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S1. STRUCTURAL PARAMETERS AND BAND GAPS CALCULATED WITH THE HSE HYBRID

FUNCTIONAL

TABLE I. Parameters for the III-nitrides calculated with HSE. Experimental data are listed for comparison.

Property HSE (this work) Experimenta

GaN a (Å) 3.205 3.189
c (Å) 5.200 5.185
u 0.377 0.377b

Eg (eV) 3.496 3.4-3.5

AlN a (Å) 3.099 3.112
c (Å) 4.959 4.982
u 0.382 0.382b

Eg (eV) 6.044 6.1-6.3

InN a (Å) 3.587 3.545
c (Å) 5.762 5.703
u 0.380 –

Eg (eV) 0.646 0.6-0.8

a From Ref. S1 unless otherwise specified.
b From Ref. S2.

∗ Current address: Materials Science and Engineering, University of Delaware, Newark, Delaware 19716-1501, USA
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S2. EXPERIMENTAL DETERMINATION OF POLARIZATION FROM THE LITERATURE

The experimental data points in Fig. 2 of the main text were taken from various literature studies that were intended
to determine the polarization constants in the InGaN/GaN or AlGaN/GaN systems. We list these references in Table
III, IV, V, and II along with the reported values. Whether the actual measurement was bound charges at an interface
or the field in a quantum well, we have converted the reported values to a polarization sheet charge for the purposes
of Fig. 2 using the procedure outlined in Sec. V of the main text.

TABLE II. Experimental data for GaN/InGaN/GaN quantum wells from optical (if not specified), holography, and CV mea-
surements. In the cases where fields are reported in the reference, the bound charge is determined from the model described in
the main text, Sec. V.

Reference InGaN content Field (105 V/cm) Bound charge (1012e−/cm2)
S3 0.08 6.0 3.1
S4 0.10 13.6 7.2
S5 0.15 21.0 11.5
S6 0.12, 0.22 15.0, 29.0 8.1, 16.5
S7 0.10 3.5 1.9
S8 0.18, 0.15, 0.20 24.5, 27.0, 22.0 13.6, 14.8, 12.4

S9, S10, S11
0.07, 0.08, 0.08, 0.08, 0.08, 0.08,

0.09, 0.09, 0.09, 0.09, 0.09
10.5, 11.4, 11.1, 11.1, 12.6, 12.3,

12.9, 13.4, 13.7, 14.0, 14.0
5.5, 6.0, 5.8, 5.8, 6.6, 6.5, 6.8, 7.1,

7.2, 7.4, 7.4
S12 0.07 9.3 4.8
S13 0.15 13.4 7.33
S14 0.08 11.0 5.76
S15 0.09 19.0 10.0
S16 0.11 2.9
S17 0.20 31.0 17.5
S18 0.11 3.0 1.6
S19 0.10 9.0 4.8
S20 0.14, 0.14, 0.14 18.1, 21.2, 20.4 9.8, 11.5, 11.1
S21 0.16 12.0 6.6
S22 0.23 18.0 10.3

S22 (holography) 0.18 22 12.2
S23 (holography) 0.52 40.0 26.8
S24 (holography) 0.52 32.0 21.4

S25 (CV) 0.08 4.1
S26 (CV) 0.05, 0.09 1.8, 4.4
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TABLE III. Experimental data for GaN/AlGaN interfaces from Hall-effect measurements.

Reference AlGaN content Bound charge (1012e−/cm2)

S27
0.09, 0.13, 0.17, 0.26, 0.31, 0.13,
0.18, 0.22, 0.22, 0.26, 0.29, 0.29,

0.31

3.9, 4.9, 8.7, 13.8, 15.0, 6.8, 7.2,
8.2, 11.0, 10.2, 10.1, 13.4, 13.5

S28
0.20, 0.20, 0.30, 0.35, 0.40, 0.40,

0.40, 0.40, 0.40, 0.37
9.8, 15.1, 19.1, 23.6, 28.5, 25.4,

24.1, 22.0, 19.7, 20.1
S29 0.33, 0.34, 0.38 13.2, 9.0, 10.5
S30 0.15 6.0
S31 0.15 7.9
S32 0.3 0 16.0
S33 0.05, 0.15 2.3, 6.7

