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Abstract  —  We derive a correction to the phase contribution 
for the reconstruction of refractive index profiles within thin-film 
photovoltaics using the Index Matched Inverse Wentzel-Kramers-
Brillouin (IM-IWKB) Method.  We quantify the improvement of 
the refractive-index reconstruction due to this modification for 
structures typical of organic photovoltaics.  Near the low-index 
surface of the photoactive layer, this modification reduces the 
fractional error in the reconstructed profile by a factor of ten, 
resulting in a highly accurate refractive index reconstruction 
throughout the entire film thickness.  This technique is applicable 
to the reconstruction of the refractive index profiles within any 
thin-film photovoltaic material. 
Index Terms — photovoltaic cells, refractive index, 

semiconductor films, semiconductor waveguides, solar energy, 
thin films. 

I. INTRODUCTION 

We recently introduced the Index Matched Inverse Wentzel-
Kramers-Brillouin (IM-IWKB) Method as a new technique for 
the reconstruction of refractive index profiles (RIPs) with high 
spatial resolution within the photoactive layers of thin-film 
photovoltaics for films as thin as 200 nm [1].  The 
conventional IWKB method [2]-[3] is a well-known technique 
for reconstruction of the RIPs of various films, although this 
approach is only valid for relatively thick (≥ 2 µm) films for 
visible wavelengths, since the number of points in the 
reconstructed RIP is equal to the number of modes supported 
by the film at that wavelength.  The IM-IWKB method [1] 
modifies the IWKB method by depositing a relatively thick (1-
10 µm) index-matched, non-absorbing layer below the thin 
photoactive layer of interest, and then applies the IWKB 
method to this system, resulting in a greatly improved spatial 
resolution for the RIP reconstruction within the thin 
photoactive layer.  The IM-IWKB technique results in a 
spatial resolution of ~10 nm (at a wavelength of 500 nm) in 
thin (200 nm) films, an improvement of more than a factor of 
ten compared to the traditional IWKB.   Importantly, this 
improvement in spatial resolution makes the IM-IWKB 
method applicable to the measurement of RIPs of the absorber 
layers of organic photovoltaics, and other thin-film 
photovoltaics with absorber layer thicknesses less than 2 µm 
[1].  While RIPs for such thin layers can be obtained using 
spectroscopic ellipsometry, IM-IWKB requires no free 

parameters, which is a significant advantage compared to the   
parameterized, model-based technique used in ellipsometry.  
This generally allows for much higher spatial resolution using 
IM-IWKB compared to ellipsometry. 
 Previous demonstration of both the IWKB and the IM-
WKB methods assume a constant phase shift equal to π/4 at 
the turning point in the film.  For thick films where IWKB is 
applicable, this approximation is justified. However, the 
assumption of a phase shift of π/4 becomes increasingly 
unjustified as the thickness of the film is decreased.  In the 
case of thin films less than one micron in thickness, for which 
IM-IWKB is appropriate, this assumption results in an error in 
the reconstructed RIP.  
 In this paper, we derive a correction to this phase shift 
term for the case of thin films, and demonstrate the improved 
accuracy of IM-IWKB when using this modified phase 
contribution compared to the standard case of π/4.   We first 
describe the mathematical basis of our approach, and then 
apply it to a computational example that assumes an RIP of a 
“canonical” organic photovoltaic (OPV) system to 
demonstrate that the method with modified phase shift 
achieves improved accuracy.  

Fig. 1. Refractive index profile n(x) considered in our 
calculations. Red (Black) line: Index profile that is continuous   
(discontinuous) at x=a. (Ni, xi) represents the (effective index, 
turning point) for guided mode i, and a represents the thickness 
of the index-matched layer + unknown photoactive layer. 



 

II. METHODOLOGY 

Consider a multi-layer thin-film stack with a monotonically 
decreasing RIP, consisting of glass substrate, index-matched 
layer with known, constant refractive index, photoactive layer 
with unknown RIP, and cover as shown in Fig. 1.  (Ni, xi) 
represents the (effective index, turning point) for guided mode 
i, and a represents the thickness of the index-matched layer + 
unknown photoactive layer. As shown in recent work on the 
IM-IWKB method [1], by applying the IWKB method to this 
system with a 1-10µm thick index-matched layer, the unknown 

RIP of a 200 nm thick P3HT:PCBM photoactive layer can be 
reconstructed with an average spatial resolution of about 20 
nm by measuring the guided-mode effective indices (Ni) of the 
multi-layer stack at a wavelength of 829 nm, with a 430 µm 
thick sapphire substrate replacing the glass layer shown in Fig. 
1, and a 5 µm thick AlN film used for the index-matched layer.  
This same work also demonstrated the ability of the IM-IWKB 
method to measure the evolution of the phase segregation 
within the P3HT:PCBM bulk heterojunction film during 
annealing by calculating the spatial profile of the P3HT and 
PCBM volume fractions from the measured RIP via 
application of the effective medium approximation [1]. 

