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    In this article, the authors have designed a light condenser device based on the integrated gradient-index 

(GRIN) lens for the light delivery in a heat-assisted magnetic recording head. The function of the GRIN light 

condenser is to solve the mode size mismatch and to realize a smooth and efficient light condensation between an 

external laser diode and a nano-waveguide. Two realizable approaches based on the alloying and two-material 

film stack to actualize the equivalent index profile have been discussed. From numerical examples, optimized 

coupling efficiencies of 93.2 % and 86.0 % can be achieved for the case of transverse electric and transverse 

magnetic polarized light, respectively.  

 

    Index Terms — Heat-assisted magnetic recording, light delivery system, gradient refractive index, light 

condenser, coupling efficiency 

 

I. INTRODUCTION 

OW to efficiently couple light from a 

semiconductor laser diode and focus it to a spot 

size as small as tens of nanometers has been regarded 

as one of the biggest obstacles in the heat-assisted 

magnetic recording (HAMR) technology. A typical 

light delivery system (LDS) for HAMR includes a 

laser diode, a waveguide and a near-field transducer 

(NFT). For efficient coupling to the NFT, the 

waveguide has a sub-micrometer cross-section and 

supports a propagating mode with a size of hundreds 

of nanometers, which requires a coupling structure 

for optical energy to be coupled from the laser diode 

to the nano-waveguide. [1-7] A direct butt-coupling 

scheme was presented in Ref. [8], however, due to 

significant mode mismatch between the laser beam 

and the waveguide mode, a coupling efficiency of 

only 10 % was obtained. In Ref. [9] and [10], grating 

couplers were reported to couple light from the laser 

diode to the nano-waveguide. In the design, a laser 

diode is fixed at a certain angle to shine on an 

optimized grating structure to actualize the light 

delivery. This design, however, requires a specific 

mounting of the laser diode, e.g., on a suspension and 

the typical coupling efficiency is about 67 %.  

In this work, a light condenser based on the 

concept of integrated gradient-index (GRIN) lens is 

proposed to focus the beam into nano-waveguide for 

the LDS in HAMR. [11] The GRIN light condenser 

is integrated directly under the waveguide during the 

wafer-scale fabrication. After the slider fabrication, a 

laser diode can be directly bonded to the slider. The 

condenser is exclusively designed in this paper for 

the HAMR LDS application using typical HAMR-

compatible materials (i.e., TiO2 for the waveguide 

core and Al2O3 for the cladding) and the operational 

wavelength (i.e., 800 nm). Two realizable approaches 

of the GRIN light condenser are discussed.  It can be 

based on AlyTi1-yO alloy grown by ion assisted 

deposition (IAD) or TiO2/Al2O3 two-material film 

stack. Our optimal design gives a coupling efficiency 

of 93.2 % and 86.0 % for the transverse electric (TE) 

and transverse magnetic (TM) polarized light, 

respectively. 
 

II. STRUCTURE OF THE GRIN LIGHT CONDENSER 

The integrated GRIN lens concept has been 

successfully applied to the silicon (Si) nanophotonics 

as a mode convertor for the optical interconnection 

between fibers and Si nano-waveguides in our 

previous works. [12-15]. In the following sections, 

we present a different structure with a different 

material system specifically for the LDS in HAMR.  

Fig. 1(a) shows the three-dimensional (3D) 

schematic diagram of the designed GRIN light 

condenser and the x-z plane cross-sectional view is 

plotted in Fig. 1(b). Firstly, a thick layer of GRIN 

materials is deposited on the reader fabricated on the 

substrate (e.g., AlTiC). Next, a pit is etched away for 

the padding of the Al2O3 as a bottom cladding layer. 

A chemical-mechanical planarization process may be 

used to polish away the Al2O3 convex formed by a 

slightly over-deposition of the Al2O3. A smooth 

surface is hence ready for the deposition of the core 

H 



2 

 

material – TiO2. Finally, the TiO2 is patterned and 

etched away to form the waveguide core and an 

Al2O3 top cladding layer is deposited afterward.  

 

 

 

 
Fig. 1 (a) 3D schematic diagram of the designed GRIN light 

condenser for the HAMR LDS application; (b) The x-z plane 

cross-sectional view of the device. (c) The LDS is integrated in-

between the reader and writer modules in a feasible HAMR head. 

