7. The influence of sputtering power on extinction coefficient and 
refractive index (the inset) of the ZnO films at the chamber of 0.4 Pa. 

Fig. 8. The AFM morphology of the ZnO films at 0.4 Pa under sputtering power levels of (a) 20 W, (b) 30 W, (c) 40 W, (d) 50 W, (e) 60 W. (f) The variation of RMS 
roughness and refractive index with sputtering power. 

Fig. 9. Curves of power versus current for three different facet treat-
ment methods. 
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4. Results of LDs reliability with Ar-cleaning and ZnO 
passivation film 

We fabricated high-power GaAs-based LDs with AlGaAs waveguide 
and InAlGaAs single QW active region. The LDs have a cavity length of 4 
mm and a waveguide width of 200 µm for laser emission around 808 nm. 
We applied three sets of conditions on these LDs to prove the effec-
tiveness of the cleaning and passivation process presented herein. Our 
goal was to test their COMD levels and implement an aging test to un-
derstand the effectiveness of the applied processes. In the beginning, LDs 
in all the sets were cleaved in an atmospheric environment. In the end, 

the anti-reflective (AR) and high-reflective (HR) mirror coating were 
deposited with high transmittance (SiO2) and high reflectivity films 
(SiO2/Si3N4/Si multilayer). In the first set, the mirror coating process 
was applied without any cleaning and passivation process. As shown in 
Fig. 9 at 25 ◦C heat-sink temperature, these LDs demonstrated the lowest 
COMD power with a typical value of 11.9 W. In the second set, the LDs 
facets were cleaned by Ar-plasma before the mirror coating step. This 
treatment increased the COMD level to 18.1 W. In the third set, the LDs 
were applied with the optimized Ar-cleaning and ZnO passivation film 
(12 nm thick) before coating. A vacuum piping connects the cleaning 
and the sputtering equipment to eliminate the contamination and 
oxidation of the cleaned facet in the transfer process. The cleaning 
combined with ZnO passivation procedures increased the COMD level to 
20.7 W, which happened after the power rollover. The COMD occurred 
after power rollover both for the ZnO passivated, and unpassivated LDs 
with facet cleaning indicating the effectiveness of the above cleaning 
process. The difference in their thermal rollover can be attributed 
mainly to chip-to-chip variation. Life test results are essential to clarify 
the critical benefit and robustness of the passivation process. Hence, the 
LDs were tested to investigate the long-term strength and reliability of 
the applied process. Fig. 10 shows the normalized power of five 
unpassivated and five passivated LDs aged without burn-in in a constant 
current regime at 12.5 A (13 W) and 45 ℃ over a time of 500 h. The inset 
presents a typical spectrum of the LDs with a peak wavelength of 808 
nm. The uncleaned and unpassivated devices do not even reach this 
condition, as can be expected from Fig. 9. The LDs treated by only Ar- 
cleaning work but fail within 200 h. In contrast, five passivated LDs 
achieve an accelerated lifetime of more than 500 h. The results in Figs. 9 
and 10 confirm the effectiveness of the implemented process. In our life 
test, the output power of 13 W is above the industry standard operating 
power level of around 10 W for such an LD (i.e., waveguide width of ~ 
200 µm). We believe that the reliable output power level can be 
improved through further optimization of the cleaning and passivation 

Fig. 10. Accelerated aging test for LDs with and without ZnO passivation after 
Ar-cleaning. The inset shows a typical spectrum of a laser diode. 

Fig. 11. (a) Optical micrography of the front facet for the failed device caused by COMD. The inset is the SEM image of the defect position. (b) Electroluminescence 
(EL) image of the front facet. (c) FIB microscopy for the defect region as shown in the red box in (a). (d) EDS analysis of the spilled substance showed in (a). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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process using the results of this work as a guideline. 

5. Failure analysis for COMD device 

After the accelerated aging for different groups, we have chosen one 
failed device (Ar-cleaned, unpassivated) for analysis. First, the 
morphology of the cavity surface was observed by using optical micro-
scopy. A COMD point is apparent in the epitaxial layer in Fig. 11(a). 
Fig. 11(b) is the electroluminescence (EL) image for the AR surface of 
the failed device. The non-luminous position corresponds to a defect 
point in Fig. 11(a). A scanning electron microscope (SEM) was used to 
characterize the morphology of the COMD point. To examine the 
interface and epitaxial layers affected by COMD, we employed focused 
ion beam (FIB) microscopy by a cut through the center of the facet 
defect, which can be seen in Fig. 11(c). There are some holes and fused 
AlGaAs under the front facet coating, where the AR film is also locally 
deformed and burned. The AR film was torn apart by the spilled material 
inside, which is mainly composed of AlGaAs based on the energy- 
dispersive X-ray spectroscopy (EDS) as shown in Fig. 11(d). This in-
dicates that COMD occurs when the facet temperature reaches the 
melting point of the semiconductor material. Two factors can cause facet 
heating, including optical absorption of the laser near the facet and non- 
radiative recombination of electrons and holes at the surface states of 
the cleaved facet [45]. The spilled substance was due to the bulk ma-
terial being melted and re-solidified, causing many layers to mix and 
change their properties to an amorphous state [46]. 

6. Conclusion 

We presented a novel process for facet passivation of air-cleaved 
high-power LDs. Ar-plasma was applied for laser facet cleaning, and 
ZnO film was used as a passivation layer. The facet surface cleaning 
process was optimized by controlling the cleaning time and utilizing 
modest plasma energy. No formation of obvious defects after cleaning 
indicates high cleaning quality. We obtained the optimized coating 
condition for the passivation layer by controlling the chamber pressure 
and sputtering power. The optimized ZnO film had a low surface 
roughness with zero optical absorption (wavelength at 400 to 1700 nm). 
The LDs combined with the optimized cleaning and ZnO passivation 
conditions were implemented for high-power 808 nm LDs. We achieved 
an average COMD level of 20.7 W and an accelerated lifetime of more 
than 500 h. 
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