Fig. 2. Reconstructed RIPs of the photoactive layer for TE-polarized light at a wavelength of 500 nm performed by the IM-IWKB method 
both with and without phase modification using guided mode effective indices obtained via FDTD simulation for the structure (see Fig. 1 black 
line, discontinuous at x=a): substrate(semi-infinite, n=1.76)/index-matched layer (n=1.93)/photoactive layer(“Actual Profile” (solid black line): 
n(x)=1.93−0.13(x/tPA)2 unless otherwise stated)/cover(n=1). (tPA, tIM) = thickness of the (photoactive layer, index-matched layer). Number in 
parentheses in legend is the root mean squared difference between the reconstruction and the actual profile.  (a) Substrate(semi-infinite, 
n=1.76)/index-matched layer(tIM = 5 µm, n=1.93)/photoactive layer(tPA = 1µm)/cover both with (red) and without (green) phase modification. 
(b) Substrate(semi-infinite, n=1.76)/index-matched layer(tIM=10 µm, n=1.93)/photoactive layer(tPA = 1µm, Gaussian profile)/cover both with 
(red) and without (green) phase modification.  (c) With phase modification for two values of tPA (500 nm and 1 µm) for substrate(semi-infinite, 
n=1.76)/index-matched layer(tIM = 5 µm, n=1.93)/photoactive layer(tPA =500 nm, 1 µm)/cover, with depth in photoactive layer normalized to 1. 
(d) Dependence of phase contribution φi on the effective index in the cases with (red square) and without (black circle) phase modification for 
the structure substrate(semi-infinite, n=1.76)/index-matched Layer(5 µm, n=1.93)/photoactive Layer(tPA =500 nm)/cover. 

 



 

The IM-IWKB method reconstructs the RIP from the 
measured Ni by the recursive solution of the IWKB 
characteristic equation: 
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where Navg,i = 1( ) / 2i iN N −+ , relies on backward averaging of 

the effective indices to obtain values between the measured 
ones, and k = 2π/λ is the free-space wavenumber.  The quantity 
φi in (1) represents the phase contribution from the turning 
point xi.  The phase contribution φi is typically assumed to be a 
constant value of π/4 [4], which is a good approximation for 
the thick-film case. However, for the case of thin films (< 1µm 
thick) relevant to the IM-IWKB method and many thin-film 
photovoltaics, φi must be modified, especially for modes that 
have turning points near the cover interface [5]. 
    In this paper, to demonstrate the improved accuracy of IM-
IWKB when using this modified phase shift term, the thin-film 
structure is divided to two cases. The first example is the 
structure shown in Fig. 1 (black line), where the index profile 
is discontinuous at x=a.  For this case, the phase contribution 
φi is given by (2). The second example is the structure shown 

in Fig. 2 (red line), where the index profile continuous at x=a, 
in which case the phase contribution φi is given by (3):  
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where r0 = 1 for TE modes,  r0 = n2(a−)/n2(a+) for TM modes, 
Ai(x) and Bi(x) are Airy functions, and for convenience we 
define: 
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Fig. 3. Reconstructed RIPs of the photoactive layer for TE-polarized light at a wavelength of 500 nm performed by the IM-IWKB method both 
with and without phase modification using guided mode effective indices obtained via FDTD simulation for the structure (see Fig. 1 red line, 
continuous at x=a): substrate(semi-infinite, n=1.76)/index-matched layer (n=1.93)/photoactive layer(“Actual Profile” (solid black line): 
n(x)=1.93−0.13(x/tPA)2 unless otherwise stated)/cover. (tPA, tIM) = thickness of the (photoactive layer, index-matched layer). Number in 
parentheses in legend is the root mean squared difference between the reconstruction and the actual profile.  (a) Substrate(semi-infinite, 
n=1.76)/index-matched layer(tIM = 5 µm, n=1.93)/photoactive layer(tPA = 0.5µm)/cover(n=1.8) both with (red square) and without (green 
diamond) phase modification. (b) Dependence of phase contribution φi on the effective index in the cases with (red circle) and without (black 
square) phase modification for the structure substrate(semi-infinite, n=1.76)/index-matched Layer(5 µm, n=1.93)/photoactive Layer(tPA =500 
nm)/cover(n=1.8). 



 

    Now that we have derived a modified expression for the 
phase contribution φi, we can apply this modified IM-IWKB 
technique to the reconstruction of RIPs typical for 
P3HT:PCBM bulk heterojunction absorber layers in organic 
photovoltaics [1].   The RIP is reconstructed via modified IM-
IWKB by the following iterative method: 

(1) Use IM- IWKB method (φi = π/4) to determine the 
initial set of xi. 