 

It can be noted that the fabrication flow is 

completely different compared to those in Ref. [14] 

and [15]. The GRIN materials are deposited first not 

after the fabrication of the waveguide core, which 

makes it possible to do a partial etching of the GRIN 

material layer. The shallow etching may simplify the 

fabrication of the device since the deep etching of the 

GRIN material layer is always an inevitable problem 

in fabricating the GRIN lens. [14-15] 

Commonly, the grating coupler structures in prior 

arts are fabricated on the slider, followed by the 

fabrication of the write pole. [7, 16] Here, our 

structure is in accordance with this sequence. Fig. 1(c) 

shows how the GRIN light condenser is integrated in 

a HAMR head, in which the LDS is sandwiched 

between the reader and writer modules. In this 

scheme, no portion of the LDS is interleaved with 

any magnetic components, which can reduce the 

influence of the writer to the NFT compared to the 

overlapped scheme, leading to an enhanced optical 

efficiency of the NFT. [17] Moreover, by a specific 

design of the writer module, e.g., a sloped write pole, 

the spacing between the NFT and the tip of the write 

pole could be small and controlled, indicating that a 

high field may be achieved close to the NFT. [18] 

The head should move to the left side against the 

recording media to realize the HAMR.  
 
 

III. PARAMETER STUDY AND OPTIMIZATION 

A. Numerical aperture (NA) and refractive index 

profile of the GRIN light condenser 
 

As shown in Fig. 1(b), the laser is launched from 

the end facet and after propagation in the GRIN 

material layer, the light is gradually focused into the 

TiO2 waveguide core with a thickness of 300 nm. A 

horizontal taper [as shown in Fig. 1(a)] is employed 

to obtain a proper aspect ratio of the focused light 

before it goes into the NFT. Therefore, the refractive 

index profile of the GRIN layer, the length L, the 

thickness D, and the position of the laser input P are 

the parameters to be optimized for a maximal 

coupling efficiency.  
 

 
Fig. 2. The determination of the divergence angle 𝜃d for a 300 

nm-thick TiO2 waveguide core at the wavelength of 800 nm by a 

2D FDTD simulation. 

 

In order to get the index profile, the refractive 

index at the interface between the substrate and the 

GRIN layer (denoted as 𝑛𝑅) has to be derived first. 

Based on the Snell’s law, [12] the 𝑛𝑅  is given by 

𝑛𝑅 = 𝑛0cos𝜃d , where 𝑛0  is the refractive index of 

the TiO2 core and 𝜃d is the divergence angle of the 

light beam confined in the TiO2 waveguide, which is 

determined by the wavelength of the light (denoted as 

λ) as well as the dimension of the waveguide core 
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(denoted as t). Here, we utilize a simple two-

dimensional (2D) simulation based on the finite-

difference time-domain (FDTD) method to estimate 

the 𝜃d  for our device. Fig. 2 shows the simulated 

mapping of the real part of the transverse electric 

field [Re(Ey)] when the light beam propagates 

through a 300-nm TiO2 waveguide and towards a 

TiO2 area without Al2O3 claddings. The beam 

divergence could be clearly seen. For the calculation 

of the 𝜃d , the divergent beam profile Ey(x) can be 

obtained from a cross-cut, e.g., at z = 6 μm, the width 

of the divergent light is acquired via the Lorentz 

fitting of the Ey(x) curve. Upon utilizing the width of 

the Ey mode of the TiO2 core (by a mode solver) and 

the simple geometric relationships, the 𝜃d and 𝑛𝑅are 

calculated to be 41.7 
o
 and 1.64, respectively. The 

NA for the GRIN light condenser is 1.46 (NA =
𝑛0sin𝜃d), which is much smaller than the value for 

the previous GRIN lens (3.14). [12-13] The 

requirement of the NA for the GRIN light condenser 

is less stringent for the same magnification, which is 

due to the smaller index contrast between core and 

cladding [compared to Si (3.47) and SiO2 (1.47)], and 

the shorter wavelength used in HAMR LDS 

(compared to 1550 nm for GRIN lens).  

 
Fig. 3. Schematic diagram of the way the (D, L, P) parameters of 

the GRIN light condenser being defined.  