S34
0.02, 0.06, 0.09, 0.14, 0.02, 0.05,

0.13, 0.15, 0.19, 0.24, 0.29
1.1, 2.1, 3.0, 3.3. 1.2, 1.6, 4.4, 4.6,

5.6, 6.5, 8.0

S35
0.12, 0.14, 0.14, 0.17, 0.17, 0.20,
0.23, 0.24, 0.26, 0.30, 0.31, 0.34,

0.36, 0.37

3.5, 4.6, 4.3, 5.6, 5.6, 6.5, 7.9, 8.8,
9.1, 10.7, 11.6, 12.3, 12.6, 14.0

S36 0.23 11.0
S37 0.16 7.3
S38 0.10, 0.13, 0.18 2.8, 4.1, 6.2
S39 0.10, 0.15, 0.20 4.1, 6.3, 8.7
S40 0.13, 0.23, 0.26, 0.36 7.3, 9.5, 11.0, 15.2
S41 0.22, 0.26, 0.32, 0.36 7.3, 9.0, 11.3, 12.0
S42 1.0 34
S43 0.20 13
S44 0.05, 0.15, 0.15, 0.15, 0.25, 0.35 3.0, 8.0, 7.5, 5.9, 9.9, 18.0
S45 0.23 9.8
S46 0.06, 0.10, 0.26, 0.33 1.0, 1.9, 1.4, 1.8
S47 0.72 35

S48
0.21, 0.21, 0.27, 0.33, 0.33, 0.40,

0.40, 0.49, 0.48
9.2, 10.1, 11.0, 11.5, 11.2, 12.9,

13.3, 16.9, 16.4

S49

0.15, 0.19, 0.18, 0.19, 0.20, 0.20,
0.23, 0.22, 0.26, 0.27, 0.26, 0.31,
0.31, 0.32, 0.32, 0.34, 0.35, 0.37,

0.37, 0.36, 0.43, 0.44, 0.46

0.7, 1.1, 1.4, 2.8, 3.0, 6.9, 6.4, 4.8,
11.2, 11.0, 8.7, 12.2, 13.0, 14.1, 9.8,

11.0, 9.6, 10.1, 11.4, 14.7, 13.6,
14.0, 14.3

S50 0.26 25
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TABLE IV. Experimental data for AlGaN/GaN/AlGaN quantum wells from optical and holography measurements. In the
cases where fields are reported in the reference, the bound charge is determined from the model described in the main text,
Sec. V.

Reference AlGaN content Field (105 V/cm) Bound charge (1012e−/cm2)

S51
0.08, 0.08, 0.13, 0.17, 0.13, 0.17,

0.27, 0.27
3.8, 3.0, 5.6, 7.2, 7.4, 9.4, 14.2, 10.9

S52 0.15 2.0
S53 0.50 42.7 21.2
S54 0.20, 0.20 12.8, 8.3 6.4, 4.1

S54 (Hologaphy) 0.20, 0.20, 0.20 12.8, 8.4, 6.9 6.4, 4.2, 3.4
S55 0.24 15.0 7.5
S56 0.17 8.3 4.1
S57 0.65 20 9.94

S58, S59 0.07 4.8 2.4
S60 0.14 5.1 2.5
S61 0.18, 0.11, 0.15 10.2, 9.3, 3.8 5.1, 4.6, 1.9
S62 0.18 12.3 6.1
S63 0.20, 0.50, 0.65, 0.80 11.9, 29.5, 33.9, 49.2 5.9, 14.6, 16.8, 24.5
S64 0.15 3.5 1.74
S56 0.11 4.5 2.24

S65
0.24, 0.18, 0.18, 0.15, 0.07, 0.18,

0.17, 0.16, 0.16
13.0, 13.0, 13.2, 9.0, 4.1, 13.3, 10.0,

10.0, 10.2

S66
0.07, 0.15, 0.17, 0.18, 0.24, 0.18,

0.16, 0.16, 0.17
5.3, 11.7, 17.2, 16.9, 19.5, 13.8,

10.6, 10.2, 10.1
2.6, 5.8, 8.5, 8.4, 9.7, 6.9, 5.3, 5.1,

5.0
S67 0.15 14 7.0
S45 0.23 10.2
S46 0.06, 0.10, 0.26, 0.33 3.4, 3.1, 3.8, 3.4 1.7, 1.5, 1.9, 1.7
S68 0.31 11.0
S69
S70 0.19 2.5 7.4

TABLE V. Experimental data for GaN/AlGaN interfaces from CV measurements.

Reference AlGaN content Bound charge (1012e−/cm2)
S71 0.22 1.3
S72 0.15 3.8
S49 0.33 10, 12
S73 0.09, 0.13, 0.17, 0.26, 0.31 3.8, 4.9, 8.7, 13.6, 15.0
S74 0.05, 0.12, 0.16 2.3, 6.8, 6.9
S25 0.13 7.1
S34 0.02, 0.06, 0.09, 0.14 0.9, 1.8, 2.0, 3.1
S50 0.26 7.0
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S3. BOUND CHARGES AT NITRIDE INTERFACES