(2) Use the initial set of xi and corresponding Ni to 
calculate the modified phase contribution φi 

(3) Use the modified phase contribution φi to calculate a 
new set of xi

′. Calculate difference δ between the 
initial xi and the modified xi

′:  δ = |xi
′ - xi|. 

(4) Repeat steps (2) and (3) until δ for successive sets of 
xi is sufficiently close to zero.  

In order to perform step (2), we need to know the thickness a, 
which can be obtained with the following approximation: 

1( ) / 2i f i f i fa x x x= = = −= + −                        (11) 

Where xi=f is the last mode with an effective index larger than 
the unknown photoactive layer refractive index at the cover 
interface (x=a). This requires knowledge of the minimum 
refractive index values in the film of interest, which can be 
obtained by using a surface-plasmon-mode resonance 
measurement [6]. 

To quantify the improvement due to the modified phase 
contribution, we use Finite-Difference Time-Domain (FDTD) 
calculations to construct a sample structure with a known RIP 
and solve for the effective indices of the guided modes.  These 
effective index values are then used to reconstruct the RIP 
using the IM-IWKB method both with φi = π/4, and with the 
modified phase contribution. We compare the accuracy of the 
reconstruction with and without the phase-shift correction. 

III. NUMERICAL RESULTS AND DISCUSSION 

The results of this comparison are shown in Fig. 2 and 3, 
which show the reconstructed RIPs performed by the IM-
IWKB method using guided mode effective indices obtained 
via FDTD simulation for the two cases shown in Fig. 1 – 
continuous (red line) and discontinuous (black line) refractive-
index profile at x=a. We first consider the case where the 
refractive profile is discontinuous at x=a  (black line in Fig. 1). 
From Fig. 2(a) and 2(b), we see significant improvement in the 
agreement between the reconstruction and the actual profile 
when the modified phase term is used, especially for points 
near the interface between the photoactive layer and the cover.  
Averaged over the entire thickness of the photoactive layer, 
modifying the phase contribution reduces the root mean 
squared difference between the reconstruction and the actual 
profile from 0.01 to 0.002 in Fig. 2(a) and from 0.005 to 0.003 
in Fig. 2(b).  Fig. 2(c) shows that the modified IM-IWKB 
maintains this improved accuracy near the cover interface 
(x=a) even for films as thin as 500nm.  Finally, Fig. 2(d) 

shows calculated value of φi as a function of the effective 
index of the mode for the structure: substrate(semi-infinite, 
n=1.76)/index-matched Layer(5 µm, n=1.93)/photoactive 
Layer(tPA =500 nm)/cover(n=1).  We see that modified phase 
φi (red squares) increasingly deviates from π/4 (black circles) 
as the effective index decreases. This makes physical sense as 
these lower-index modes are less strongly confined and have 
turning points near the interface of the photoactive layer and 
cover, and are therefore more strongly affected by the 
index/index-slope discontinuity at this interface.   

In Fig. 3, we consider the case where the refractive profile is 
continuous at x=a (red line in Fig. 1). Fig. 3(a) shows that by 
introducing the modified phase contribution, we can increase 
the accuracy of the reconstruction, especially for modes whose 
turning points are near the cover interface (x=a). Fig. 3(b) 
shows calculated value of φi as a function of the effective 
index of the mode for the structure: substrate(semi-infinite, 
n=1.76)/index-matched Layer(5 µm, n=1.93)/photoactive 
Layer(tPA =500 nm)/cover(n=1.8).  We see that modified phase 
φi (red squares) increasingly deviates from π/4 (black circles) 
as the effective index decreases. As in the discontinuous case, 
this makes physical sense as these lower-index modes are less 
strongly confined and have turning points near the interface of 
the photoactive layer and cover, and are therefore more 
strongly affected by the index-slope discontinuity at this 
interface.  This is also consistent with Fig. 2(a), 2(b) and Fig. 
3(a), which show the most dramatic improvement at the cover 
interface. The modified phase term φi for the continuous case 
is always less than π/4 (see Fig. 3(b)), whereas in the 
discontinuous case where the modified phase term is always 
greater than π/4 (see Fig. 2(d)), as can be understood by 
inspecting Eqs. (2) and (3).  

In summary, we have developed a modified phase 
contribution for the IM-IWKB method [1] for the 
reconstruction of refractive-index profiles within thin-film 
photovoltaic absorber layers, and quantified the improvement 
due to this modification for structures typical of organic 
photovoltaics.  Near the low-index surface of the photoactive 
layer, this modification improves the error in the reconstructed 
profile from about 2% for unmodified IM-IWKB to less than 
0.2% for modified IM-IWKB.  Future work will apply this 
technique to the in situ measurement of phase segregation 
evolution during the annealing of bulk heterojunction organic 
photovoltaics.  Although we focused on the application of this 
technique to organic photovoltaics, this technique is applicable 
to the reconstruction of the refractive-index profile within any 
thin-film photovoltaic material. 
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