 

Regarding the gradient refractive index profile, a 

Gaussian profile is adopted, which has a much 

smaller aberration as compared to the conventional 

parabolic profile for the large divergence angle. [12] 

The Gaussian refractive index profile has the form of  

𝑛(𝑥) = 𝑛0exp(((𝑥 − 𝑥0)
2/𝐷2)ln(

𝑛𝑅

𝑛0
)),    (1) 

where D is the thickness of the GRIN layer. The 

origin of the x-z plane (x, z = 0) is located at the left 

facet, 3 μm (𝑥0 ) below the interface between the 

waveguide core and the GRIN layer, as shown in Fig. 

1(b). The coordinates in the following part of this 

article all use this origin as a reference.  

 

B. Optimization of the GRIN light condenser 

structure 
 

A basic feature of the GRIN structure is that it 

periodically focuses and collimates the propagating 

light beam, and the length L of the GRIN condenser 

should be half of a period for this application [12-13]. 

However, the half period depends on the height of the 

condenser (D). Different (D, L) combination as well 

as the laser incident position (P) would result in 

different efficiency of the condenser. Accordingly, 

the following parameter scan has been performed to 

obtain the optimized parameters for (D, L, P).  

Fig. 3 is the schematic diagram showing the 

process of using a 2D beam propagation method 

simulation to optimize the (D, L, P) parameters. A 

TE-polarized light is injected from the right facet into 

the TiO2 waveguide, the profile we used is the zero-

order TE mode of the Al2O3/TiO2/Al2O3 system. In 

order to build an ideal model, the bottom cladding 

here is “fully etched” and “filled with” the Al2O3 

material. First, a specific D (D1) is given, and the 

Gaussian profile [Eq. (1)] is totally defined. Second, 

once the beam is expanded to the largest size, we cut 

the plane as an end facet, and an Ey profile at this 

facet as well as the L value is attained. Third, we 

generate a Gaussian-shape laser profile with a width 

(𝑊𝐿) of 4 μm:   

𝐸𝑦
l (𝑥) = 𝐴exp[−𝑥2/ (𝑊𝐿 2)⁄ 2

],    (2) 

and normalize the intensity to the one of the input TE 

mode of the TiO2 waveguide using:  

𝐴 = (
∫ |𝐸𝑦

m(𝑥)|2d𝑥

∫ |exp[−𝑥2/(𝑊𝐿 2)⁄ 2
]|2d𝑥

)
1/2

.    (3) 

Finally, a scan of the parameter P (defined as the 

distance between the center of the laser profile and 

the top edge of the TiO2 core as shown in Fig. 3) is 

done by checking the mode overlap integral between 

the laser profile and the expanded Ey field profile at 

the end facet, and a (D1, L1, P1) combination with the 

largest overlap integral value is then recorded. After 

that, we move to the next D (D2), and do the 

abovementioned scan again to see whether there is a 

(D2, L2, P2) giving larger overlap integral compared 

to (D1, L1, P1). After scanning all D values, a (Dm, Lm, 

Pm) parameters providing the maximal overlap 

integral is obtained ultimately. The coupling 

efficiency 𝜂 is defined as:  

𝜂 = |
∫|𝐸𝑦

e(𝑥)𝐸𝑦
l (𝑥)∗|d𝑥

∫|𝐸𝑦
l (𝑥)𝐸𝑦

l (𝑥)∗|d𝑥
|
2

,    (4) 

Where 𝐸𝑦
e(𝑥)  is denoted as the expanded Ey field 

profile at the end facet. A coupling efficiency of ~ 

97 % can be realized with D = 5.7 μm, L = 12. 55 μm, 

and P = 2.4 μm. Considering the reversibility of 

optical path, this design is undoubtedly applicable to 

the real case that the propagation direction is from 

left to right (condensing process).  

 

IV. SOLUTIONS TOWARDS PRACTICALITY 

The design of the GRIN light condenser in Section 

III is based on an ideal case which has a bottom 
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cladding layer with quasi-infinite thickness. When 

the design is applied to a real device, it is mentioned 

in Section II that the bottom cladding of the GRIN 

light condenser does not necessarily require a deep 

etching process to etch through the GRIN layer. 

However, it is easy to understand that there must be a 

minimal etching depth to obtain acceptable coupling 

efficiency. Consequently, the etching depth issue has 

been examined. Fig. 4 shows the coupling 

efficiencies calculated by a 2D FDTD method for the 

condenser with different etching depths of the bottom 

cladding layer. The calculation simulates the real 

propagation direction, meaning that a laser diode 

input field [Eq. (2)] is launched and propagating 

through the GRIN layer and a 100 μ m long 

waveguide. The coupling efficiencies are calculated 

using Eq. (4) with the field profile at the right facet 

and the zero-order TE/TM mode of the TiO2 core.  