Here we present the specific equations used to generate Fig. 2 in the main text. As in the main text, we assume
a coherent c plane interface of GaN and the alloy (InGaN or AlGaN), with the alloy layer under biaxial stress. The
current practice in the field (black dashed curve in Fig. 2 of the main text) is to use the effective spontaneous (SP)
polarization constants with respect to the zincblende (ZB) reference, without the correction term [∆P ref

corr introduced
in Eq. (11) of the main text], and the proper piezoelectric (PZ) constants. (These values are usually taken from
Ref. S75.) The resulting equation for AlxGa1−xN/GaN is

σ
(ZB ref),prop
b (x) = ∆P̃

int,(ZB ref)
SP x− 2

(aAlN − aGaN)x

aAlNx+ aGaN(1− x)

{
e
AlN,prop
31 x+ e

GaN,prop
31 (1− x)

−
[
e
AlN,prop
33 x+ e

GaN,prop
33 (1− x)

]CAlN
13 x+ CGaN

13 (1− x)

CAlN
33 x+ CGaN

33 (1− x)

}
,

(1)

where ∆P̃
int,(ZB ref)
SP is

∆P̃
int,(ZB ref)
SP = P

GaN, (ZB ref)
eff − P

AlN, (ZB ref)
eff . (2)

An identical set of equations are used for InxGa1−xN/GaN, with InN instead of AlN .
The red solid curve in Fig. 2 corresponds to using the H ref (or ZB with the correction term) and the improper PZ

constants:

σ
(H ref), imp
b (x) = ∆P̃

int,(H ref)
SP x− 2

(aAlN − aGaN)x

aAlNx+ aGaN(1− x)

{(
e
AlN,prop
31 − P

AlN, (H ref)
eff

)
x

+
(
e
GaN,prop
31 − P

GaN, (H ref)
eff

)
(1− x)−

[
e
AlN,prop
33 x+ e

GaN,prop
33 (1− x)

]CAlN
13 x+ CGaN

13 (1− x)

CAlN
33 x+ CGaN

33 (1− x)

}

= (∆P̃
int,(ZB ref)
SP +∆P (ZB ref)

corr )x− 2
(aAlN − aGaN)x

aAlNx+ aGaN(1− x)

{(
e
AlN,prop
31 − P

AlN, (H ref)
eff

)
x

+
(
e
GaN,prop
31 − P

GaN, (H ref)
eff

)
(1− x)−

[
e
AlN,prop
33 x+ e

GaN,prop
33 (1− x)

]CAlN
13 x+ CGaN

13 (1− x)

CAlN
33 x+ CGaN

33 (1− x)

}
,

(3)

where

∆P (ZB ref)
corr =

e
√
3

2

(
1

(aGaN)2
−

1

(aAlN)2

)
, (4)

and similarly for InGaN/GaN.
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S4. DIFFERENCE BETWEEN IMPLEMENTATIONS

The difference between the current practice in the field (ZB reference, no correction term, proper PZ) and our
revised implementation (H reference, improper PZ constants) can be determined by taking the difference of Eq. (1)
and Eq. (3). For the case of AlGaN/GaN:

σ
(H ref), imp
b (x)− σ

(ZB ref),prop
b (x) =x

[
∆P̃

int,(H ref)
SP −∆P̃

int,(ZB ref)
SP

]

− 2
(aAlN − aGaN)x

aAlNx+ aGaN(1− x)

[
−P

AlN, (H ref)
eff (x)− P

GaN, (H ref)
eff (1− x)

]

=x
[(

∆P̃
int,(ZB ref)
SP +∆P (ZB ref)

corr

)
−∆P̃

int,(ZB ref)
SP

]

+ 2
(aAlN − aGaN)x

aAlNx+ aGaN(1− x)

[
P

AlN, (H ref)
eff (x) + P

GaN, (H ref)
eff (1− x)

]

=x∆P (ZB ref)
corr + 2

(aAlN − aGaN)x

aAlNx+ aGaN(1− x)

[
P

AlN, (H ref)
eff (x) + P

GaN, (H ref)
eff (1− x)

]

=x∆P (ZB ref)
corr + 2ε1(x)P

AlGaN, (H ref)
eff (x).