 
Fig. 4. The coupling efficiencies for the GRIN light condenser 

with different etching depths of the bottom Al2O3 cladding layer. 

10000 nm etching depth means an etching through of the GRIN 

layer as a reference. The inset shows the amplitude of the Ey field 

mapping for 400 nm and 200 nm etching depth, respectively, by a 

2D FDTD simulation for a 100 μm propagation length.  

 

Result shows the coupling efficiency decreases 

with decreasing etching depth. However, it should be 

noted that the coupling efficiency for the device with 

a 400-nm etching depth can still be above 94 % for 

the TE-polarized light. From the upper inset of Fig. 4, 

it can be seen that the light is perfectly confined in 

the TiO2 core waveguide with an etching depth of 400 

nm. However, as seen from the lower inset, if the 

etching depth is reduced to 200 nm, significant 

amount of light leakage occurs. This is due to weak 

bottom confinement of the modal field from the 

Al2O3 cladding. According to the simulation, this 

design only requires a relatively shallow etching (< 

500 nm) of the GRIN layer, which gives a diverse 

selection of the photoresist, a lower selectivity 

requirement, a lower cost, and a well-controlled 

etching profile.  

Fig. 4 (as well as in Figs. 5 and 6) further 

highlights the efficiencies with TM-polarized light 

since there may be different designs for the NFT and 

some specific designs require TM-polarized light as 

input. It can be seen that the efficiencies for TM case 

are slightly lower than TE case. This could possibly 

be due to the NA requirement, that has to be re-

optimized for the TM case. Nonetheless, 92 % 

coupling efficiency can still be achieved.  

 

 
Fig. 5. The coupling efficiencies for the GRIN light condensers 

with differently discretized GRIN profiles. The inset shows the 

discretized GRIN profiles for 10 and 40 layers, respectively. 

 

There can be two approaches to approximate the 

continuous GRIN profile in practice using a 

multilayer thin-film stack. One way is to use an alloy 

of two different materials and stacking them. [19] For 

example, the SiOxN1-x alloy can give a continuous 

index range from ~ 1.45 (SiO2) to ~ 2.0 (Si3N4). [20] 

However, for the HAMR LDS application, the 

required index range is 1.64 ~ 2.20 as designed, 

which cannot be realized by the SiOxN1-x alloy. One 

can possibly utilize AlyTi1-yO alloy that was recently 

investigated to have an index from 1.6 to 2.2, thus 

satisfying the index range specified in this design. 

IAD could be used to grow this alloy. [21] 

The inset of Fig. 5 shows a discretized version of 

the continuous GRIN profile. Each discrete layer can 

possibly constitute the alloy materials specified 

above at different concentrations. It can be seen that 

the efficiency decreases when reducing the layer 

numbers and a significant decrement in efficiency 

occurs for number of layers less than 20. If we only 

use 20 layers, the efficiency is maintained above 95 % 

for the TE case, which indicates that the scattering 

loss by the discretization is still low. The thickness 

for the 20-layer discretization is 285 nm, which is 

easily achievable and controlled by the IAD 

technique. Actually, because the interface of each 

layer may not be a sharp step in real deposition, the 

smooth quasi-continuous transition of layers with 

different refractive indices might be beneficial to 

further reducing the loss due to the obscure interfaces.  

Alternative approach is to use two-material thin 

film stack, e.g., TiO2 and Al2O3, designed by 
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equivalent medium theory (EMT). [12] By varying 

the thickness ratio between the two materials, an 

equivalent GRIN profile can be achieved. This 

approach might be simpler than using an alloy to 

realize each unit cell since it avoids the need to 

explore the deposition conditions for accurately 

controlling the atomic ratio of the cations in the alloy. 

Moreover, the deposition recipe for unit cells with 

TiO2 and Al2O3 material (that offers effective indices 

within the required range for HAMR application) is 

relatively mature and thus less complex. As a result, 

the stability and reproducibility of the properties for 

the metal-oxides alone should be much more reliable 

than those of their alloys.  

 

 
Fig. 6. The field profile of the GRIN light condenser for a (a) TE- 

and (b) TM-polarized light using a two-material-stack approach 

with 20-layer discretized GRIN profile and a 400 nm etching 

depth of the Al2O3 bottom cladding layer.  

 

The effective refractive index of a thin-film 

consisting two materials based on the EMT has the 

following form: 

(𝑡𝐻 + 𝑡𝐿)𝑛eff
𝑝

= 𝑡𝐻𝑛𝐻
𝑝
+ 𝑡𝐿𝑛𝐿

𝑝
,    (5) 

where 𝑡𝐻 , 𝑡𝐿  and 𝑛𝐻 , 𝑛𝐿 are the thickness and 

refractive index values of the high-index and low-

index layer, respectively. Typically, the 𝑛eff could be 

derived by averaging the 𝑛𝐻 and 𝑛𝐿 with p = 1. [19] 

However, a previous study [12] showed that using p 

= 2 for TE case and p = −2 for TM case gives a 

better approximation of 𝑛eff. The thickness resolution 

that can be achieved by the IAD technique is a brief 

limit to the fineness of the discretization of the GRIN 

profile. It could be easily imagined that to attain the 

index values 𝑛eff quite near 𝑛𝐻 (or 𝑛𝐿), the 𝑡𝐿 (or 𝑡𝐻) 

should be quite small. Take 20-layer discretization as 

an example (𝑡𝐻 + 𝑡𝐿 = 285 nm), the requirement of 

the thickness resolution to realize the stepped 

Gaussian-shape index profile is already below 1 nm, 

almost touching the thickness resolution limit of an 

arbitrary deposition machine, inclusive of the IAD. 

Therefore, further discretization with finer steps 

should be not applicable in reality. Fortunately, a 20-

layer discretization could still give good coupling 

efficiency as discussed above, the two-material-stack 

approach can be implemented in a producible device.  

Fig. 6 shows the simulated mapping of the field 

profile (Ey for the TE polarized light and Hy for the 

TM polarized light) for a device with a 20-layer 

discretized GRIN profile realized by the two-

material-stack method and a 400-nm etching depth of 

the bottom Al2O3 cladding layer. The right panel 

plots the refractive index profile cut at the right facet 

of the light condenser along the x-axis direction. In 

order to express the effect of all the layers, a 0.5-nm 

grid size is set for the x-axis during the 2D FDTD 

simulation process. Fig. 6 clearly shows that the light 

from a laser diode could be gradually focused into the 

TiO2 core waveguide and with the similar overlap 

integral way as Eq. (4), the coupling efficiencies are 

calculated to be ~ 93.2 % and ~ 86.0 % for the TE 

and TM case, respectively.  

Up to now, the optimization of the coupling 

efficiency only takes the GRIN condenser itself into 

account. Practically, the laser diode is eventually 

integrated to the top of the slider by e.g., the 

wafer/die bonding technology. Due to the refractive 

index mismatch between air and the GRIN light 

condenser, a Fresnel reflection should occur on the 

end facet of the light condenser, which would further 

reduce the efficiencies derived above. A FDTD 

simulation shows that the reflection loss is around 

15.5 %. Therefore, an anti-reflection (AR) coating is 

required to minimize the reflection loss. Following 

the similar method in Ref. [13], the index and 

thickness of the AR coating layer is calculated to be 

1.45 and 138 nm, respectively. In practice, SiO2, can 

be directly used as the coating material. After 

employing the AR coating, the reflection loss has 

been reduced significantly to 0.4 %. Besides, the 

position accuracy for a commercial wafer bonding 

machine is around 1 μm. In our previous paper, [13] 

a tolerance of ±0.5 μm has been demonstrated to be 

acceptable for the mis-alignment between the laser 

diode and the fiber. Therefore, the laser integration 

based on wafer/die bonding should be more efficient 

compared to mounting the laser diode on suspension 

when using the grating coupling scheme. [9-10]  

 

V. CONCLUSION 
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A light condenser employing the GRIN concept 

has been designed and analyzed for the HAMR LDS 

application. The GRIN light condenser acts as an 

important and effective connector between the 

external laser diode and the NFT. By considering a 

few aspects in practical fabrication, two feasible 

solutions for implementing the designed GRIN 

profile have been proposed and analyzed: (1) the 

alloying method and (2) the two-material-stack 

method. Both methods are producible in reality, 

though the approach via the two-material-stack (EMT) 

method may be simpler. The coupling efficiency of 

more than 93 % (for the TE polarized light) and 86 % 

(for the TM polarized light) can be achieved via the 

EMT method, which is a prominent improvement to 

the light condenser based on grating coupling 

structures.  
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