(5)

We can gain some more insight by linearizing the first term in Eq. (5):

x∆P (ZB ref)
corr = x

e
√
3

2

(
1

(aGaN)2
−

1

(aAlN)2

)

= x
e
√
3

2

1

(aGaN)2

(
1−

(aGaN)
2

(aAlN)2

)

= xP
GaN, ZB
f

(
1−

(aGaN)
2

(aAlN)2

)

≃ 2xPGaN, ZB
f

(
1−

aGaN

aAlN

)

= −2PGaN, ZB
f

(
x
aGaN − aAlN

aAlN

)

≃ −2PGaN, ZB
f ε1(x)

(6)

So we see that the difference in implementations is

σ
(H ref), imp
b (x)− σ

(ZB ref),prop
b (x) ≃ 2ε1(x)

[
P

AlGaN, (H ref)
eff (x)− P

GaN, ZB
f

]

= 2ε1(x)
[
xP

AlN, WZ
f + (1− x)PGaN, WZ

f − P
GaN, ZB
f

]

= 2ε1(x)
[
x
(
P

AlN, WZ
f − P

GaN, WZ
f

)
+
(
P

GaN, WZ
f − P

GaN, ZB
f

)]

= 2ε1(x)
[
x
(
P

AlN, WZ
f − P

GaN, WZ
f

)
+ P

GaN, (ZB ref)
eff

]

(7)

Therefore, the difference is small for small strains, and/or when there is a large cancellation of the terms in the square

brackets. We see from Table I of the main text that P
AlN, WZ
f − P

GaN, WZ
f = 0.039 C/m2 ∼ −P

GaN, (ZB ref)
eff , hence

the close agreement with between the black dashed and red solid curves in Fig. 2(b) of the main text (along with the

relatively small magnitude of the strain). For the case of InGaN, P InN, WZ
f − P

GaN, WZ
f = −0.286 C/m2 which is the

same sign as P
GaN, (ZB ref)
eff , hence the larger discrepancy between the black dashed and red solid curves in Fig. 2(a)

of the main text (also combined with a larger strain between InN and GaN).
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(2001).
[S10] P. Kiesel, F. Renner, M. Kneissl, C. G. Van de Walle, G. H. Döhler, and N. M. Johnson, Phys. Stat. Sol. (b) 234, 742
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[S35] K. Köhler, S. Müller, P. Waltereit, L. Kirste, H. P. Menner, W. Bronner, and R. Quay, Phys. Stat. Sol. (a) 206, 2652

(2009).
[S36] A. Nakajima, Y. Sumida, M. H. Dhyani, H. Kawai, and E. M. S. Narayanan, Appl. Phys. Express 3, 121004 (2010).
[S37] J. Burm, W. J. Schaff, L. F. Eastman, H. Amano, and I. Akasaki, Appl. Phys. Lett. 68, 2849 (1996).
[S38] T. Wang, Y. Ohno, M. Lachab, D. Nakagawa, T. Shirahama, S. Sakai, and H. Ohno, Appl. Phys. Lett. 74, 3531 (1999).
[S39] Y. Liu, M. Z. Kauser, D. D. Schroepfer, P. P. Ruden, J. Xie, Y. T. Moon, N. Onojima, H. Morkoç, K.-A. Son, and M. I.

Nathan, J. Appl. Phys. 99, 113706 (2006).
[S40] G. J. Ding, L. W. Guo, Z. G. Xing, Y. Chen, P. Q. Xu, H. Q. Jia, J. M. Zhou, and H. Chen, Sci. China Phys. Mech.

Astron. 53, 49 (2010).
[S41] W. S. Chen, S. J. Chang, Y. K. Su, R. L. Wang, C. H. Kuo, and S. C. Shei, J. Cryst. Growth 275, 398 (2005).
[S42] K. Jeganathan, T. Ide, M. Shimizu, and H. Okumura, J. Appl. Phys. 94, 3260 (2003).
[S43] R. Gaska, A. Osinsky, J. W. Yang, and M. S. Shur, IEEE Electr. Device Lett. 19, 89 (1998).
[S44] P. M. Asbeck, E. T. Yu, S. S. Lau, G. J. Sullivan, J. Van Hove, and J. Redwing, Electron. Lett. 33, 1230 (1997).
[S45] D.-P. Wang, C.-C. Wu, and C.-C. Wu, Appl. Phys. Lett. 89, 161903 (2006).
[S46] A. T. Winzer, R. Goldhahn, C. Buchheim, O. Ambacher, A. Link, M. Stutzmann, Y. Smorchkova, U. K. Mishra, and

J. S. Speck, Phys. Stat. Sol. (b) 240, 380 (2003).
[S47] G. Li, Y. Cao, H. G. Xing, and D. Jena, Appl. Phys. Lett. 97, 222110 (2010).



8

[S48] S. Arulkumaran, T. Egawa, H. Ishikawa, and T. Jimbo, J. Vac. Sci. Technol. B 21, 888 (2003).
[S49] O. Ambacher, B. Foutz, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Murphy, A. J. Sierakowski, W. J. Schaff,

L. F. Eastman, R. Dimitrov, A. Mitchell, and M. Stutzmann, J. Appl. Phys. 87, 334 (2000).
[S50] G. Franssen, J. A. Plesiewicz, L. H. Dmowski, P. Prystawko, T. Suski, W. Krupczyński, R. Jachymek, P. Perlin, and
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